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With the start of run II of the Large Hadron Collider (LHC)
a new milestone of high energy particle physics has been
reached. Run I was on the one side a great success because
of the discovery of a fundamental scalar with all expected
properties of the so long-expected standard model (SM)
Higgs boson [1, 2]. On the other side, no clear sign of any
physics beyond the SM has shown up. This has placed severe
constraints on the simplest scenarios for new physics. In
particular theminimal realization of supersymmetry (SUSY),
the minimal supersymmetric standard model (MSSM), has
lost some of its appeal since it is no longer clear that it can
address the question of naturalness. In general, there are two
possibilities to explain the measured mass of 125GeV within
the MSSM: either heavy SUSYmasses are needed, or the stop
mixing has to be very large. In the first case, a new hierarchy
problem is introduced, while the second can be dangerous
because of charge and colour breaking minima [3–7].

These observations together with the other null results
from SUSY searches have created a much stronger interest
in nonminimal SUSY models in recent years. Extensions of
the MSSM not only might provide a natural explanation
for the size of the Higgs mass, but also can explain other
(non)observations such as neutrino masses (e.g., in seesaw
models) and themissing signals for supersymmetry (e.g., due
to broken R-parity). More theoretical issues of theMSSM can
also be addressed, such as the 𝜇-problem in singlet extensions
and the origin of R-parity in models with gauged 𝐵 − 𝐿.

This special issue discusses several theoretical and experi-
mental aspects of nonminimal SUSYmodels. To set the scene,
the first article reconsiders the beginnings of supersymmetry
and reveals its secret history: “Supersymmetry: Early Roots
That Did Not Grow” by C. Jarlskog points out that the
fundamental concepts of SUSY were already known in the
1940s.

Our first research article is inspired by top-down
approaches: “Phenomenological Hints from a Class of String
Motivated Model Constructions” by H. P. Nilles connects
string theoretical considerations with LHC phenomenology.
Generic predictions of a specific class of string motivated
models are presented.

The next two articles consider singlet extensions of the
MSSM. In “Two Higgs Bosons near 125GeV in the Complex
NMSSM and the LHC Run-I Data” by S. Moretti and S.
Munir the properties of the Higgs fields in the 𝑍

3
invariant

singlet extensions with complex parameters are discussed. In
particular, they consider the case where two Higgs bosons
have such close masses that they are not separately resolved
by the LHC experiments and find that for some parameter
points this can provide a better fit to the data than a single
Higgs.

The authors M. Ratz and P. K. S. Vaudrevange, in “Singlet
Extensions of the MSSM with 𝑍𝑅

4
Symmetry,” consider a

different discrete symmetry which allows for more param-
eters in the superpotential. It is shown that the potentially

Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2015, Article ID 121508, 2 pages
http://dx.doi.org/10.1155/2015/121508

http://dx.doi.org/10.1155/2015/121508


2 Advances in High Energy Physics

dangerous linear term can be avoided in this class of
models.

As mentioned, one of the best possibilities to hide SUSY
at the LHC is to assume that R-parity is not conserved. In
this case the limits on SUSYmasses are significantly reduced.
The two articles “Status of LHC searches for SUSY without R-
parity” byR. Franceschini and “Searches for PromptR-Parity-
Violating Supersymmetry at the LHC” by A. Redelbach
discuss the current status of SUSY searches at the LHC in
the context of R-parity violation. Together these provide an
excellent and up-to-date reference for this class of searches.

SUSY models which include an explanation for the
neutrinomasses andmixing angles also predict nonvanishing
rates for lepton-flavour violating (LFV) observables like 𝜇 →
𝑒𝛾 or 𝜇 → 3𝑒. The article “Lepton Flavor Violation
beyond the MSSM” by A. Vicente discusses the constraints
on different SUSYmodels derived by the strong experimental
bounds for LFV observables.

A possible origin of R-parity in SUSY models is the
presence of an Abelian 𝐵 − 𝐿 gauge group which is broken
in a specific way to retain an unbroken 𝑍

2
subgroup. These

models are always accompanied by an extended Higgs sector.
The article “The Higgs Sector of the Minimal SUSY 𝐵 − 𝐿
Model” by L. Basso discusses the Higgs properties in the
minimal SUSY model with a gauged 𝑈(1)

𝐵−𝐿
and unbroken

R-parity.
Dirac gauginomodels have recently attractedmuch atten-

tion in the literature due to their many attractive properties
over theirMajorana counterparts (as in theMSSM). However
when in addition an unbroken R-symmetry is imposed,
such models are expected to have difficulties to explain the
observed Higgs mass: since the left- and right-handed stops
cannot mix, the stop radiative corrections to the Higgs are
suppressed. The article “Two-Loop Correction to the Higgs
Boson Mass in the MRSSM” by P. Diessner et al. discusses
the minimal R-symmetric SUSY model and shows that the
observed Higgs mass can be generated via large radiative
corrections involving other states. It includes all of the latest
corrections which have recently become available, equivalent
to the precision available for the MSSM: an illustration of
the rapid recent developments in beyond-the-MSSM phe-
nomenology.

The above articles give a cross section of current thinking
in this rapidly expanding area.We hope that this special issue
will therefore prove to be a useful resource for those entering
the field and experts alike, as we eagerly wait for the data with,
we hope, the first signs of what may lie beyond the (minimal
supersymmetric) standard model.
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We discuss singlet extensions of the MSSM with Z𝑅
4
symmetry. We show that holomorphic zeros can avoid a potentially large

coefficient of the term linear in the singlet. The emerging model has both an effective 𝜇 term and a supersymmetric mass term
for the singlet 𝜇

𝑁
which are controlled by the gravitino mass. The 𝜇 term turns out to be suppressed against 𝜇

𝑁
by about one or

two orders of magnitude. We argue that this class of models might provide us with a solution to the little hierarchy problem of the
MSSM.

1. Purpose of This Paper

TheZ𝑅
4
symmetry [1, 2] provides uswith compelling solutions

of the 𝜇 and proton decay problems of the minimal super-
symmetric extension of the standard model (MSSM). This
symmetry appears anomalous, but the anomaly is cancelled
by the (discrete) Green-Schwarz (GS) mechanism [3] in such
a way that it does not spoil gauge coupling unification (see,
e.g., [4] for a discussion). More precisely, if one extends the
MSSMby a symmetry (continuous or discrete) that solves the
𝜇 problem and (i) demands anomaly freedom (while allow-
ing GS anomaly cancellation), (ii) demands that the usual
Yukawa couplings and theWeinberg operator be allowed, (iii)
demands consistency with 𝑆𝑂(10) grand unification, and (iv)
demands precision gauge coupling unification, then thisZ𝑅

4
is

the unique solution [2] (see also [5] for an alternative proof).
By relaxing (iii) to consistency with 𝑆𝑈(5), one obtains four
additional symmetries [6]. Further,Z𝑅

4
can be thought of as a

discrete remnant of the Lorentz symmetry of compact extra
dimensions; that is, it has a simple geometric interpretation
and can arise in explicit string-derived models with the
precise MSSM matter content [7]. The charge assignment
is very simple: MSSM matter superfields have Z𝑅

4
charge 1

while the Higgs superfields have 0, and the superpotentialW
carries 𝑅 charge 2.

However, if one attempts to construct singlet extensions
of the Z𝑅

4
MSSM, one faces the problem that the presence of

superpotential coupling of the singlet𝑁 to the Higgs bilinear
𝐻
𝑢
𝐻
𝑑
implies that also a linear term in the singlet is allowed

by all symmetries. In more detail, since the Higgs bilinear has
Z𝑅
4
charge 0, the singlet𝑁 needs to carry charge 2 in order to

match theZ𝑅
4
charge 2 of the superpotential.Then the desired

term W ⊂ 𝑁𝐻
𝑢
𝐻
𝑑
is allowed. However, in this case one

might expect to have a problematic, unsuppressed linear term
in𝑁 in the (effective) superpotential,

Weff ⊃ Λ
2
𝑁, (1)

with Λ of the order of the fundamental scale. In order to
forbid this linear term, one may try to add a new symmetry.
It is quite straightforward to see that an ordinary symmetry
cannot forbid this linear term and be, at the same time,
consistent with criteria (i)–(iv) above: in order to forbid the
linear term, the singlet 𝑁 needs to carry a nontrivial charge
under the new symmetry. But, as we want the term𝑁𝐻

𝑢
𝐻
𝑑
,

this implies that also 𝐻
𝑢
𝐻
𝑑
carries a nontrivial charge.
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Consequently, the new symmetry would yield a solution to
the 𝜇 problem. However, this is not possible: as stated above,
one can prove that (under our assumptions) the unique
solution to the 𝜇 problem is Z𝑅

4
, and this symmetry does not

forbid the linear term.
In this paper, we take an alternative route and describe

how one can get rid of the linear term (1) by employing
holomorphic zeros [8] associated with an additional pseu-
doanomalous 𝑈(1) gauge symmetry.

2. Forbidding the Linear Term in
the Z𝑅

4
(G)NMSSM

2.1. Setup. Consider a singlet extension of the MSSM with
a singlet 𝑁 and an additional Z𝑅

4
× 𝑈(1)anom symme-

try. 𝑈(1)anom is pseudoanomalous 𝑈(1) symmetry, whose
anomaly is cancelled by theGSmechanism. Such𝑈(1) factors
often arise in string compactifications and are accompanied
by nontrivial Fayet-Iliopoulos (FI) term [9] 𝜉, which arises
at 1-loop [10]. The FI term of the 𝑈(1)anom is assumed
to be cancelled by a nontrivial vacuum expectation value
(VEV) of a “flavon” 𝜙, which carries negative 𝑈(1)anom
charge and Z𝑅

4
charge 0. Without loss of generality, we can

normalize 𝑈(1)anom such that 𝜙 has charge −1 and 𝜉 > 0.
(Of course, in true string-derived models the situation is
usually more complicated: in approximately 500 out of a total
of 11940 MSSM-like models from [11] the FI term can be
cancelled with one field only. In all other models, one would
have to identify 𝜙 with an appropriate monomial of MSSM
singlet fields (see Appendix A for details).) For the sake of
definiteness, we assume that

𝜀 :=
⟨𝜙⟩

𝑀
𝑃

∼ sin 𝜗Cabibbo ∼ 0.2, (2)

where the Planck scale𝑀
𝑃
is identifiedwith the “fundamental

scale.” In this case, 𝑈(1)anom can be used as Froggatt-Nielsen
symmetry [12] to explain the flavor structure of quarks and
leptons.However, this assumption is not crucial for the subse-
quent discussion, yet this is what one gets in explicit orbifold
compactifications of the heterotic string which exhibit the
exactMSSM spectrum at energies below the compactification
scale.

Further, also the anomaly ofZ𝑅
4
is assumed to be cancelled

by the GS mechanism with the GS axion being contained in
the dilaton or another superfield, which we will denote by 𝑆.
Since the mixed 𝑈(1)anom − 𝐺

2
SM and Z𝑅

4
− 𝐺

2
SM anomalies

are universal, the GS mechanism does not interfere with the
beautiful picture of MSSM gauge coupling unification (see,
e.g., [4]).The “nonperturbative” term 𝑒

−𝑏𝑆 carries the sameZ𝑅
4

charge as the superpotential, namely, 2. It might be thought
of as some nonperturbative hidden sector (see, e.g., [13]).
Further, 𝑒−𝑏𝑆 will also carry positive 𝑈(1)anom charge 𝑠 > 0
such that holomorphic zeros get lifted by “nonperturbative”
terms. More details on the charge of 𝑒−𝑏𝑆 can be found in
Appendix B (see, e.g., [6, 14]). Inmore detail, we demand that

Whid ∼ 𝑀
3

𝑃
(

𝜙

𝑀
𝑃

)

𝑠

𝑒
−𝑏𝑆 (3)

Table 1: Charge assignment.

𝜙 𝐻
𝑢
𝐻
𝑑

𝑁 𝑒
−𝑏𝑆

𝑈(1)anom −1 ℎ > 0 𝑛 < 0 𝑠 > 0
Z𝑅4 0 0 2 2

be allowed, which is equivalent to the statement that 𝑒−𝑏𝑆
carries 𝑈(1)anom charge 𝑠 > 0. (Note that 𝑠 may also be
fractional even if the charges of all “fundamental” fields are
integer, for instance, if one assumes thatWhid is given by the
Affleck-Dine-Seiberg superpotential [15]. Examples for such
terms can be found, e.g., in [13].) Whid may be thought of
as gaugino condensate [16] or some other nonperturbative
physics, such as the one discussed in [17], which is involved
in spontaneous supersymmetry breaking. We discuss this in
more detail in Appendix B. Inserting the 𝜙 VEV we obtain

Whid
𝜙→𝜙

→ 𝑀
2
𝑃
𝑚3/2

(4)

in Planck units. (Note that (3) is not the “full” hidden
sector superpotential. One must, of course, make sure that
𝜙 does not attain an 𝐹-term VEV, and one needs to cancel
the vacuum energy. A detailed discussion of these issues is,
however, beyond the scope of the present paper.)This implies,
in particular, that

⟨𝑒
−𝑏𝑆

⟩ ∼
𝑚3/2

𝑀
𝑃

𝜀
−𝑠
. (5)

That is, 𝑅 symmetry breaking is controlled by the gravitino
mass, as it should be, and due to the presence of 𝑈(1)anom
we obtain a Froggatt-Nielsen-like [12] modification of the
terms. However, in contrast to the usual Froggatt-Nielsen
mechanism, it yields in our setup an enhancement rather than
a suppression factor for the lifting of the holomorphic zeros
by nonperturbative effects.

2.2. Charges and Allowed Terms in the Superpotential. We
summarize the 𝑈(1)anom and Z𝑅

4
charges in Table 1.

Below the 𝑈(1)anom breaking scale set by the 𝜙 VEV, we
wish to have a nontrivial 𝜇 term at the nonperturbative level;
that is,

Weff ⊃ 𝑀
𝑃
𝑒
−𝑏𝑆

(
𝜙

𝑀
𝑃

)

𝑠+ℎ

𝐻
𝑢
𝐻
𝑑
. (6)

This implies

𝑠 + ℎ ≥ 0. (7)

We will then get effectively

Weff ⊃ 𝑀
𝑃
𝑒
−𝑏𝑆

(
⟨𝜙⟩

𝑀
𝑃

)

𝑠+ℎ

𝐻
𝑢
𝐻
𝑑
=: 𝜇𝐻

𝑢
𝐻
𝑑

with 𝜇 ∼ 𝑚3/2𝜀
ℎ
.

(8)

Next, we wish to couple the singlet 𝑁 to the Higgs bilinear.
We hence demand that

𝑛 + ℎ ≥ 0 (9)
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such that

Weff ⊃ (
⟨𝜙⟩

𝑀
𝑃

)

𝑛+ℎ

𝑁𝐻
𝑢
𝐻
𝑑
∼ 𝜀
𝑛+ℎ

𝑁𝐻
𝑢
𝐻
𝑑

=: 𝜆𝑁𝐻
𝑢
𝐻
𝑑

with 𝜆 ∼ 𝜀
𝑛+ℎ

.

(10)

Nowwewish to forbid the linear term in𝑁 at the perturbative
level.This can be achieved with holomorphic zeros [8], which
amounts in our setup to demanding that

𝑛
!

< 0. (11)

This implies, in particular, that the cubic term in 𝑁 is also
forbidden.

Of course, this all works only if we make sure that 𝜙
rather than𝑁 cancels the FI term.This might be achieved by
postulating that the soft mass squared of 𝑁 is positive while
the one of 𝜙 is negative; that is,

�̃�
2
𝜙
< 0,

�̃�
2
𝑁
> 0.

(12)

Full justification of such an assumption would require deriv-
ing the setting from someUVcomplete construction such as a
stringmodel.This is, however, beyond the scope of this paper.

We further obtain nonperturbative termswhich are linear
or quadratic in 𝑁 if 𝑛 + 2𝑠 ≥ 0 or 2𝑛 + 𝑠 ≥ 0, respectively.
Altogether we have

𝑛 + ℎ ≥ 0

⇐⇒ coupling 𝜆 between 𝑁 and 𝐻
𝑢
𝐻
𝑑
with 𝜆 ∼ 𝜀

𝑛+ℎ
,

(13a)

𝑛 < 0 ⇐⇒ suppress linear term in 𝑁, (13b)

𝑠 + ℎ ≥ 0

⇐⇒ 𝜇 term with 𝜇 ∼ 𝑀
𝑃
𝜀
𝑠+ℎ

𝑒
−𝑏𝑆

∼ 𝜀
ℎ
𝑚
3/2
,

(13c)

𝑛 + 2𝑠 ≥ 0

⇐⇒ 𝑓
2
𝑁 term with 𝑓 ∼ 𝑀

𝑃
𝜀
(𝑛+2𝑠)/2

𝑒
−𝑏𝑆

∼ 𝜀
𝑛/2
𝑚
3/2
,

(13d)

2𝑛 + 𝑠 ≥ 0

⇐⇒ 𝜇
𝑁
𝑁
2 term with 𝜇

𝑁
∼ 𝑀
𝑃
𝜀
2𝑛+𝑠

𝑒
−𝑏𝑆

∼ 𝜀
2𝑛
𝑚
3/2
,

(13e)

3𝑛 + 2𝑠 ≥ 0

⇐⇒ 𝜅𝑁
3 term with 𝜅 ∼ 𝜀

3𝑛+2𝑠
(𝑒
−𝑏𝑆

)
2

∼ 𝜀
3𝑛
𝑚
2

3/2

𝑀
2

𝑃

,

(13f)

where the coefficient 𝜅 of the cubic term is generically highly
suppressed. Not all conditions on {𝑛, ℎ, 𝑠} are independent;
for example, if the quadratic term is allowed also, since 𝑠 > 0,
the linear term will be present.

There are many possible values that satisfy all the con-
straints; for instance, {𝑛, ℎ, 𝑠} = {−1, 1, 2}, which gives us

𝜆 ∼ O (1) ,

𝜇 ∼ 𝜀𝑚3/2,

𝜇
𝑁
∼

1
𝜀2
𝑚3/2,

𝑓 ∼
1
√𝜀

𝑚3/2.

(14)

That is, the (holomorphic) 𝜇 term is roughly two orders of
magnitude smaller than 𝜇

𝑁
, whichmight be favorable in view

of the so-called “little hierarchy problem.”
Note also that the effective superpotential

Weff = 𝑓
2
𝑁+𝜇𝐻

𝑑
𝐻
𝑢
+𝜆𝑁𝐻

𝑑
𝐻
𝑢
+𝜇
𝑁
𝑁

2 (15)

admits two solutions to the𝐹- and𝐷-term equations, the first
one being (recall that 𝑛 < 0)

⟨𝑁⟩ = −
𝜇

𝜆
∼ − 𝜀
|𝑛|
𝑚3/2, (16a)

⟨𝐻
𝑢
⟩ = ⟨𝐻

𝑑
⟩ =

√2𝜇𝜇
𝑁
− 𝜆𝑓2

𝜆
∼ 𝜀
−ℎ/2

𝑚3/2.
(16b)

Here one has electroweak symmetry breaking prior to super-
symmetry breaking, and the Higgs VEV may be subject to
cancellations since both 𝜇𝜇

𝑁
and 𝜆𝑓2 are of the order 𝜀2𝑛+ℎ,

for example, 𝜀−1 in our example. The second solution is

⟨𝑁⟩ = −
𝑓
2

2𝜇
𝑁

∼ −
1
2
𝜀
|𝑛|
𝑚3/2, (17a)

⟨𝐻
𝑢
⟩ = ⟨𝐻

𝑑
⟩ = 0 (17b)

with unbroken electroweak symmetry for unbroken super-
symmetry.

2.3. Discussion. In summary, we find that the Z𝑅
4
× 𝑈(1)anom

charge assignment of Table 1 yields an effective superpoten-
tial,

Weff = 𝑓
2
𝑁+𝜇𝐻

𝑑
𝐻
𝑢
+𝜆𝑁𝐻

𝑑
𝐻
𝑢
+𝜇
𝑁
𝑁

2
, (18)

with all the dimensionful parameters𝜇,𝜇
𝑁
, and𝑓 of the order

of the gravitino mass 𝑚3/2. This description is valid below
the 𝑈(1)anom breaking scale, which is set by the flavon VEV
⟨𝜙⟩. In particular, the linear term in the singlet is sufficiently
suppressed. In contrast to the original (G)NMSSM [18], here,

(i) there is (essentially) no cubic term in𝑁;

(ii) there is a suppressed linear term in 𝑁. (Note that,
unlike in [18], we cannot shift the singlet in order to
eliminate the linear term because the point 𝑁 = 0 is
special as it denotes the point of unbroken Z𝑅

4
.)
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The scheme leads to certain predictions and expectations:

(1) Forbidding the linear term by holomorphic zeros
implies the absence of a perturbative cubic term in𝑁.

(2) Further, we obtain the “little hierarchies” (recall that
𝑛 < 0)

𝜇 ∼ 𝜀
ℎ+2|𝑛|

𝜇
𝑁
,

𝑓 ∼
𝜇

𝜀ℎ+|𝑛|/2
.

(19)

2.4. Further Applications. Clearly, this method of avoiding a
linear term in a gauge singlet may find further applications.
For instance, inmodel building one sometimes introduces so-
called “driving fields” in order to “explain” a certain structure
of flavon VEVs. Here, one may forbid too large tadpole terms
in the same way as we have discussed above.

3. Discussion

We have discussed how to build singlet extensions of the
MSSM with Z𝑅

4
symmetry. We have shown that a potentially

large linear term in the singlet can be avoided by using
holomorphic zeros. The resulting model has a 𝜇 term, a
supersymmetric mass of the order of the gravitinomass𝑚

3/2
,

as well as a coefficient of an effective linear term in the singlet
of the order 𝑚2

3/2. 𝜇 is expected to be one or two orders
of magnitude smaller than 𝜇

𝑁
. This might be viewed as the

first step towards a solution to the little hierarchy problem;
that is, explain why the electroweak scale is at least one
order of magnitude smaller than the soft supersymmetric
terms. Obtaining a complete solution requires the derivation
of our setting from a UV complete model, which allows us to
compute various terms precisely.This, however, is beyond the
scope of this paper.

Appendices

A. Cancellation of the FI Term

In this appendix, we discuss how the FI term gets cancelled
by a single monomial M. The generalization to the case
of several monomials is straightforward. We consider a
monomial of chiral superfields 𝜙

𝑖
, which are assumed to be

standard model singlets,

M = ∏

𝑖

𝜙
𝑛𝑖

𝑖
, (A.1)

with 𝑛
𝑖

∈ N. M is constructed to be gauge invariant
with respect to all gauge symmetries except the “anomalous”
𝑈(1)anom. In a supersymmetric vacuum one then has

⟨𝜙𝑖⟩


√𝑛𝑖

= V, (A.2)

where V is determined from the requirement that the FI term
𝜉 > 0 in the𝐷-term potential of the anomalous𝑈(1)anom gets
cancelled. That is,

0 != 𝐷anom = 𝜉 +∑

𝑖

𝑄
(𝑖)

anom
⟨𝜙𝑖⟩



2

= 𝜉 + V2∑
𝑖

𝑄
(𝑖)

anom𝑛𝑖;

(A.3)

that is,

V = √−
𝜉

∑
𝑖
𝑄
(𝑖)

anom𝑛𝑖
. (A.4)

On the other hand, the “anomalous” charge of the monomial
M is

𝑄anom (M) = ∑

𝑖

𝑄
(𝑖)

anom𝑛𝑖 < 0. (A.5)

Hence, we obtain


⟨𝜙
𝑗
⟩

= √𝑛𝑗√−

𝜉

𝑄anom (M)
. (A.6)

That is, if one compares the cases in which (i) the FI term 𝜉

is cancelled by a single field and (ii) the FI term is cancelled
by a monomial, there are√𝑛𝑗 factors that enhance the flavon
VEVs somewhat in case (ii).

B. Nonperturbative Terms in
the Superpotential

In this appendix we discuss how to compute the 𝑈(1)anom
charge of the nonperturbative term 𝑒

−𝑏𝑆 in the case that the
anomaly of 𝑈(1)anom is cancelled via the universal Green-
Schwarzmechanism.We follow the notation of Appendix A.2
in [6].

The Kähler potential of the dilaton 𝑆 reads

𝐾(𝑆, 𝑆
†
, 𝑉) = − ln (𝑆 + 𝑆† − 𝛿GS𝑉) . (B.1)

Then, under 𝑈(1)anom gauge transformations with gauge
parameterΛ(𝑥), the𝑈(1)anom vector field𝑉 and the dilaton 𝑆
shift according to

𝑉 → 𝑉+
𝑖

2
(Λ (𝑥) −Λ (𝑥)

†
) , (B.2a)

𝑆 → 𝑆+
𝑖

2
𝛿GSΛ (𝑥) , (B.2b)

such that 𝐾(𝑆, 𝑆†, 𝑉) is invariant. Furthermore, in order to
cancel the cubic anomaly 𝐴

𝑈(1)3anom
, the constant 𝛿GS has to

satisfy

𝛿GS =
1
2𝜋2𝐴𝑈(1)3anom =

1
6𝜋2 tr𝑄

3
anom, (B.3)
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where the trace sums over the 𝑈(1)anom charges of all matter
superfields. Consequently, one can define a charge 𝑠 for the
nonperturbative term,

𝑒
−𝑏𝑆

→ 𝑒
−𝑖𝑠Λ(𝑥)

𝑒
−𝑏𝑆

, (B.4)

with 𝑏 > 0 and the charge 𝑠 is given by

𝑠 = 𝑄anom (𝑒
−𝑏𝑆

) =
𝑏

2
𝛿GS =

𝑏

12𝜋2 tr𝑄
3
anom. (B.5)

Depending on tr𝑄3
anom the charge 𝑠 of 𝑒−𝑏𝑆 can be positive

or negative. On the other hand, in certain string-derived
models, in which theGreen-Schwarzmechanism is universal,
one has the relation

tr𝑄3
anom =

1
8
tr𝑄anom, (B.6)

using the fact that the generator of𝑈(1)anom is normalized to
1/2. Then one obtains

𝑠 =
𝑏

96𝜋2 tr𝑄anom. (B.7)

We have chosen 𝑈(1)anom such that the FI term 𝜉 is positive;
that is,

𝜉 =
𝑔

192𝜋2 tr𝑄anom > 0; (B.8)

see Appendix A. Consequently, the 𝑈(1)anom charge of the
nonperturbative term 𝑒

−𝑏𝑆 is positive as well; that is,

𝑠 =
2𝑏
𝑔
𝜉 > 0. (B.9)

For instance, in the case of a condensing 𝑆𝑈(𝑁
𝑐
) group

with 𝑁
𝑓
< 𝑁
𝑐
fundamental and antifundamental “matter”

fields, 𝑄 and 𝑄, one has (see, e.g., [13, Equation (2.7)] of the
published version)

Whid ⊃ (𝑁
𝑐
−𝑁
𝑓
)
Λ
(3𝑁𝑐−𝑁𝑓)/(𝑁𝑐−𝑁𝑓)

(det𝑀)
1/(𝑁𝑐−𝑁𝑓)

+(
𝜙

𝑀
𝑃

)

𝑞+𝑞

𝑚
𝚥

𝑖
𝑀
𝑖

𝚥
,

(B.10)

where Λ denotes the renormalization group invariant scale
and carries charge 𝑄anom(Λ) = 𝑁

𝑓
(𝑞 + 𝑞)/(3𝑁

𝑐
− 𝑁
𝑓
). 𝑞

and 𝑞 are the “anomalous” charges of 𝑄 and 𝑄, respectively.
Inserting the VEV of the mesons 𝑀

𝑖

𝚥
= 𝑄
𝑖
𝑄
𝚥
(see [13,

Equation (2.13)]), one obtains a term of the form (3).
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I review the Higgs sector of the 𝑈(1)
𝐵−𝐿

extension of the minimal supersymmetric standard model (MSSM). I will show that the
gauge kinetic mixing plays a crucial role in the Higgs phenomenology. Two light bosons are present, a MSSM-like one and a 𝐵−𝐿-
like one, which mix at one loop solely due to the gauge mixing. After briefly looking at constraints from flavour observables, new
decay channels involving right-handed (s)neutrinos are presented. Finally, how model features pertaining to the gauge extension
affect the model phenomenology, concerning the existence of R-Parity-conservingminima at loop level and the Higgs-to-diphoton
coupling, will be reviewed.

1. Introduction

The recently discovered Higgs boson is considered as the last
missing piece of the standard model (SM) of particle physics.
Nonetheless, several firm observations univocally call for its
extension, mainly, but not limited to, the presence of dark
matter, the neutrino masses and mixing pattern, the stability
of the SM vacuum, and the hierarchy problem. Supersymme-
try (SUSY) has long been considered as the most appealing
framework to extend the SM. Itsminimal realisations (MSSM
and its constrained versions (for a review, see [1])) start how-
ever to feel considerable pressure to accommodate the recent
findings, especially the measured Higgs mass of 125GeV.
Despite not in open contrast with the MSSM, the degree
of fine tuning required to achieve it is more and more felt
as unnatural. In order to alleviate this tension, nonminimal
SUSY realisations can be considered. One can either extend
theMSSMby the inclusion of extra singlets (e.g., NMSSM[2])
or by extending its gauge group. Concerning the latter, one
of the simplest possibilities is to add an additional Abelian
gauge group. I will focus here on the presence of 𝑈(1)

𝐵−𝐿

group which can be a result of an 𝐸8 × 𝐸8 heterotic string
theory (and henceM-theory) [3–5].This model, the minimal
𝑅-Parity-conserving 𝐵 − 𝐿 supersymmetric standard model
(BLSSM in short), was proposed in [6, 7] and neutrinomasses
are obtained via a type I seesaw mechanism. Furthermore,

it could help to understand the origin of 𝑅-Parity and its
possible spontaneous violation in supersymmetric models
[6–8] as well as the mechanism of leptogenesis [9, 10].

It was early pointed out that the presence of two Abelian
gauge groups in this model gives rise to kinetic mixing terms
of the form

−𝜒
𝑎𝑏
𝐹
𝑎,𝜇]

𝐹
𝑏

𝜇], 𝑎 ̸= 𝑏, (1)

which are allowed by gauge and Lorentz invariance [11], as
𝐹
𝑎,𝜇] and 𝐹𝑏,𝜇] are gauge-invariant quantities by themselves;

see, for example, [12]. Even if these terms are absent at tree
level at a particular scale, they will in general be generated by
RGE effects [13, 14]. These terms can have a sizable effect on
the mass spectrum of this model, as studied in detail in [15],
and on the dark matter, where several scenarios would not
work if kineticmixing is neglected, as thoroughly investigated
in [16]. In this work, I will review the properties of the Higgs
sector of themodel. Two light states exist, aMSSM-like boson
and a 𝐵−𝐿-like boson. After reviewing themodel, I will show
that a large portion of parameter space exists where the SM-
likeHiggs bosonhas amass compatiblewith itsmeasure, both
in a “normal” (𝑀

𝐻2
> 𝑀

𝐻1
= 125GeV) and in an “inverted”

hierarchy (𝑀
𝐻1

< 𝑀
𝐻2

= 125GeV), also in agreement
with bounds from low energy observables and dark matter
relic abundance. The phenomenological properties of
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the two lightest Higgs bosons will be systematically
investigated, where once again the gauge mixing is shown
to be fundamental. The presence of extra D-terms arising
from the new 𝑈(1)

𝐵−𝐿
sector, as compared to models based

on the SM gauge symmetry, has a large impact on the model
phenomenology. They affect both the vacuum structure of
the model and the Higgs sector, in particular enhancing the
Higgs-to-diphoton coupling. Both of these issues will be
reviewed here, although the latter is disfavoured by recent
data [17], to show model features beyond the MSSM.

2. The Model

For a detailed discussion of the masses of all particles as
well as of the corresponding one-loop corrections, we refer
to [15]. Attention will be paid to the main aspects of the
𝑈(1) kinetic mixing since it has important consequence for
the scalar sector. For the numerical investigations that will
be shown, we used the SPheno version [22, 23] created
with SARAH [24–28] for the BLSSM. For the standardised
model definitions, see [29], while for a review of the model
implementation in SARAH, see [30].This spectrum calculator
performs a two-loop RGE evaluation and calculates the mass
spectrum at one loop. In addition, it calculates the decay
widths and branching ratios (BRs) of all SUSY and Higgs
particles as well as low energy observables like (𝑔 − 2)

𝜇
. We

will discuss the most constrained scenario with a universal
scalar mass 𝑚0, a universal gaugino mass𝑀1/2, and trilinear
soft-breaking couplings proportional to the superpotential
coupling (𝑇

𝑖
= 𝐴0𝑌𝑖) at the GUT scale. Other input parame-

ters are tan𝛽, tan𝛽,𝑀
𝑍
 , 𝑌

𝑥
, and 𝑌]. They will be defined in

the following section.Thenumerical study here presented has
been performed by randomly scanning over the independent
input parameters above described via the SSP toolbox [31],
while low energy observables such as BR(𝜇 → 𝑒𝛾) and
BR(𝜇 → 3𝑒) have been evaluated with the FlavourKit
package [32]. Furthermore, during the scans, all points have
been checked with HiggsBounds-4.1.1 [33–36], both in the
“normal” hierarchy and in the “inverted” hierarchy case.

2.1. Particle Content and Superpotential. The model consists
of three generations of matter particles including right-
handed neutrinos which can, for example, be embedded in
𝑆𝑂(10) 16-plets. Moreover, below the GUT scale, the usual
MSSM Higgs doublets are present as well as two fields 𝜂
and 𝜂 responsible for the breaking of 𝑈(1)

𝐵−𝐿
. The 𝜂 field

is also responsible for generating a Majorana mass term for
the right-handed neutrinos and thus we interpret its 𝐵 − 𝐿

charge as its lepton number. The same goes for 𝜂, and we
call these fields bileptons since they carry twice the lepton
number of (anti)neutrinos. The quantum numbers of the
chiral superfields with respect to 𝑈(1)

𝑌
× 𝑆𝑈(2)

𝐿
× 𝑆𝑈(3)

𝐶
×

𝑈(1)
𝐵−𝐿

are summarised in Table 1.
The superpotential is given by

𝑊 = 𝑌
𝑖𝑗

𝑢
�̂�
𝑐

𝑖
𝑄
𝑗
�̂�
𝑢
−𝑌

𝑖𝑗

𝑑
𝑑
𝑐

𝑖
𝑄
𝑗
�̂�
𝑑
−𝑌

𝑖𝑗

𝑒
𝑒
𝑐

𝑖
�̂�
𝑗
�̂�
𝑑
+𝜇�̂�

𝑢
�̂�
𝑑

+𝑌
𝑖𝑗

] ]̂
𝑐

𝑖
�̂�
𝑗
�̂�
𝑢
−𝜇


𝜂�̂� +𝑌

𝑖𝑗

𝑥
]̂𝑐
𝑖
𝜂]̂𝑐

𝑗

(2)

Table 1: Chiral superfields and their quantumnumbers under𝐺SM⊗

𝑈(1)
𝐵−𝐿

, where 𝐺SM = (𝑈(1)
𝑌
⊗ 𝑆𝑈(2)

𝐿
⊗ 𝑆𝑈(3)

𝐶
).

Superfield Spin-0 Spin-1/2 Generations 𝐺SM ⊗ 𝑈(1)
𝐵−𝐿

𝑄 𝑄 𝑄 3 (1/6, 2, 3, 1/6)
𝑑
𝑐

𝑑
𝑐

𝑑
𝑐 3 (1/3, 1, 3, −1/6)

�̂�
𝑐

�̃�
𝑐

𝑢
𝑐 3 (−2/3, 1, 3, −1/6)

�̂� �̃� 𝐿 3 (−1/2, 2, 1, −1/2)
𝑒
𝑐

𝑒
𝑐

𝑒
𝑐 3 (1, 1, 1, 1/2)

]̂𝑐 ]̃𝑐 ]𝑐 3 (0, 1, 1, 1/2)
�̂�
𝑑

𝐻
𝑑

�̃�
𝑑

1 (−1/2, 2, 1, 0)
�̂�
𝑢

𝐻
𝑢

�̃�
𝑢

1 (1/2, 2, 1, 0)
𝜂 𝜂 𝜂 1 (0, 1, 1, −1)
�̂� 𝜂 �̃� 1 (0, 1, 1, 1)

and we have the additional soft SUSY-breaking terms:

LSB = LMSSM −𝜆
𝐵
𝜆
𝐵
𝑀𝐵𝐵

 −
1
2
𝜆
𝐵
𝜆
𝐵
𝑀𝐵

 −𝑚
2
𝜂

𝜂


2

−𝑚
2
𝜂

𝜂


2
−𝑚

2
]𝑐 ,𝑖𝑗 (]̃

𝑐

𝑖
)
∗ ]̃𝑐

𝑗
− 𝜂𝜂𝐵

𝜇
 +𝑇

𝑖𝑗

] 𝐻𝑢
]̃𝑐
𝑖
�̃�
𝑗

+𝑇
𝑖𝑗

𝑥
𝜂]̃𝑐

𝑖
]̃𝑐
𝑗
,

(3)

where 𝑖, 𝑗 are generation indices. Without loss of generality,
one can take 𝐵

𝜇
and 𝐵

𝜇
 to be real. The extended gauge group

breaks to 𝑆𝑈(3)
𝐶
⊗ 𝑈(1)em as the Higgs fields and bileptons

receive vacuum expectation values (V𝑒V𝑠):

𝐻
0
𝑑
=

1
√2

(𝜎
𝑑
+ V

𝑑
+ 𝑖𝜙

𝑑
) ,

𝐻
0
𝑢
=

1
√2

(𝜎
𝑢
+ V

𝑢
+ 𝑖𝜙

𝑢
)

𝜂 =
1
√2

(𝜎
𝜂
+ V

𝜂
+ 𝑖𝜙

𝜂
) ,

𝜂 =
1
√2

(𝜎
𝜂
+ V

𝜂
+ 𝑖𝜙

𝜂
) .

(4)

We define tan𝛽 = V
𝜂
/V
𝜂
in analogy to the ratio ofMSSM V𝑒V𝑠

(tan𝛽 = V
𝑢
/V
𝑑
).

2.2. Gauge Kinetic Mixing. As already mentioned in the
Introduction, the presence of two Abelian gauge groups in
combination with the given particle content gives rise to a
new effect absent in any model with just one Abelian gauge
group: gauge kinetic mixing. This can be seen most easily by
inspecting thematrix of the anomalous dimension, which for
our model at one loop reads

𝛾 =
1

16𝜋2 (

33
5

6√ 2
5

6√ 2
5

9
), (5)

with typical GUT normalisation of the two Abelian gauge
groups, that is, √3/5 for 𝑈(1)

𝑌
and √3/2 for 𝑈(1)

𝐵−𝐿
[7].
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Therefore, even if at the GUT scale the 𝑈(1) kinetic mixing
terms are zero, they are induced via RGE evaluation at
lower scales. It turns out that it is more convenient to work
with noncanonical covariant derivatives rather than with
off-diagonal field-strength tensors as in (1). However, both
approaches are equivalent [37]. Therefore, in the following,
we consider covariant derivatives of the form 𝐷

𝜇
= 𝜕

𝜇
−

𝑖𝑄
𝑇

𝜙
𝐺𝐴, where 𝑄

𝜙
is a vector containing the charges of the

field 𝜙 with respect to the two Abelian gauge groups, 𝐺 is the
gauge coupling matrix

𝐺 = (

𝑔
𝑌𝑌

𝑔
𝑌𝐵

𝑔
𝐵𝑌

𝑔
𝐵𝐵

) , (6)

and 𝐴 contains the gauge bosons 𝐴 = (𝐴
𝑌

𝜇
, 𝐴

𝐵

𝜇
)
𝑇.

As long as the two Abelian gauge groups are unbroken,
we have still the freedom to perform a change of basis by
means of a suitable rotation. A convenient choice is the basis
where 𝑔

𝐵𝑌
= 0, since in this case only the Higgs doublets

contribute to the gauge boson mass matrix of the 𝑆𝑈(2)
𝐿
⊗

𝑈(1)
𝑌
sector, while the impact of 𝜂 and 𝜂 is only in the off-

diagonal elements. Therefore, we choose the following basis
at the electroweak scale [38]:

𝑔


𝑌𝑌
=
𝑔
𝑌𝑌
𝑔
𝐵𝐵
− 𝑔

𝑌𝐵
𝑔
𝐵𝑌

√𝑔
2
𝐵𝐵
+ 𝑔

2
𝐵𝑌

= 𝑔1,

𝑔


𝐵𝐵
= √𝑔

2
𝐵𝐵
+ 𝑔

2
𝐵𝑌

= 𝑔
𝐵𝐿
,

𝑔


𝑌𝐵
=
𝑔
𝑌𝐵
𝑔
𝐵𝐵
+ 𝑔

𝐵𝑌
𝑔
𝑌𝑌

√𝑔
2
𝐵𝐵
+ 𝑔

2
𝐵𝑌

= 𝑔,

𝑔


𝐵𝑌
= 0.

(7)

When unification at some large scale (∼ 2 ⋅ 1016 GeV)
is imposed, that is, 𝑔GUT1 = 𝑔

GUT
2 = 𝑔

GUT
𝐵𝐿

and 𝑔
(GUT)
𝑌𝐵

=

𝑔
(GUT)
𝐵𝑌

= 0, at SUSY scale, we get [15]

𝑔
𝐵𝐿

= 0.548,

𝑔 ≃ − 0.147.
(8)

2.3. Tadpole Equations. The minimisation of the scalar
potential is here described in the so-called tadpole method.
We can solve the tree-level tadpole equations arising from the
minimum conditions of the vacuum with respect to 𝜇, 𝐵

𝜇
,

𝜇
, and 𝐵

𝜇
 . Using V2

𝑥
= V2

𝜂
+ V2

𝜂
and V2 = V2

𝑑
+ V2

𝑢
, we obtain

𝜇


2
=
1
8
((2𝑔𝑔

𝐵𝐿
V2
𝑥
cos (2𝛽) − 4𝑚2

𝐻
𝑑

+ 4𝑚2
𝐻
𝑢

)

⋅ sec (2𝛽) − 4 (𝑚2
𝐻
𝑑

+𝑚
2
𝐻
𝑢

) − (𝑔
2
1 +𝑔

2
+𝑔

2
2) V

2
) ,

(9)

𝐵
𝜇
= −

1
8
(−2𝑔𝑔

𝐵𝐿
V2
𝑥
cos (2𝛽) + 4𝑚2

𝐻
𝑑

− 4𝑚2
𝐻
𝑢

+ (𝑔
2
1 +𝑔

2
+𝑔

2
2) V

2 cos (2𝛽)) tan (2𝛽) ,
(10)


𝜇


2
=
1
4
(−2 (𝑔2

𝐵𝐿
V2
𝑥
+𝑚

2
𝜂
+𝑚

2
𝜂
)

+ (2𝑚2
𝜂
− 2𝑚2

𝜂
+𝑔𝑔

𝐵𝐿
V2 cos (2𝛽)) sec (2𝛽)) ,

(11)

𝐵
𝜇
 =

1
4
(−2𝑔2

𝐵𝐿
V2
𝑥
cos (2𝛽) + 2𝑚2

𝜂
− 2𝑚2

𝜂
+𝑔𝑔

𝐵𝐿
V2

⋅ cos (2𝛽)) tan (2𝛽) ,
(12)

𝑀
𝑍
 ≃ 𝑔

𝐵𝐿
V
𝑥
, and, thus, we find an approximate relation

between𝑀
𝑍
 and 𝜇

𝑀
2
𝑍
 ≃ − 2 𝜇



2

+

4 (𝑚2
𝜂
− 𝑚

2
𝜂
tan2 𝛽) − V2𝑔𝑔

𝐵𝐿
cos𝛽 (1 + tan𝛽)

2 (tan2 𝛽 − 1)
.

(13)

For the numerical results, the one-loop corrected equations
are used, which lead to a shift of the solutions in (9)–(12).

2.4. The Scalar Sector. In this model, 2 MSSM complex
doublets and 2 bilepton complex singlets are present, yielding
4 𝐶𝑃-even, 2 𝐶𝑃-odd, and 2 charged physical scalars.

Concerning the 𝐶𝑃-even scalars, the MSSM and bilepton
sectors are almost decoupled, mixing exclusively due to the
gauge kinetic mixing. In first approximation, the mass matrix
is block-diagonal and has mass eigenstates that mimic the
MSSM case. In practice, it turns out that only two Higgs
bosons are light (hereafter called𝐻1 and𝐻2, one per sector),
while the other two are very heavy (above the TeV scale).
The lightest scalars are well defined states, being either almost
exclusively doublet-like or bilepton-like. It is worth stressing
that their mixing is small (see Figure 4) and solely due to the
gauge kinetic mixing (see also [39]).

Concerning the physical pseudoscalars 𝐴0 and 𝐴0
𝜂
, their

masses are given by

𝑚
2
𝐴
0 =

2𝐵
𝜇

sin 2𝛽
,

𝑚
2
𝐴
0
𝜂

=

2𝐵
𝜇


sin 2𝛽
.

(14)

For completeness, we note that the mass of charged Higgs
boson reads as in the MSSM as

𝑚
2
𝐻
+ = 𝐵

𝜇
(tan𝛽+ cot𝛽) +𝑚2

𝑊
. (15)

In this model, the 𝐶𝑃-odd and charged Higgses are
typically very heavy. In (10), we see that, compared to the
MSSM, there is a nonnegligible contribution from the gauge
kinetic mixing. LHC searches limit tan𝛽 < 1.5 and V

𝑥
≳

7 TeV, since [40, 41]

𝑀
𝑍
 ≳ 3.5 TeV (16)

at 95%C.L.Notice that recent reanalysis of LEPprecision data
also constrains V

𝑥
≳ 7 TeV at 99% C.L. [42]. A consequence

of this strong constraint in the BLSSM is that the first terms in
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(10)–(12) can be large, pushing for𝐶𝑃-odd and chargedHiggs
masses in the TeV range.

The very large bound on the 𝑍
 mass is in contrast

with the non-SUSY version of the model, where the gauge
couplings are free parameters and can bemuch smaller, hence
yielding lower mass bounds. The latter need to be evaluated
as a function of both gauge couplings [43].

Next, we describe the sneutrino sector, which shows
two distinct features compared to the MSSM. Firstly, it gets
enlarged by the superpartners of the right-handed neutrinos.
Secondly, even more drastically, a splitting between the real
and imaginary parts of each sneutrino occurs resulting in
twelve states: six scalar sneutrinos and six pseudoscalar ones
[44, 45]. The origin of this splitting is the 𝑌𝑖𝑗

𝑥
]̂𝑐
𝑖
𝜂]̂𝑐

𝑗
term in

the superpotential (see (2)), which is Δ𝐿 = 2 operator after
the breaking of 𝑈(1)

𝐵−𝐿
. In the case of complex trilinear

couplings or 𝜇-terms, a mixing between the scalar and
pseudoscalar particles occurs, resulting in 12mixed states and
consequently in a 12 × 12 mass matrix.

To gain some feeling for the behaviour of the sneutrino
masses, we can consider a simplified setup: neglecting kinetic
mixing as well as left-right mixing, the masses of the R-
sneutrinos at the SUSY scale can be expressed as

𝑚
2
]̃𝑆 ≃ 𝑚

2
]𝑐 +𝑀

2
𝑍
 (

1
4
cos (2𝛽) +

2𝑌2
𝑥

𝑔
2

𝐵𝐿

sin𝛽2)

+𝑀
𝑍


√2𝑌
𝑥

𝑔
𝐵𝐿

(𝐴
𝑥
sin𝛽 −𝜇 cos𝛽) ,

𝑚
2
]̃𝑃 ≃ 𝑚

2
]𝑐 +𝑀

2
𝑍
 (

1
4
cos (2𝛽) +

2𝑌2
𝑥

𝑔
2

𝐵𝐿

sin𝛽2)

−𝑀
𝑍


√2𝑌
𝑥

𝑔
𝐵𝐿

(𝐴
𝑥
sin𝛽 −𝜇 cos𝛽) .

(17)

In addition, we treat the parameters𝐴
𝑥
,𝑚2

]𝑐 ,𝑀𝑍
 , 𝜇,𝑌

𝑥
, and

tan𝛽 as independent. The different effects on the sneutrino
masses can easily be understood by inspecting (17). The first
two terms give always a positive contribution whereas the
third one gives a contribution that can be potentially large
which differs in sign between the scalar and pseudoscalar
states, therefore inducing a large mass splitting between the
states. Further, this contribution can either be positive or
negative depending on the sign of 𝐴

𝑥
sin𝛽 − 𝜇

cos𝛽. For
example, choosing 𝑌

𝑥
and 𝜇 positive, one finds that the 𝐶𝑃-

even (𝐶𝑃-odd) sneutrino is the lightest one for 𝐴
𝑥

< 0
(𝐴

𝑥
> 0). This is pictorially shown in Figure 1, as a function

of the GUT-scale input parameter 𝐴0, for a choice of the
other parameters. One notices that the 𝐶𝑃-even (𝐶𝑃-odd)
sneutrino is the lightest one when the 125GeV Higgs boson
is predominantly𝐻1 (𝐻2). It is worth pointing out here that,
as will be described in the following section, when 𝑀

𝐻1
=

125GeV, the next-to-lightest Higgs boson can decay into
pairs of𝐶𝑃-even sneutrinos, but not into similar channel with
𝐶𝑃-odd sneutrinos. Being𝐻2 predominantly a bilepton field,
when this decay is open, it saturates its BRs; see Figure 3.
Regarding the decay into 𝐶𝑃-odd sneutrinos, this channel is
accessible (i.e., ]̃𝑃 is light enough) only in the regionwhere𝐻2
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Figure 1: Masses of 𝐶𝑃-even (]̃𝑆, cyan) and 𝐶𝑃-odd (]̃𝑃, red) R-
sneutrinos as a function of 𝐴0. For comparison, also the masses of
the lightest (𝐻1, black) and next-to-lightest (𝐻2, blue) Higgs bosons
are shown. Configurations when 𝑀

𝐻1
= 125GeV are shown in

green.

is the SM-like Higgs boson, that is, mainly coming from the
doublets. In this case, however, this decay channel ismitigated
by the small scalar mixing and is not overwhelming (unlike
for𝐻1, now mainly from the bileptons).

Depending on the parameters, either type of sneutrinos
can get very light. For the LSP, it can be a suitable dark matter
candidate [16] and yield extra fully invisible decay channels
to theHiggs bosons, thereby increasing their invisible widths.
In the case of the decay into the 𝐶𝑃-odd sneutrino, since this
can happen mainly for the SM-like Higgs boson, one should
account for the constraints on the former [17]. Eventually, the
R-sneutrinos could also get tachyonic or develop dangerous
𝑅-Parity-violating V𝑒V𝑠. While the first possibility is taken
into account in our numerical evaluation by SPheno, and
such points are excluded from our scans, the second case will
be reviewed in the following subsection.

The last important sector for considerations that will
follow is the one of the charged sleptons. See [46] for further
details. New SUSY breaking D-term contributions to the
masses appear, which can be parametrised as a function of
the 𝑍 mass and of tan𝛽 as

𝑄
𝐵−𝐿

2
𝑀

𝑍
 (tan2 𝛽 − 1)
1 + tan2 𝛽

. (18)

Their impact is larger for the sleptons than for the squarks
by a factor of 3 due to the different 𝐵 − 𝐿 charges (𝑄𝐵−𝐿).
It is possible to vary the stau mass by ±O(100)GeV with
respect to the MSSM case while keeping the impact on the
squarks under control. Having different sfermion masses in
the BLSSM as compared to the MSSM has a net impact on
theHiggs phenomenology, in particular in enhancing the ℎ𝛾𝛾
coupling while keeping unaltered the SM-like Higgs coupling
to gluons. As described at the end of this review, the new D-
terms coming from the𝐵−𝐿 sector can further reduce the stau
mass entering in the ℎ𝛾𝛾 effective interaction (while ensuring
a pole mass of ∼ 250GeV, compatible with exclusions)
(with pole mass we denote the one-loop corrected mass at
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𝑄 = 𝑀SUSY = √�̃�1�̃�2, while in the loop, leading to the
effective ℎ𝛾𝛾 coupling, the running DR tree-level mass at
𝑄 = 𝑚

ℎ
enters, being ℎ the SM-like Higgs boson; i.e.,

𝑚
ℎ
= 125GeV) leading this mechanism to work also in the

constrained version of the model. This mechanism has been
recently reanalysed also in [47] in the very same model.

2.5.The Issue of R-Parity Conservation. Wehave encountered
so far several neutral scalar fields which could develop
V𝑒V, beside the Higgs bosons. If V𝑒V𝑠 of fields charged
under QCD and electromagnetism are forbidden because
the latter are good symmetries, R-sneutrino V𝑒V𝑠, which are
not by themselves problematic, would unavoidably break R-
Parity. The issue of conserving R-Parity is of fundamental
importance, since this is a built-in symmetry in our model
where 𝐵 − 𝐿 is gauged. We will therefore restrain ourselves
to parameter configurations where the global minimum is R-
Parity conserving.

When all neutral scalar fields are allowed to get V𝑒V, it is
not trivial even at the tree level to find which is the deeper
global minimum and whether it is of a “good” type, here
defined as having the correct broken symmetries and being
R-Parity conserving. One possible way to study this issue is
to start from a simplified set of input parameters yielding a
correct tree-level global minimumwhen only theHiggs fields
get V𝑒V. and then look for the true global minimum when all
other neutral fields (mainly R-sneutrinos) acquire V𝑒V, both
at the tree level and at loop level. See [48] for further details.

At the tree level there seems to exist regions where the
BLSSM has a stable, R-Parity-conserving global minimum
with the correct broken and unbroken gauge groups. For this
to happen one needs the R-sneutrino Yukawa coupling 𝑌

𝑥

to be not so large and the trilinear parameter 𝐴0 to be not
large compared to the soft scalar mass𝑚0, as, intuitively, large
𝑌
𝑥
and 𝐴0 can lead to large negative contributions to the

potential energy for large values of V
𝑥
, as well as reducing

the effective R-sneutrinomasses, as described above and clear
from Figure 1.

It turns out that when loop corrections are taken into
account, few points all over such regions of parameters exist
where R-Parity is not preserved anymore, or where 𝑆𝑈(2)

𝐿

or 𝑈(1)
𝐵−𝐿

is unbroken. This is apparently due to a very
finely tuned breaking of 𝑆𝑈(2)

𝐿
and 𝑈(1)

𝐵−𝐿
which often

does not survive loop corrections. The reason for this is that,
besides the known large contributions of third generation
(s)fermions, the additional new particles of the 𝐵 − 𝐿 sector
also play an important role. As previously described for
the charged sleptons sector, new SUSY breaking D-term
contributions to the masses appear; see (18). Since, as shown
in (16), the experimental bounds require 𝑀

𝑍
 to be in the

multi-TeV range, these contributions can bemuch larger than
in the MSSM sector, resulting in the observed importance
of the corresponding loop contributions. Furthermore, these
contributions are also responsible for the restoration of
𝑈(1)

𝐵−𝐿
at the one-loop level.

Ultimately, overall safe regions of parameters cannot be
found where the correct vacuum structure can be ensured. At
the same time, if naive trends can be spotted for bad points

to appear, these have nonetheless to be checked case by case
due to the highly nontrivial scalar potential, and it might be
possible that neighbour configurations still hold a valid global
minimum. We will not check the validity of our scans from
the vacuum point of view in the following, being confident
that if any point is ruled out, a neighbour one yielding a very
similar phenomenology can be found, which is allowed.

3. A Quick Look at Flavour Observables

Before moving to the Higgs phenomenology, we briefly show
the impact on the BLSSM model when considering the
constraints arising from low energy observables. For a review
of the observables as well as for the impact on general SUSY
models encompassing a seesaw mechanism, see [49, 50].

We consider here only the two most constraining ones,
BR(𝜇 → 𝑒𝛾) and BR(𝜇 → 3𝑒). The present exclusions
are BR(𝜇 → 𝑒𝛾) < 5.7 ⋅ 10−13 [18] and BR(𝜇 → 3𝑒)
< 1 ⋅ 10−12 [19]. In Figure 2 we plot these branching ratios as
a function of the mass of the lightest (in black) and next-to-
lightest (in red) SM-like neutrino, which display some pattern
for evading the bounds. In particular, they are required to be
rather light, below 0.5 eV, while the model, due to the limited
scans here performed, seems to prefer configurations with
neutrinos heavier than 0.01 eV, hence the preferred region in
between. Lighter mass values are nonetheless also allowed.

For convenience, the impact of satisfying the earlier
bounds will be shown only in the inverted hierarchy case,
due to the smaller density of configurations therein. Instead,
points not allowed in the normal hierarchy case are automat-
ically dropped.

Regarding the long-lasting (𝑔 − 2)
𝜇
discrepancy, in the

setup investigated here charginos and charged Higgses are
too heavy, same for the 𝑍

 boson, while the neutralino
and sneutrino are too weakly coupled, to give a significant
enhancement over the SM prediction.

4. Higgs Phenomenology

We review here the phenomenology of the Higgs sector,
showing a first survey of its phenomenological features. First,
results when normal hierarchy is imposed are presented.
Then, we will show that the inverted hierarchy is also possible
on a large portion of the parameter space. Without aim for
completeness, the results are here presented as the starting
point for a more thorough investigation. Finally, how model
features pertaining to the extended gauge sector impinge
on the Higgs phenomenology and in particular how the
Higgs-to-diphoton branching ratio can be easily enhanced
in this model, despite the experimental data now converging
to a more SM-like behaviour than in the recent past, are
described.

4.1. Normal Hierarchy. In this subsection we discuss the
normal hierarchy case, with the lightest Higgs boson being
the SM-like one (i.e., predominantly from the doublets), and
a heavier Higgs boson predominantly from the bilepton fields
(those carrying 𝐵−𝐿 number and responsible for the𝑈(1)

𝐵−𝐿
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Figure 2: (a) BR(𝜇 → 𝑒𝛾) and (b) BR(𝜇 → 3𝑒) as a function of the
light neutrinomasses in GeV (black: ]1, red: ]2).The blue horizontal
lines represent the actual experimental limits, from [18] and [19],
respectively. The parameters have been chosen as 𝑚0 ∈ [0.4, 2] TeV,
𝑀1/2 ∈ [1.0, 2.0] TeV, tan𝛽 ∈ [5, 40], 𝐴0 ∈ [−4.0, 4.0] TeV, tan𝛽 ∈
[1.05, 1.15], 𝑀

𝑍
 ∈ [2.5, 3.5] TeV, 𝑌

𝑥
∈ 1 ⋅ [0.002, 0.4], and 𝑌] ∈

1 ⋅ [0.05, 5] × 10−6.

spontaneous breaking).Their mixing is going to be small and
solely due to the kinetic mixing.

In Figure 3 we first inspect the heavy Higgs boson
branching ratios. Besides the standard decay modes, the
decay into a pair of SM Higgs bosons exists, as well as two
new characteristic channels of this model, comprising right-
handed (s)neutrinos:

(1) 𝐻2 → 𝐻1𝐻1. Its BR can be up to 40% before the top
quark threshold and around 30% afterwards.

(2) 𝐻2 → ]
ℎ
]
ℎ
. A similar decay channel exists for the𝑍

boson.The BRs are O(10)%, up to 20% depending on
the heavy Higgs and neutrino masses.

(3) 𝐻2 → ]̃𝑆]̃𝑆, where, ]̃𝑆 is the 𝐶𝑃-even sneutrino and
the LSP, hence providing fully invisible decays of the
heavy Higgs. If kinematically open, it saturates the
Higgs BRs. Notice that only points with very light
𝐶𝑃-even sneutrinos are shown, possible only for very
large and negative 𝐴0 (see Figure 1).
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Figure 3: Branching ratios for𝐻2 with𝑀𝐻2
> 𝑀

𝐻1
= 125GeV.The

𝐶𝑃-even sneutrino channel (brown) is superimposed.

While the first two channels exist also in the non-SUSY
version of the model (however, in the non-SUSY 𝐵 − 𝐿

model, the Higgs mixing angle is a free parameter, directly
impacting these branching ratios) (see, e.g., [51]), the last
one, involving the𝐶𝑃-even sneutrino, is truly new and rather
intriguing. This is because the sneutrino is light and it can
be a viable LSP candidate if its mass is smaller than 𝐻2, as
in this case [16]. It however implies that the heavy Higgs is
predominantly bilepton-like, with a light Higgs very much
SM-like. This can be seen in Figure 4, where the points with
large BR(𝐻2 → ]̃𝑆]̃𝑆) (in red) have the lowest mixing
between 𝐻2 and the SM scalar doublet fields, of the order
of 0.1%. It immediately follows that this channel will have
very small cross section at the LHC, when considering SM-
like Higgs production mechanisms. This is true for all heavy
Higgsmasses𝑀

𝐻2
> 140GeV.The 125GeVHiggs is well SM-

like, with tiny reduction of its couplings to the SM particle
content. On the other hand, the heavy Higgs is feebly mixed
with the doublets, suppressing its interactions with the SM
particles and hence its production cross section. This can
be seen in Figure 5(a). Considering only the gluon-fusion
production mechanism, and multiplying it by the relevant
BR, we get the cross sections for the choice of channels
displayed therein. The most constraining channels, 𝐻 →

𝑊𝑊 → ℓ]𝑗𝑗 and 𝐻 → 𝑊𝑊 → 2ℓ2], are also compared
to the exclusions at the LHC for √𝑠 = 8 TeV from [20] and
[21], respectively. The 𝐻 → 𝑍𝑍 channels are well below
current exclusions, which are hence not shown.

We see that all (starting from 𝑀
𝐻2

> 130GeV) the
displayed configurations are allowed by the current searches
(the exclusions shown by solid curves of the same color as
the depicted channel). This is because of the suppression of
the heavy Higgs boson cross sections due to the small scalar
mixing.

In the lower plot the cross sections for the new channels
are displayed. Those pertaining to model configurations
for which the heavy Higgs boson decays to the 𝐶𝑃-even
sneutrino (LSP), yielding a fully invisible decay mode, are
displayed in red. Contrary to all other cases, the production
of the heavy Higgs for this channel is via vector boson fusion
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as searched for at the LHC [52]. Typical cross sections range
between 0.1fb and 1fb. The 𝐻2 → 𝐻1𝐻1 channel is shown
in blue and it can yield cross sections of 1 ÷ 10fb for 250 <

𝑀
𝐻2

< 400GeV. Last is the 𝐻2 → ]
ℎ
]
ℎ
channel. It can

be sizable only for very light 𝐻2 masses, ∼ 10 ÷ 100fb for
140 < 𝑀

𝐻2
< 160GeV, although the further decay chain of

the heavy neutrinos has to be accounted for. The latter can
give spectacular multileptonic final states of the heavy Higgs
boson (4ℓ2] and 3ℓ2𝑗]) or high jet multiplicity ones (2ℓ4𝑗),
via ]

ℎ
→ ℓ

∓
𝑊

± and ]
ℎ

→ ]𝑍 in a 2 : 1 ratio (modulo
threshold effects). Further, these decays are typically seesaw-
suppressed and can therefore give rise to displaced vertices
[53].

4.2. Inverted Hierarchy. In this subsection we discuss the
inverted hierarchy case, where𝐻2 is the SM-like boson and a
lighter Higgs boson exists.

We start once again by presenting the BRs for the next-
to-lightest Higgs boson in Figure 6. This time, however, this
is the SM-like boson, hence predominantly from the doublets.
It has the same new channels as the heavy Higgs in the
normal hierarchy, the only difference being the 𝐶𝑃-odd R-
sneutrino instead of the 𝐶𝑃-even one. This is simply because
the inverted hierarchy can happen only for large positive 𝐴0
values, where only the 𝐶𝑃-odd R-sneutrino can be light; see
Figure 1. The configurations not allowed by the low energy
observables or by HiggsBounds are displayed as gray points.
We see that 𝐻2 may have sizable decays into pairs of the
lighter Higgs bosons, yielding 4𝑏-jets final states. This decay
is still allowed with rates up to few percent. Further, rare
decays into pairs of heavy neutrinos are also present, with
BRs below the permil level. This channel can give rise to
rare multilepton/jets decays for the SM-like Higgs boson,
which are searched for at the LHC, even in combination with
searches for displaced vertices [54].The last available channel
is the decay into pairs of 𝐶𝑃-odd R-sneutrinos. Being the
LSP, it will increase the invisible decay width and hence give
larger-than-expected widths for the SM-like boson. Its rate is
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Figure 5: Cross sections at√𝑠 = 8 TeV for (a) the SM-like channels
and (b) the new channels, as a function of the heavyHiggsmass.The
solid lines above are the exclusion curves from [20, 21].

obviously constrained, and a precise evaluation of the allowed
range is needed. It however goes beyond the scope of the
present review and we postpone it to a future publication.

Regarding the lightest Higgs boson (𝐻1), this will obvi-
ously decay predominantly into pairs of 𝑏-jets, see Figure 7.
Notice that due to its large bilepton fraction it can also
decay into pairs of very light RH neutrinos, at sizable rates
depending on the neutrino masses. As in Figure 6, the
nonallowed configurations are displayed as gray points. We
see that the pattern of decays is not affected by the inclusion
of the constraints, in the sense that this channel stays viable.
Once again, the latter will yield multilepton/jet final state,
which will be very soft and hence very challenging for the
LHC. However, also in this case displaced vertices may
appear.

As in the previous section, we show in Figure 8 the
mixing between the Higgs mass eigenstates and the doublet
fields as a function of the light Higgs mass, to show that
𝐻2 is here rather SM-like. Once more, the gray points
displayed here are excluded by the low energy observables
and by HiggsBounds.

Finally, the production cross sections for the lightest
Higgs boson can be evaluated. In Figure 9 we compare
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Figure 7: Same as in Figure 6 for the lightest Higgs boson (𝐻1).

the direct production (for the main SM production mecha-
nisms, gluon fusion and vector boson fusion) with the pair
production via 𝐻2 decays only via gluon fusion, 𝑔𝑔 →

𝐻2 → 𝐻1𝐻1. When the latter channel is kinematically
open, that is, 2𝑀

𝐻1
< 125GeV, the lightest Higgs boson

pair production has cross sections up to 1 pb at the LHC at
√𝑠 = 8 TeV, and it can give rare 4𝑏, 2𝑏2𝑉, or 4𝑉 (𝑉 = 𝑊,𝑍)
decays of the SM-like Higgs boson. A thorough analysis of
the phenomenology of the Higgs sector in the BLSSM for the
upcoming LHC run 2, based on the first investigations shown
here, will be performed soon.

4.3. Enhancement of the Diphoton Rate. A feature of gauge-
extended models is that new SUSY-breaking D-terms arise,
which give further contributions to the sparticle masses.
In the case of the model under consideration, we showed
discussing (18) that these terms can be large and that they
bring larger corrections to sleptons than to squarks. We
already discussed how the vacuum structure of the BLSSM
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is affected by this. Here, we discuss the impact of the new D-
terms on the Higgs phenomenology, focusing on the Higgs-
to-diphoton decay, despite being disfavoured by most recent
data [17], as an illustrative case. See [46] for further details.

To start our discussion let us briefly review the partial
decay width of the Higgs boson ℎ into two photons within
the MSSM and its singlet extensions. This can be written as
(see, e.g., [55])

Γ
ℎ→𝛾𝛾

=
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2

,

(19)

corresponding to the contributions from charged SM
fermions, 𝑊 bosons, charged Higgs, charginos, charged
sleptons, and squarks, respectively. The amplitudes 𝐴

𝑖
at the

lowest order for the spin-1, spin-1/2, and spin-0 particle
contributions can be found, for instance, in [55]. 𝑔

ℎ𝑋𝑋

denotes the coupling between the Higgs boson and the
particle in the loop and 𝑄

𝑋
is its electric charge. In the SM,

the largest contribution is given by the 𝑊-loop, while the
top-loop leads to a small reduction of the decay rate. In
the MSSM, it is possible to get large contributions due to
sleptons and squarks, although it is difficult to realise such
a scenario in a constrained model with universal sfermion
masses [56–58]. In singlet or triplet extension of the MSSM
also the chargino and charged Higgs can enhance the loop
significantly [59, 60]. However, this is only possible for large
singlet couplings which lead to a cut-off well below the GUT
scale. In contrast, it is possible to enhance the diphoton ratio
in the BLSSM due to light staus even in the case of universal
boundary conditions at the GUT scale. We show this by
calculating explicitly the contributions of the stau:

𝐴 (𝜏) =
1
3
𝜕 det𝑚2

𝜏

𝜕 log V
≃ −

2
3

⋅
2𝑚2

𝜏
(𝐴

𝜏
− 𝜇 tan𝛽)2

(𝑚
2
𝐸
+ 𝐷

𝑅
) (𝑚

2
𝐿
+ 𝐷

𝐿
) + 𝑚2

𝜏
𝜇 tan𝛽 (2𝐴

𝜏
− 𝜇 tan𝛽)

.

(20)

Here, 𝐷
𝐿
and 𝐷

𝑅
represent the D-term contributions of the

left- and right-handed stau and we have neglected subleading
contributions. Given that 2𝐴

𝜏
< 𝜇 tan𝛽, for fixed values of

the other parameters,𝐷
𝑅
and𝐷

𝐿
can be used to enhance the

𝛾𝛾 rate by suppressing the denominator.
We turn now to a fully numerical analysis to demonstrate

the mechanism to enhance the Higgs-to-diphoton rate as a
feature of the model with an extended gauge sector. This
is a result of reducing the stau mass at the Higgs mass
scale via extra D-terms as shown discussing (18). We recall
here that this mechanism leaves the stop mass and hence,
as we will show, the Higgs-to-gluons effective coupling
nearly unchanged. In Table 2 we have collected two possible
scenarios that provide SM-like Higgs particle in the mass
range preferred by LHC results displaying an enhanced
diphoton rate. In the first point, the lightest 𝐶𝑃-even scalar
eigenstate is the SM-like Higgs boson while the light bilepton
is roughly twice as heavy. In Figure 10 we show that all the
features arise from the extended gauge sector: it is sufficient
to change only tan𝛽 to obtain an enhanced diphoton signal
𝑅
1
𝛾𝛾

≡ [𝜎(𝑔𝑔 → ℎ1) ⋅ 𝐵𝑅(ℎ1 → 𝛾𝛾)]
𝐵−𝐿

/[𝜎(𝑔𝑔 →

ℎ1) ⋅ 𝐵𝑅(ℎ1 → 𝛾𝛾)]SM and the correct dark matter relic
density while keeping the mass of the SM-like Higgs nearly
unchanged. The dark matter candidate in this scenario is

Table 2: The input parameter used: Point I: 𝑚0 = 673GeV,𝑀1/2 =

2220GeV, 𝐴0 = −1842GeV, tan𝛽 = 42.2, tan𝛽 = 1.1556, 𝑀
𝑍
 =

2550GeV, and𝑌
𝑥
= 1⋅0.42 (neutralino LSP); Point II:𝑚0 = 742GeV,

𝑀1/2 = 1572GeV, 𝐴0 = 3277GeV, tan𝛽 = 37.8, tan𝛽 = 1.140,
𝑀

𝑍
 = 2365GeV, and𝑌

𝑥
= diag(0.40, 0.40, 0.13) (CP-odd sneutrino

LSP). 𝑐
𝑆𝑉𝑉

denotes the coupling squared of the Higgs fields to vector
bosons normalised to the SM values.

Point I Point II
𝑚
ℎ1
[GeV] 125.2 98.2

𝑚
ℎ2
[GeV] 186.9 123.0

𝑚
𝜏
[GeV] 267.0 237.3

Doublet fr. [%] 99.5 8.7
Bilepton fr. [%] 0.5 91.3
𝑐
ℎ1𝑔𝑔

0.992 0.087
𝑐
ℎ1𝑍𝑍

1.001 0.085
𝑐
ℎ2𝑔𝑔

0.005 0.911
𝑐
ℎ2𝑍𝑍

0.005 0.921
Γ(ℎ1) [MeV] 4.13 0.22
𝑅
1
𝛾𝛾

1.57 0.085
𝑅
1
𝑏𝑏

1.03 0.089
𝑅
1
𝑊𝑊
∗ 0.98 0.05

Γ(ℎ2) [MeV] 4.8 3.58
𝑅
2
𝛾𝛾

0.005 1.79
𝑅
2
𝑏𝑏

0.006 0.95
𝑅
2
𝑊𝑊
∗ 0.01 0.88

LSP mass [GeV] 253.9 82.9
Ωℎ

2 0.10 10−2

the lightest neutralino that is mostly a bileptino (the super-
partner of the bileptons). The correct abundance for tan𝛽 ≃
1.156 is obtained due to a coannihilation with the light stau.
In the second point, the SM-like Higgs is accompanied by a
light scalar around 98GeV which couples weakly to the SM
gauge bosons, compatibly with the LEP excess [61–63]. In this
case, the LSP is a 𝐶𝑃-odd sneutrino which annihilates very
efficiently due to large 𝑌

𝑥
. This usually results in a small relic

density. To get an abundance which is large enough to explain
the darkmatter relic, themass of the sneutrino has to be tuned
below 𝑚

𝑊
[16]. This can be achieved by slightly increasing

tan𝛽 and by tuning the Majorana Yukawa couplings 𝑌
𝑥
,

which tends to increase the SM-like Higgs mass for the given
point. It is worth mentioning that a neutralino LSP with the
correct relic density in the stau coannihilation region can
also be found in this scenario. Notice that both points yield
rates consistentwith observations in the𝑊𝑊

∗
/𝑍𝑍

∗ channels
(measured at the LHC) (being 𝑐

ℎ𝑍𝑍
∼ 1), as well as an effective

Higgs-to-gluon coupling close to 1.

5. Conclusions

In this review I described the𝑈(1)
𝐵−𝐿

extension of theMSSM,
focusing in particular on the scalar sector, described in detail.
The fundamental role that the gauge kinetic mixing plays in
this sector has been underlined.
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Figure 10: (a)Themass of the SM-likeHiggs (bottom (blue line)), of the stau (middle (black) line, where the dashed line represents a reference
unchanged value), and of the lightest neutralino (top (red) line); (b) the diphoton branching ratio; (c) the neutralino relic density as a function
of tan𝛽. The other parameters have been chosen as 𝑚0 = 673GeV, 𝑀1/2 = 2220GeV, tan𝛽 = 42.2, 𝐴0 = −1842.6, 𝑀

𝑍
 = 2550GeV, and

𝑌
𝑥
= 1 ⋅ 0.42.

The comparison to the most constraining low energy
observables showed that a preferred region for the light neu-
trino masses exists to evade these bounds. Then, I presented
a first systematic investigation of the phenomenology of the
Higgs sector of this model, showing that both the normal
hierarchy and the inverted hierarchy of the two lightest Higgs

bosons are naturally possible in a large portion of the param-
eter space. Particular attention has been devoted to analysis
of the new decay channels comprising both the 𝐶𝑃-even and
𝐶𝑃-odd R-sneutrinos, which are a peculiarity of the BLSSM.
Based on these first findings, a thorough analysis of the Higgs
sector in the BLSSM at the upcoming LHC run 2 will be soon
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prepared.The fit of the SM-like Higgs boson to the LHC data
will also be performed with HiggsSignals [64].

Finally, I described how in the BLSSM model (and
in general in gauge-extended MSSM models) the Higgs-
to-diphoton decay can be easily enhanced. Despite being
disfavoured bymost recent data, this feature is a consequence
of the potentially large new SUSY-breaking D-terms arising
from the 𝐵 − 𝐿 sector. At the same time these terms affect
also the vacuum structure of themodel, where naive R-Parity-
conserving configurations at the tree level could develop
deeper R-Parity-violating global minima, or partially restore
the 𝑆𝑈(2)

𝐿
× 𝑈(1)

𝐵−𝐿
symmetry at one loop. It is however

possible to still find R-Parity-conserving global minima on
the whole parameter space, which can either accommodate
an enhancement of the Higgs-to-diphoton decay or fit the
most recent Higgs data.
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This paper is about early roots of supersymmetry, as found in the literature from 1940s and early 1950s.There weremodels where the
power of “partners” in alleviating divergences in quantumfield theory was recognized. However, other currently known remarkable
features of supersymmetry, such as its role in the extension of the Poincaré group, were not known. There were, of course, no
supersymmetric nonabelian quantum field theories in those days.

1. Introduction

During several years I was collecting material to produce
a book which was subsequently published under the title
Portrait of Gunnar Källén: A Physics Shooting Star and Poet
of Early Quantum Field Theory [1]. I found to my great
surprise that Källén’s very first published paper [2] had a
fundamental element of supersymmetry in it: the fact that
spin-1/2 fermions and spin-0 bosons, taken together in equal
numbers of degrees of freedom, give a far better-behaved field
theory! Källén’s paper was published when he was a 23-year-
old second-year doctoral student in Lund, Sweden. He had
been sent to Pauli in Zürich, Switzerland, to attend Pauli’s
summer course of 1949. The acknowledgement of Källén’s
paper reads as follows:

“I want to express my respectful gratitude to
professor W. Pauli, Zürich, who has suggested
this investigation to me, and to thank him and
Dr. R. Jost and Dr. J. Luttinger for many helpful
discussions.”

2. Källén’s Work

Källén considers the vacuum polarization in quantum elec-
trodynamics (QED) to orders 𝑒2 and 𝑒4, in amodel containing
not only 𝑛 Dirac fields but also 𝑁 spin-0 particles, all with
charge 𝑒 and interacting with an external electromagnetic

field. He informs the readers that the 𝑒2 case has been treated
(and in fact published in the same year, 1949) by Jost and
Rayski [3]. These authors, who were both in Zürich, in their
paper “express their gratitude to Professor W. Pauli for his
kind interest in this work as well as for much valuable aid.”
Källén informs the reader that Jost and Rayski have shown
that to the order 𝑒2 the “nongauge invariant (and divergent)
terms compensate each other if one uses a suitable mixture of
spinor and scalar fields.” The mixture is

𝑁 = 2𝑛

𝑁

∑
𝑖=1
𝑀

2
𝑖
= 2
𝑛

∑
𝑖=1
𝑚

2
𝑖
,

(1)

where 𝑀
𝑖
(𝑚
𝑖
) denote the masses of the scalars (spinors).

The first relation that there be as many bosonic as fermionic
degrees of freedom is exactly the basic ingredient of super-
symmetry. The second relation includes the degeneracy
condition of supersymmetry 𝑀

𝑖
= 𝑚

𝑖
but it is more

general. Källén studies what happens at the order 𝑒4, which
is, of course, a much more difficult task. After impressive
calculations, he finds that the first relation alone is enough
for removal of divergences in the fourth order. There are no
divergences in higher than the fourth order and an overall
charge renormalization is all that is needed.
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The paper by Jost and Rayski [3] gives credit to work
published in the previous year by Umezawa et al. [4] and by
Rayski [5] for having shown that

“by coupling the electromagnetic field to several
charged fields of spinor and scalar (or pseu-
doscalar) types the gauge invariance of the vac-
uum polarization and the vanishing of the ph.s.e.
[meaning photon self-energy] may be achieved (at
least in the second order of approximation 𝑒2) due
to some compensations. It is premature to decide
whether such compensations posses any deeper
meaning or whether they should be considered
merely as accidental.”

Jost and Rayski do not discuss the “partners” any further but
deal with comparison of charge renormalization of spinors
and scalars in this scenario.

It should be emphasized that the self-energy of the photon
was a major issue in those days. Indeed a nonzero photon
mass could easily emerge from calculations, as was shown in
a seminal paper by Wentzel [6].

To conclude this section, Pauli was very pleased with
Källén’s work. He expressed his appreciation in several letters
(to Rudolf Peierls, Oskar Klein, and others). As mentioned
before, Källén’s work had started when he was attending
Pauli’s summer course in Zürich. Pauli was a major “pole of
attraction” to many distinguished physicists as well as young
researchers.

3. Regularization and Renormalization

An insight into the situation in 1949 is obtained by consid-
ering what was going on in Zürich. Indeed the previous two
years had been extremely turbulent and exciting in the world
of physics, due to two remarkable experimental discoveries
crying for theoretical explanations. These were

(1) the discovery in 1947 of the Lamb-shift [7] by Lamb1
and Retherford2,

(2) the discovery in 1948 of the anomalous magnetic
moment of the electron [8] by Foley and Kusch3. Note
that this anomalywas quickly calculated by Schwinger
who announced his famous factor 𝛼/2𝜋 in a one-page
letter [9] which appeared in Physical Review, next to
the experimental discovery.

These discoveries, which showed departure from predictions
of Dirac theory, attracted the attention of some of the
greatest theorists of that time, among them H. A. Bethe, R.
P. Feynman, N. M. Kroll, J. Schwinger, S.-I. Tomonaga, and
V. F. Weisskopf. Through these efforts, regularization and
renormalization took the central stage in relativistic quantum
field theory.

Returning to Zürich, Pauli who was keen on writing
review-type articles, going through the details in order to
understand what is going on, was quick to publish a paper
in 1949, together with F. Villars [10]. This paper, published
under the title “On the Invariant Regularization inRelativistic
Quantum Theory,” came to play a major role in the thinking

of field theorists for decades to come. The paper begins by
noting that

“In spite of many successes of the new relativisti-
cally invariant formalism of quantum electrody-
namics, which is based on the idea of “renormal-
ization” of mass and charge, there are still some
problems of uniqueness left, which need further
clarification.”

The authors then point out the inherent ambiguities in
calculations in quantum electrodynamics, due to presence of
divergent integrals. Actually a number of prescriptions had
been put forward on how to deal with these infinities, usually
by introducing cut-offs4. Regularization and renormalization
were the key concepts and it was essential that the regular-
ization prescription should respect Lorentz as well as gauge
invariance.

In their article, Pauli andVillars specify two distinct paths
to regularization:

“In order to overcome these ambiguities we apply
in the following the method of regularization. . .
with the help of an introduction of auxiliary
masses. This method has already a long history.
Much work has been done to compensate the
infinities in the self-energy of the electron with the
help of auxiliary fields . . . Some authors assumed
formally a negative energy of the free auxiliary
particles, while others did not need these artificial
assumptions and could obtain the necessary com-
pensations by using the different sign of the self-
energy of the electron due to its interaction with
different kinds of fields (for instance scalar fields
vs. vector fields).”

Pauli andVillars call the first kind of regularization (involving
fictitious particles) “formalistic.” Some of the hypothetical
particles thus introduced are ghosts (with negative probabil-
ities) and their masses are taken to go to infinity at the end
of computation in order to remove them from the physical
sector.This formalistic prescription amounted to introducing
some simple relations which nowadays can be found in many
textbooks on field theory:

∑
𝑖

𝐶
𝑖
= 0;

∑
𝑖

𝐶
𝑖
𝑀

2
𝑖
= 0, . . . .

(2)

Here the 𝐶
𝑖
denotes the square of the coupling constant of

the fermion 𝑖 to the photon and𝑀
𝑖
stands for themass of that

fermion. For the case of traditional quantum electrodynamics
(describing the interactions of light with electrons) whichwas
of interest one takes 𝐶1 = 1 and𝑀1 = 𝑚𝑒 where 𝑚𝑒 is the
mass of the electron. The relation ∑

𝑖
𝐶
𝑖
= 0 shows that some

of the fictitious fermions are ghost-like, with negative square
of their coupling constants.

Pauli and Villars call the second option “realistic.” In this
case5 Nature herself provides the regulators, in the form of
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what in supersymmetry language is called the partners. In
comparing the two approaches they note the following:

“It seems very likely that the “formalistic” stand-
point used in this paper and by other workers
can only be a transitional stage of the theory, and
that the auxiliary masses will eventually either be
entirely eliminated, or the “realistic” standpoint
will be so much improved that the theory will not
contain any further accidental compensations.”

The first (formalistic) option is indeed easy to use and is
the only one which is used in the Pauli-Villars paper. An
immediate questionwhich arises is as follows: what happened
to the second alternative, the “realistic standpoint,” fermions
accompanied by their bosonic partners?

4. Yukawa, the Intellectual Father of Scalars

In 1940s and 1950s scalar particles enjoyed a great deal of
popularity among theorists in Japan. This can be traced back
to the work of H. Yukawa6 who proposed that the strong
force ismediated by a scalar particle (and its antiparticle),𝑈±.
Using Wigner’s estimate of the range of the nuclear force, he
found that the mass of𝑈 should be about 200 times the mass
of the electron (see Yukawa’s Nobel Lecture [11]).

The sequence of events from 1935 to 1949, when Yukawa
was awarded the Nobel Prize, as well as what happened
afterwards, is truly amazing. Indeed particles with the
expectedmass and charge were there: themuons, 𝜇± (initially
called the mesotrons and later on the mu-mesons). However,
these penetrating particles turned out to have no strong
interactions! The pions were discovered much later, in 1947
(for a more detailed discussion see below).

At the time of his Nobel Prize Yukawa was well aware that
the picture was far more complicated. In his Nobel Lecture he
noted the following [11]:

“In this way, meson theory has changed a great
deal during these fifteen years. Nevertheless, there
remain still many questions unanswered. Among
other things, we know very little about mesons
heavier than 𝜋-mesons. We do not know yet
whether some of the heavier mesons are respon-
sible for nuclear forces at very short distances.
The present form of meson theory is not free
from the divergence difficulties, although recent
development of relativistic field theory has suc-
ceeded in removing some of them. We do not
yet know whether the remaining divergence diffi-
culties are due to our ignorance of the structure
of elementary particles themselves [12]. We shall
probably have to go through another change of
the theory, before we shall be able to arrive at the
complete understanding of the nuclear structure
and of various phenomena, which will occur in
high energy regions.”

Little did Yukawa, or anyone else, know about quantum
chromodynamics (QCD) and its gluons as mediators of

the strong force. In spite of all this, light mesons play an
important role in the treatment of strong interactions at very
low energies (chiral dynamics).

5. Scalars in Japan and ‘‘Mixed Fields’’

In 1940s there were several towering figures in the Japanese
theoretical community, among them S. Sakata (1911–1970),
S-I. Tomonaga (1906–1979), and H. Yukawa (1907–1981).
Following Yukawa, proposing new scalars became popular in
Japan. As a token of importance of scalars in Japan we note
that the 1965 Nobel Laureate in Physics, Tomonaga7, in spite
of not having been directly involved, discussed this subject in
his Nobel Lecture [13]. He wrote the following:

“In the meantime, in 1946, Sakata [14] proposed
a promising method of eliminating the divergence
of the electron mass by introducing the idea of a
field of cohesive force. It was the idea that there
exists unknown field, of the type of the meson
field which interacts with the electron in addition
to the electromagnetic field. Sakata named this
field the cohesive force field, because the apparent
electronic mass due to the interaction of this field
and the electron, though infinite, is negative and
therefore the existence of this field could stabilize
the electron in some sense. Sakata pointed out the
possibility that the electromagnetic mass and the
negative new mass cancel each other and that the
infinity could be eliminated by suitably choosing
the coupling constant between this field and the
electron. Thus the difficulty which had troubled
people for a long time seemed to disappear insofar
as the mass was concerned. (It was found later
that Pais [15] proposed the same idea in the U.S.
independently of Sakata.)
That is to say, according to our result, the Sakata
theory led to the cancellation of infinities for the
mass but not for the scattering process. It was also
known that the infinity of vacuum polarization
type was not cancelled by the introduction of the
cohesive force field.”

Pais had an earlier publication in Physical Review [15] in
which he promised a forthcoming article which appeared
in Trans. Roy. Acad. Sciences of Netherlands 19, number 1
(1947).

Returning to Japan, a key player in proposing “mixed
fields,” harmonious existence of fermions and bosons, was
H. Umezawa8 (1924–1995) and an excellent account of the
status of the mixed fields, as of 1950, can be found in an
article, “On the applicability of the method of the mixed
fields in the theory of the elementary particles,” that he wrote
together with Sakata [16]. Fortunately, Umezawa produced an
excellent book (translated from Japanese) entitled Quantum
Field Theory [17] which not only teaches field theory but
is also a rich source of historical information. Umezawa
considers the case of mixed fields in a few places in his book.
As an example, the equations presented on page 255 must
look familiar to researchers in the field of supersymmetry9!
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Taken altogether, one is impressed by the amount of work
done on this subject in Japan .

The mixed fields had in turn their roots. Perhaps the
earliest one was the introduction of a “subtractive” vector
field, proposed by F. Bopp [18, 19].This amounted to replacing
the 1/𝑟 Coulomb potential with (1/𝑟)(1 − exp(−𝜅𝑟)), or later
on, in the relativistic version, introducing a cut-off in the
propagator, namely, 1/𝑘2 − 1/(𝑘2 − 𝜅2), 𝜅 being the cut-off
mass.

The mixed fields cancellations worked in the case of vac-
uum polarization because all charged particles are running
in the loop. So the divergence created by the singularities in
the electron propagators is compensated by those of its scalar
partners. However, in themixed fields models the photon did
not have any fermionic partner!

6. Interplay Theory: Experiment

Carl D. Anderson (the discoverer of the positron10 and one of
the discoverers of themuon) has described the circumstances
concerning the discovery of the positron [20] as follows:

“. . . it has often been stated in the literature that
the discovery of the positron was a consequence
of its theoretical prediction by Dirac, but this is
not true. The discovery of positron was wholly
accidental. . . . The aim of the experiment that
led to the discovery of the positron was simply to
measure directly the energy spectrum of the sec-
ondary electrons produced in the atmosphere and
other materials by the incoming cosmic radiation
which at that time (1930) was thought to consist
primarily of a beam of photons or gamma rays
. . ..”

Anderson emphasizes the importance of being familiar with
theory by noting that if one had known the Dirac theory one

“could have discovered the positron in a single
afternoon. The reason for this is that the Dirac
theory could have provided an excellent guide as
to just how to proceed to form positron-electron
pairs out of a beam of gamma-ray photons. His-
tory did not proceed in such a direct and efficient
manner, probably because the Dirac theory, in
spite of its successes, carried with it so many novel
and seemingly unphysical ideas, such as negative
mass, negative energy, infinite charge density, etc.
Its highly esoteric character was apparently not in
tune with most of the scientific thinking of that
day. Furthermore, positive electrons apparently
were not needed to explain any other observa-
tions.”

The discovery of the muon involved a long process and it
took almost two decades to know its nature. Already in
1929 the so-called penetrating radiation from outer space
was discovered by Walther Bothe11 and W. Kolhörster. It
took a few years before one could show that the penetrating
radiation consisted of new kind of particles which were

neither protons nor electrons [20]. Stated briefly, by 1939,
in spite of observation of range, curvature, ionization, and
penetrating power of the mesotrons one was not quite sure
what theywere [21]. It was found, however, that themesotrons
did not interact much with matter [22]. By 1947 it was
definitively established [23] that the observed mesotrons
were not relevant for transmitting strong interactions; a large
fraction of negative mesotrons, instead of being captured by
nuclei, decayed; the capture rates were by about 12 orders of
magnitude smaller than expected! On the interplay of theory
and experiment in this case Anderson says that

“This novel suggestion of Yukawa was unknown
to the workers engaged in the experiments on
the muon until after the muon’s existence was
established. . . . It is interesting to speculate on
just how much Yukawa’s suggestion, had it been
known, would have influenced the progress of the
experimental work on muon. My own opinion is
that this influence would have been considerable
even though Dirac’s theory, which was much more
specific than Yukawa’s, did not have an effect on
the positron’s discovery. My reason for believing
this is that for a period of almost two years there
was strong and accumulating evidence for the
muon’s existence and it was only the caution of the
experimental workers that prevented an earlier
announcement of its existence. I believe that a the-
oretical idea like Yukawa’s would have appealed
to the people carrying out the experiments and
would have provided them with a belief that
maybe after all there is some need for a particle
as strange as a muon, especially if it could help
explain something as interesting as the enigmatic
nuclear force. . ..”

The discovery of charged pions was announced in 1947 (and
that of neutral pions a couple of years later) by researchers
working at Bristol [24, 25] and Cecil F. Powell received the
1950 Nobel Prize in Physics for “his development of the
photographic method of studying nuclear processes and his
discoveries regarding mesons made with this method.”

In his Nobel Lecture [26–28], Powell has nothing to say
about any theoretical influence. He ends his talk by stating
that

“In the years which have passed, the study of
what might, in the early days, have been regarded
as a trivial phenomenon has, in fact, led us
to the discovery of many new forms on matter
and many new processes of fundamental physical
importance. It has contributed to the development
of a picture of the material universe as a system
in a state of perpetual change and flux; a picture
which stands in great contrast with that of our
predecessors with their fixed and eternal atoms.
At the present time a number of widely divergent
hypotheses, none of which is generally accepted,
have been advanced to account for the origin of
the cosmic radiation. It will indeed be of great
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interest if the contemporary studies of the primary
radiation lead us - as the Thomsons suggested,
and as present tendencies seem to indicate - to the
study of some of the most fundamental problems
in the evolution of the cosmos.”

Professor Donald Perkins, inOxford, UK, whowas amember
of the Bristol group12 has confirmed that the discovery of
pions had nothing to do with theory but could simply be
described by [29] “ignorant experimentalists looking for any-
thing of interest in emulsions exposed to cosmic radiation.”
Thekaonswere also discovered in 1947 and that eventually led
to a new exciting period in the history of particle physics (𝜃−
𝜏-puzzle, parity violation) during which there were fruitful
close contacts between theory and experiment.

In the case of supersymmetry, there have been close
contacts between theorists and experimentalists. It remains to
be seen what the outcome of these joint efforts is going to be.
This time around the community is well prepared to receive
supersymmetry, if it exists. In this connection, it is of some
interest to look back at our history.

7. The Rich Heritage of Relativistic Quantum
Field Theory and Its Future

Richard Feynman, in a talk given in 1979, made the following
statement:

“We have a theory which is called quantum
electrodynamics which is our pride and joy.”

Indeed, Relativistic quantum electrodynamics (QED) is one
of the crown jewels of human achievements in physics. It
emerged at the end of 1920s through efforts to describe
the interactions of light quanta with electrons. However,
two decades of work by a large number of researchers was
required to reformulate it and to be able to make sense out of
it. Naturally, there were several earlier milestones on the road
that led to QED. It is perhaps appropriate to briefly remind
ourselves of a few of them:

(i) Introduction of the quantum of action ℎ by Max
Planck (1900).

(ii) Einstein’s theory of special relativity (1905).
(iii) Einstein’s introduction of light as a “quantum particle,”
𝐸 = ℎ] (1905).

(iv) “Creation of quantum mechanics”13 by Heisenberg
(1925) and Schrödinger’s version of it (1926).

(v) Dirac’s introduction of annihilation and creation
operators for photons (1927) and his first-order rel-
ativistic description of the electron (1928).

(vi) Quantization rules for bosons, using commutators,
and for fermions, using anticommutators as well as a
formal derivation of the Pauli principle (1928).

These theoretical breakthroughs took us to the end of 1920s
when it was realized that QED, in spite of all its successes,
faced insurmountable-looking difficulties, such as infinite

corrections to the energy levels of atoms. The conclusion
drawn by some researchers was that QED, of those days, will
not be applicable to any problem where relativistic effects are
important.

On the status of field theory later on, one of the leading
field theorists of our time, Steven Weinberg writes ([30], p.
281) the following:

“During 1930s it was widely believed that these
infinities signified the breakdown of quantum
electrodynamics at energies above a few MeV.
. . . [after the war] . . . The great success of cal-
culations in quantum electrodynamics using the
renormalization idea generated a new enthusiasm
for quantum electrodynamics.”

However, by the end of 1950s and in 1960s quantum theory
came under fierce attack, at least in some theoretical circles.
By that time, the number of hadrons had increased so
much that it raised the question whether they were all
“elementary particles,” each with its own field. The pion-
nucleon coupling constant was found to be so large that
it did not allow physicists to apply their favorite approach,
perturbation theory. What was there to be done? Indeed,
a group of theorists advocated departure from field theory
altogether. It was argued that

“there is no reason why some particles should be
on a different footing from others. The elemen-
tary particle concept is unnecessary, at least for
baryons and mesons.”

Some distinguished physicists declared field theory as dead
and buried, as far as hadrons were concerned.Why it worked
well for quantumelectrodynamicswas considered as a puzzle.
As we know from later history, field theory retaliated by
striking back with stronger force than ever before and gave
us the electroweak theory as well as QCD!

What we wish to know now is whether supersymmetry
is realized in Nature. Viki Weisskopf liked to say “predicting
is difficult, especially when it concerns the future,” a statement
that he attributed to Niels Bohr. Indeed we all have “feelings”
and “wishes.” We would like to tell Mother Nature how She
should behave, but She has already made up Her mind and it
is for us to find out what Her feelings and wishes have been.
In any case, discovery of supersymmetry need not signify
any departure from our current framework: relativistic local
quantum field theory.

Concerning the future, I would like to quote Steven
Weinberg who writes ([30], p. 289)

“My own view is that all of the successful field the-
ories of which we are so proud-electrodynamics,
the electroweak theory, quantum chromodynam-
ics and even General Relativity-are in truth
effective field theories, only with a much larger
characteristic energy, something like the Planck
energy, 1019 GeV.”

Let us hope that Mother Nature will soon reveal some of Her
instructive secrets, for us to be able to proceed further on the
“right path.”
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Endnotes

1. In 1955 there were two Nobel Laureates in Physics, one
of them being Willis Lamb who received the Prize for
this discovery. In his Nobel Lecture, he mentions that
this effect had been seen about ten years earlier by other
researchers [31, 32] but, unfortunately, as he puts it, had
not been taken seriously. This was perhaps fortunate for
him as he could do amuchmore accurate measurement,
using newly developed microwave techniques.

2. Unfortunately sometimes in the scientific literature
one sees Retherford incorrectly spelled as Rutherford,
thereby giving the credit to the latter who had passed
away about ten years earlier, in 1937. Robert Curtis
Retherford (1912–1981) was a graduate student of Willis
Lamb.

3. Polykarp Kusch was the second Nobel Laureate in
Physics in 1955, for “his precision determination of the
magnetic moment of the electron.”

4. See, for example, Feynman’s article “Relativistic cut-off
for quantum electrodynamics” [33] where he mentions
several by then existing cut-off procedures, some similar
to his own, especially that of F. Bopp [18, 19].

5. Pauli and Villars, in their paper, give credit to Rayski as
an inventor of auxiliary fictitious particles. The authors
state that “Rayski made this proposal in the summer of
1948 during his investigations on the photon self-energy
of Bosons (see [6]). With his friendly consent we later
resumed his work and generalized the method for arbi-
trary external fields (not necessarily light waves).” Note,
however, that Pauli and Villars consistently refer to J.
Rayski as G. Rayski. This could be due to the fact that
he, when he had been in the USA, had translated his
first name, Jerzy, into English and had published under
the name George Rayski. Jerzy Rayski (1917–1993) from
Krakow, Poland, had spent one year during 1949–1950 in
Zürich. He relates some of his recollections in [34].

6. Yukawa received the 1949 Nobel Prize in Physics “for
his prediction of the existence of mesons on the basis of
theoretical work on nuclear forces.”

7. The 1965 Nobel Prize in Physics was awarded to Sin-Itiro
Tomonaga, Julian Schwinger, and Richard P. Feynman
“for their fundamental work in quantum electrodynam-
ics, with deep-ploughing consequences for the physics of
elementary particles.”

8. For information about Umezawa see, for example, G.
Vitiello on “Hiroomi Umezawa and Quantum Field
Theory” [35]. I wish to thank Professor Vitiello for
sending his article to me.

9. These are

𝑘 − 2𝑙 + 3𝑚 = 0

𝑘

∑
𝑖

(𝜅
(𝑠)

𝑖
)
2
− 2
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)
2
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(V)
𝑖
)
2
= 0,

(∗)

where 𝑘, 𝑙, and𝑚 denote the number of (charged) scalar,
spin-1/2, and spin-1 fields, respectively, and 𝜅

𝑖
denotes

the appropriate mass.
10. The SixthGeneral Assembly of IUPAP (the International

Union of Pure and Applied Physics) which took place
in Amsterdam, in 1948, unanimously recommended the
use of the termelectron for both 𝑒± and the terms positon
and negaton for denoting 𝑒+ and 𝑒−, respectively. In the
long run, however, the physics community did not follow
this recommendation.

11. In 1954 Walther Bothe received a Nobel Prize in Physics
for “the coincidence method and his discoveries made
therewith.”

12. I wish to thank Professors Don Perkins and Gösta
Ekspong, who both were among the young members
of the Bristol group, for inspiring correspondence on
their work at Bristol. Powell refers to their work in his
Nobel Lecture [26–28]; however, in his list of references,
Ekspong’s former last name (Carlson) is misspelled (as
Carison).

13. This is quoting the Prize motivation that the Nobel Prize
in Physics 1932 was awarded to Werner Heisenberg “for
the creation of quantum mechanics, . . ..”
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We present the impact of two-loop corrections on themass of the lightestHiggs boson in theminimalR-symmetric supersymmetric
standard model (MRSSM). These shift the Higgs boson mass up by typically 5GeV or more. The dominant corrections arise from
strong interactions, and from the gluon and its 𝑁 = 2 superpartners, the sgluon and Dirac gluino, and these corrections further
increase with large Dirac gluino mass. The two-loop contributions governed purely by Yukawa couplings and the MRSSM 𝜆, Λ
parameters are smaller. We also update our earlier analysis which showed that the MRSSM can accommodate the measured Higgs
and W boson masses. Including the two-loop corrections increases the parameter space where the theory prediction agrees with
the measurement.

1. Introduction

The recent discovery at the LHC of a particle consistent
with the long sought Higgs boson seemingly completes the
Standard Model (SM). The mass of the particle is measured
with an astonishingly high accuracy of 𝑚

𝐻
= 125.09 ±

0.24GeV [1]. The precise determination of this mass is
of paramount importance not only within the context of
the Standard Model, but also for finding the path beyond
it. In fact, a number of experimental observations suggest
that the SM cannot be the ultimate theory and many
theoretical scenarios for the beyond SM (BSM) physics
have been proposed in past decades. In some models of
BSM, in particular in supersymmetric extensions of the
SM, the Higgs boson mass can be predicted. However, the
current experimental accuracy is far better than theoretical
predictions for Higgs boson mass in any given model of
BSM physics. From the point of view of theory, the best
accuracy has been achieved in the minimal supersymmetric
extension of the SM (MSSM), in which the discovery of the
Higgs boson and the determination of its mass have given
a new impetus to the theoretical efforts. The most recent
improvements comprise the inclusion of leading three-loop
corrections [2, 3], resummation of leading logarithms beyond
the two-loop level [4, 5], inclusion of the externalmomenta of

two-loop self-energies [6, 7], and the evaluation of theO(𝛼2
𝑡
)-

contributions in the complex MSSM [8, 9]. The MSSM two-
loop corrections controlled by Yukawa couplings and 𝛼

𝑠
have

been known for quite some time for the real MSSM (see the
above references for an overview of the literature).

The absence of any direct signal of supersymmetric
particle production at the LHC and the observed Higgs
boson mass of ∼125GeV being rather close to the upper
value of ∼135GeV achievable in the MSSM are a strong
motivation to consider nonminimal SUSY scenarios. In fact,
nonminimal SUSY models can lift the Higgs boson mass (at
the tree-level by new 𝐹- or 𝐷-term contributions or at the
loop level from additional new states), which makes these
models more natural by reducing fine-tuning. They can also
weaken SUSY limits either by predicting compressed spectra
or by reducing the expected missing transverse energy or by
reducing production cross sections. The comparison of the
measured Higgs boson mass with the theoretically predicted
values in any given model is therefore highly desirable.
Although the theoretical calculations for the SM-like Higgs
boson mass in such models are less advanced, progress is
being made in the development of highly automated tools
which greatly facilitate the computations in nonminimal
SUSY models: SARAH [10–12] automatically generates spec-
trum generators similar to SPheno [13, 14]; FlexibleSUSY
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[15] automatically generates spectrum generators similar
to Softsusy [16].

In a recent paper [17] we considered the MRSSM, a
highly motivated supersymmetric model with continuous 𝑅-
symmetry [18, 19] distinct from the MSSM. Since 𝑅-sym-
metry forbids soft Majorana gaugino masses as well as the
higgsino mass term, additional superfields are needed. The
MRSSM has been constructed in [20] as a minimal viable
model of this type. It contains adjoint chiral superfields with
𝑅-charge 0 for each gauge sector and two additional Higgs
weak iso-doublet superfields with 𝑅-charge 2. It has been
also argued that 𝑅-symmetry generically forbids large con-
tributions to CP- and flavor-violating observables due to the
absence of chirality-changing Dirac gluino couplings [20, 21],
relaxing flavor constraints on the sfermion sector, although
recently it has been shown that the dramatic chirality-flip
suppression of [20] can only work in a limited number of
scenarios, and in general a certain correlation between flavor
structure of fermion masses and superpartner spectrum is
required [22]. Also, Dirac gluinos suppress the production
cross section for squarks, making squarks below the TeV
scale generically compatible with LHC data. Furthermore,
models with 𝑅-symmetry and/or Dirac gauginos contain
promising dark matter candidates [23–25], and the collider
physics of the extra, non-MSSM-like states has been studied
[26–34].

In [17] the complete next-to-leading order computation
and discussion of the lightest Higgs boson and 𝑊 boson
masses have been performed. We showed that the model
can accommodate measured values of these observables for
interesting regions of parameter space with stop masses of
order 1 TeV (a similar analysis has been done in [35], where
also a welcome reduction of the level of fine-tuning was
found). The outcome of the paper was not obvious since in
the MRSSM (i) the lightest Higgs boson tree-level mass is
typically reduced compared to the MSSM due to mixing with
additional scalars, (ii) the stop mixing is absent, and (iii)
𝑅-symmetry necessarily introduces an 𝑆𝑈(2) scalar triplet,
which can increase𝑚

𝑊
already at the tree-level. Nevertheless,

we identified benchmark points BMP1, BMP2, and BMP3
illustrating different viable parameter regions for tan𝛽 =

3, 10, 40, respectively, and also verified that they are not
excluded by further experimental constraints from Higgs
observables, collider, and low-energy physics.

These promising results motivate a more precise compu-
tation of the Higgs boson mass in the MRSSM and a more
precise parameter analysis. Technically, this is facilitated
by the Mathematica package SARAH, recently updated by
providing SPheno routines, which calculate two-loop cor-
rections to the CP-even Higgs scalars masses in the effective
potential approximation and the gaugeless limit [36]. This is
the level of precision of the established MSSM predictions
except for the refinements mentioned above. It is also the
level of precision at which the proof [37] applies that the
employed regularization by dimensional reduction preserves
supersymmetry. First applications of the improved SARAH
version to the calculations of the Higgs boson masses in the
𝑅-parity violatingMSSM [38] and next-to-minimal SSM [39]
have been published.

Since a judicious choice of the model parameters was
needed to meet experimental constraints and an estimate
of unknown two-loop contributions was presented, it is of
immediate interest to verify our findings at higher precision
with the new SARAH version. The aim of the current paper
is to calculate two-loop corrections for the Higgs boson mass
in the sameMRSSM setup as in [17] and present an update of
the results obtained there.

The paper is organized as follows. After a short recapitula-
tion of theMRSSM setup in Section 2, we explain in Section 3
our calculation framework and discuss the dependence of
two-loop corrections on parameters that entered already at
the one-loop level. The dependence on parameters that enter
only at the two-loop level is investigated in Section 4. In
Section 5 we provide an update to the analysis presented in
[17] using the two-loop corrected masses of Higgses, before
concluding in Section 6.

2. The MRSSM

TheMRSSMhas been constructed in [20] as aminimal super-
symmetric model with unbroken continuous 𝑅-symmetry.
The superpotential of the model reads as

𝑊 = 𝜇
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where �̂�
𝑢,𝑑

are the MSSM-like Higgs weak iso-doublets
and 𝑆, �̂�, �̂�

𝑢,𝑑
are the singlet, weak iso-triplet, and �̂�-Higgs

weak iso-doublets, respectively. The usual MSSM 𝜇-term is
forbidden; instead 𝜇

𝑢,𝑑
-terms involving 𝑅-Higgs fields are

allowed. Λ, 𝜆-terms are similar to the usual Yukawa terms,
where �̂�-Higgs and 𝑆 or �̂� play the role of the quark/lepton
doublets and singlets.

The usual soft mass terms of the MSSM scalar fields are
allowed just like in the MSSM. In contrast, 𝐴-terms and soft
Majorana gaugino masses are forbidden by 𝑅-symmetry.The
fermionic components of the chiral adjoint, Φ̂

𝑖
= Ô, �̂�, 𝑆

for each standard model gauge group 𝑖 = 𝑆𝑈(3), 𝑆𝑈(2),
𝑈(1), respectively, are paired with standard gauginos 𝑔, �̃�, 𝐵
to build Dirac fermions and the corresponding mass terms.
The Dirac gaugino masses generated by 𝐷-type spurions
produce additional terms with the auxiliary D-fields in the
Lagrangian,

𝑉
𝐷
= 𝑀

𝐷

𝐵
(𝐵𝑆 −√2D

𝐵
𝑆) +𝑀

𝐷

𝑊
(�̃�

𝑎
�̃�
𝑎
−√2D𝑎

𝑊
𝑇
𝑎
)

+𝑀
𝐷

𝑂
(𝑔

𝑎
𝑂
𝑎
−√2D𝑎

𝑔
𝑂
𝑎
) + h.c.,

(2)

which after being eliminated through their equations of
motion lead to the appearance of Dirac masses in the scalar
sector as well. For our phenomenological studies of two-loop
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effects we take the soft-breaking scalar mass terms that have
been considered in [17]

𝑉
EW
SB = 𝑚

2
𝐻𝑑
(

𝐻

0
𝑑



2
+
𝐻

−

𝑑



2
) +𝑚

2
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(

𝐻
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2
+
𝐻

+
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2
)

+ [𝐵
𝜇
(𝐻

−

𝑑
𝐻
+

𝑢
−𝐻

0
𝑑
𝐻

0
𝑢
) + h.c.]
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2
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+
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2
𝑅𝑢

𝑅
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2
𝑆
|𝑆|

2
+𝑚

2
𝑇


𝑇
0
2
+𝑚

2
𝑇

𝑇
−

2
+𝑚

2
𝑇

𝑇
+

2

+𝑚
2
𝑂
|𝑂|

2
+𝑑

∗

𝐿,𝑖
𝑚

2
𝑞,𝑖𝑗
𝑑
𝐿,𝑗
+𝑑

∗

𝑅,𝑖
𝑚

2
𝑑,𝑖𝑗
𝑑
𝑅,𝑗

+ �̃�
∗

𝐿,𝑖
𝑚

2
𝑞,𝑖𝑗
�̃�
𝐿,𝑗
+ �̃�

∗

𝑅,𝑖
𝑚

2
𝑢,𝑖𝑗
�̃�
𝑅,𝑗
+ 𝑒

∗

𝐿,𝑖
𝑚

2
𝑙,𝑖𝑗
𝑒
𝐿,𝑗

+ 𝑒
∗

𝑅,𝑖
𝑚

2
𝑒,𝑖𝑗
𝑒
𝑅,𝑗
+ ]̃∗

𝐿,𝑖
𝑚

2
𝑙,𝑖𝑗
]̃
𝐿,𝑗
,

(3)

where the holomorphic mass terms for adjoint scalars, which
might lead to tachyonic states, have been neglected (see also
[40, 41] for discussions that these terms can be subdominant
within a broad definition of gauge mediation).

The electroweak symmetry breaking (EWSB) is triggered
by nonzero vacuum expectation values of 𝑅 = 0 neutral EW
scalars, which are parameterized as

𝐻
0
𝑑
=

1
√2
(V
𝑑
+𝜙

𝑑
+ 𝑖𝜎

𝑑
) ,

𝐻
0
𝑢
=

1
√2
(V
𝑢
+𝜙

𝑢
+ 𝑖𝜎

𝑢
) ,

𝑇
0
=

1
√2
(V
𝑇
+𝜙

𝑇
+ 𝑖𝜎

𝑇
) ,

𝑆 =
1
√2
(V
𝑆
+𝜙

𝑆
+ 𝑖𝜎

𝑆
) ;

(4)

𝑅-Higgs bosons carry 𝑅-charge 2 and therefore do not
develop vacuum expectation values. We stress that in general
the mixing of 𝜙

𝑇
, 𝜙
𝑆
with 𝜙

𝑢
and 𝜙

𝑑
leads to a reduction of

the lightest Higgs boson mass at the tree-level compared to
the MSSM.

3. Higgs Mass Dependence on
𝜆, Λ Superpotential Parameters

We now present the MRSSMHiggs boson mass prediction at
the two-loop level. We use the same renormalization scheme
as in [17], where all SUSY parameters are defined in the
DR scheme and 𝑚2

𝐻𝑑
, 𝑚2

𝐻𝑢
, V

𝑆
, and V

𝑇
are determined by

minimizing the effective potential at the two-loop order. The
discussion is divided into two parts. In the present section we
begin with the one-loop contributions, which are dominated
by terms ofO(𝛼

𝑡,𝑏,𝜆
), where 𝛼

𝜆
collectively denotes squares of

the superpotential couplings 𝜆
𝑢,𝑑

and Λ
𝑢,𝑑
. We then discuss

the two-loop contributions of O(𝛼2
𝑡,𝑏,𝜆
), that is, ones which

depend on parameters which already play a role at the one-
loop level. In the subsequent section we then discuss those
two-loop corrections which involve new parameters.

In the usual MSSM, the one-loop contributions to the
Higgs boson mass are dominated by top/stop contributions.
In the MRSSM, these contributions are also important,
but they are simpler since stop mixing is forbidden by 𝑅-
symmetry (corresponding to theMSSMparameter𝑋

𝑡
≡ 𝐴

𝑡
−

𝜇/ tan𝛽 = 0). This implies that the top/stop contributions
cannot reach values as high as in the MSSM for a given
stop mass scale. However, as mentioned above, the MRSSM
superpotential contains new terms governed by 𝜆

𝑢,𝑑
and

Λ
𝑢,𝑑

which have a Yukawa-like structure. References [17,
35] have given a useful analytical approximation for these
contributions. In the limit 𝜆 = 𝜆

𝑢
= −𝜆

𝑑
, Λ = Λ

𝑢
= Λ

𝑑
,

V
𝑆
≈ V

𝑇
≈ 0, and large tan𝛽, we get

Δ𝑚
2
𝐻1 ,eff.pot,𝜆 =

2V2

16𝜋2
[
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−(
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4
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2) log
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2) log
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]

]

.

(5)

This result shows a behavior proportional to 𝜆4, Λ4, and
log𝑚2

soft. This is similar to the top/stop contributions as 𝜆’s
and 𝑌

𝑡
appear in a similar fashion in superpotential.

We expect therefore that the two-loop result will depend
on thesemodel parameters (which already entered at the one-
loop level) in a manner similar to the pure top quark/squarks
two-loop contributions, that is, similar to the MSSM O(𝛼2

𝑡
)

contributions without stop mixing.
In Figures 1 and 2 the dependence of the lightest Higgs

boson mass calculated at tree-, one-, and two-loop levels
for two benchmarks BMP1 and BMP3 on different model
parameters is shown. All parameters except the ones shown
on the horizontal axes are set to the values of the benchmark
points defined in [17] (see Table 2). Indeed 𝜆, Λ behavior of
the two-loop corrections is very similar to the one of the
corresponding one-loop corrections. The numerical impact
of the two-loop 𝜆, Λ-contributions is rather small, typically
less than 1GeV, except for very large |𝜆

𝑢
|, |Λ

𝑢
| > 1,

where they can reach several GeV. Particularly, the strong 𝜆
𝑢

dependence for large 𝜆
𝑢
is already manifest for the tree-level

mass; this is due to the mixing with the singlet state already
present in the tree-level mass matrix.

One should remember that very large one-loop contribu-
tions are required to bring the predicted Higgs boson mass
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Figure 1: Lightest MRSSM Higgs boson mass 𝑚
𝐻1

and the difference 𝑚2𝐿 − 𝑚1𝐿 between masses calculated at the two-loop and one-loop
level, as a function of 𝜆

𝑑
, 𝜆

𝑢
, andΛ

𝑢
, respectively. In the upper parts of the figure lines from top to bottom correspond to two-loop, one-loop,

and tree-level calculations. All other parameters are set to the values of benchmark point BMP1 with tan𝛽 = 3 (see Table 2).

close to the experimental one. In the preferred parameter
regions, 𝜆, Λ are large but still moderate enough not to
blow up the two-loop contributions. Although the large
values of Λ couplings will lead to Landau poles at scales
below the GUT scale; this is not problem for our phe-
nomenological approach, and even in top-down approaches

as in [40] perturbativity up to the GUT scale is not
required.

Overall, the total two-loop contributions (including the
ones to be discussed in the subsequent section) are in the
range between 4 and 5GeV, except in the very large 𝜆, Λ
regions. This is in agreement with the estimate given in [17],
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Figure 2: As in Figure 1, but for benchmark point BMP3 with tan𝛽 = 40 (see Table 2).

and it confirms the validity of the perturbative expansion in
spite of the large one-loop corrections.

4. QCD Corrections and the Two-Loop
Corrected Higgs Boson Mass

At two-loop level the strongly interacting sector and the
strong coupling 𝛼

𝑠
appear directly in the Higgs boson mass

predictions. These two-loop corrections involve not only the
gluon but also the Dirac gluino and the sgluon, the scalar
component of the octet superfield 𝑂. They can be expected
to be sizable, and they depend on the gluino Dirac mass and
sgluon softmass parameters.These parameters already play a
role at lower order, appearing in corrections to 𝑌

𝑡
(through

threshold corrections to �̂�
𝑠
), though the influence on, for
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Figure 3: Feynman rules needed to evaluate diagrams of Figure 4. In the right diagram, the charge-conjugated gluino 𝑔𝐶
𝐷,𝛽

applies in the case
of 𝑖 = 𝐿, 𝑔
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in the case of 𝑖 = 𝑅.
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Figure 4: Two-loop diagrams contributing to the Higgs boson mass via (6) which depend on the Dirac mass𝑀𝐷

𝑂
and the soft sgluon mass

𝑚
𝑂
. We only draw diagrams involving top/stop; similar diagrams exist for all quark/squark flavors.

example, DR top mass is negligible. The gluino Dirac mass
parameter𝑀𝐷

𝑂
appears not only directly as the gluino mass

but via (2), also in couplings and mass terms of sgluons,
inducing the mass splitting. In [17] a simplifying assumption
was made that masses of the scalar and pseudoscalar com-
ponents of (complex) sgluon field were equal, since it was
unimportant for that analysis between the real and imaginary
parts of the sgluon field, 𝑂 = (1/√2)(𝑂

𝑆
+ 𝑖𝑂

𝐴
). The masses

of the scalar sgluons 𝑂
𝑆
and pseudoscalar sgluons 𝑂

𝐴
are

related by the tree-level formula𝑚2
𝑂𝑆
= 4(𝑀𝐷

𝑂
)
2
+𝑚

2
𝑂𝐴
, where

𝑚
2
𝑂𝐴

is equal to the soft-breaking parameter𝑚2
𝑂
[26, 28]. The

relevant vertices and Feynman rules are depicted in Figure 3.
We assume real𝑀𝐷

𝑂
, so only the scalar 𝑂

𝑆
acquires the direct

coupling to sfermions proportional to𝑀𝐷

𝑂
, via (2).

The structure of the strong corrections is thus markedly
different from the MSSM case, where only the Majorana
gluino and the gluon appear. In the following, we study the
magnitude and the behavior of the corrections as a function
of the parameters𝑀𝐷

𝑂
and𝑚2

𝑂
.

4.1. Analytic Formulas. As in the previous section, we begin
with an analytic approximation for the leading contributions
of O(𝛼

𝑡
𝛼
𝑠
), that is, two-loop strong corrections proportional

to𝑌2
𝑡
.This provides us with qualitative insight and serves as a

check of the code. Generally, in the gaugeless limit (in which
the two electroweak gauge couplings 𝑔1,2 are neglected), the
two-loop corrections from gluinos and sgluons contribute
only to the diagonal part of {𝜙

𝑑
, 𝜙
𝑢
} submatrix of the scalar

Higgs boson mass matrix. In the MRSSM O(𝛼
𝑡
𝛼
𝑠
) terms

contribute only to 𝜙
𝑢
𝜙
𝑢
element. This already constitutes a

difference to the MSSM, where 𝜇-term violates 𝑅-symmetry

and Peccei-Quinn symmetry leading to couplings of stops to
𝜙
𝑑
.
Figure 4 shows two-loop diagrams contributing to the

Higgs boson mass at O(𝛼
𝑡
𝛼
𝑠
) that explicitly depend on 𝑚

𝑂

and/or𝑀𝐷

𝑂
. These diagrams provide the following contribu-

tion to the effective potential:

𝑉
(2)
eff =

8𝑔23
(16𝜋2)2

(𝑀
𝐷

𝑂
)
2
∑

𝑖=𝐿,𝑅

𝑓
𝑆𝑆𝑆
(𝑚

2
�̃�𝑖
, 𝑚

2
�̃�𝑖
, 𝑚

2
𝑂𝑆
)

+
8𝑔23
(16𝜋2)2

∑

𝑖=𝐿,𝑅

𝑓
𝐹𝐹𝑆
(𝑚

2
𝑡
, 𝑚

2
�̃�𝑖
, 𝑚

2
𝑔𝐷
) ,

(6)

where the functions 𝑓
𝑆𝑆𝑆

and 𝑓
𝐹𝐹𝑆

are defined in [42]. The
effective potential 𝑉(2)eff depends on V

𝑢
through stop masses,

which in the gaugeless limit approach

𝑚
2
�̃�𝐿 �̃�𝐿
→ 𝑚

2
𝑞
+
1
2
𝑌
2
𝑡
V2
𝑢
,

𝑚
2
�̃�𝑅 �̃�𝑅
→ 𝑚

2
𝑢
+
1
2
𝑌
2
𝑡
V2
𝑢
.

(7)

Equation (6) can be obtained from [42] by applying transla-
tion rules from real fields to complex ones. Many such rules
can be found in [36]; an additional rule needed here for the
case of a LagrangianL ∋ −𝑐Φ1|Φ2|

2, where Φ1, 𝑐 ∈ R, Φ2 ∈
C, is 𝑉

𝑆𝑆𝑆
= (1/2)|𝑐|2𝑓

𝑆𝑆𝑆
(𝑚

2
1, 𝑚

2
2, 𝑚

2
2).

An important difference to the MSSM is that contribu-
tions with fermion mass insertions, corresponding to 𝐹𝐹𝑆-
type contributions in [42], are not present in the MRSSM.
Such contributions vanish due to the lack of 𝐿-𝑅 mixing
between squarks. Hence the gluino mass appears in a simpler
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way than in the MSSM. Likewise, the sgluon only enters
via the 𝑆𝑆𝑆-type diagram of Figure 4. An 𝑆𝑆-type diagram
vanishes due to the color structure.

The corresponding two-loop contribution to 𝜙
𝑢
𝜙
𝑢
Higgs

boson mass matrix element in zero-momentum approxima-
tion is then given by (as pointed out in [36], in SARAH
and SPheno the two-loop tadpole contributions are included
directly in vacuum minimization condition and not in (8))

[Δ𝑚
2
𝐻1
]
𝜙𝑢𝜙𝑢

= (
𝜕
2

𝜕V
𝑢
𝜕V
𝑢

−
1
V
𝑢

𝜕

𝜕V
𝑢

)𝑉
(2)
eff . (8)

For large tan𝛽, corrections of order O(𝛼
𝑏
𝛼
𝑠
) cannot be

neglected any more. But since they contribute only to 𝜙
𝑑
𝜙
𝑑

matrix element, their impact on mass of the lightest Higgs,
which stems mainly from 𝜙

𝑢
𝜙
𝑢
element, is small. Results of

(6) were compared with the results of two-loop routines from
the SARAH-generated SPhenomodule.

4.2. Numerical Analysis. We now turn to the numerical
analysis of the complete two-loop corrections to the SM-like
Higgs bosonmass, using the full evaluation within the frame-
work of SARAH and SPheno. Figures 5(a) and 5(b) focus
on the gluino and sgluon mass dependence, which arises
mainly from theO(𝛼

𝑡
𝛼
𝑠
) corrections; they show the two-loop

corrections as a function of the gluinomass parameter for two
different values of the soft sgluon mass, 𝑚

𝑂
= 2 and 10 TeV

for two benchmarks BMP1 and BMP3; other parameters are
fixed at benchmark values. For comparison, the two-loop
result without the sgluon contribution is shown as well (i.e.,
without the first diagram of Figure 4).We also plot theMSSM
prediction with strong stopmixing and without any sfermion
mixing at tree-level.

Figures 5(a) and 5(b) show that the dependence in the
MRSSM without sgluon contributions is very similar to the
one in the MSSM without stop mixing. The corresponding
thin solid red and thin dashed light blue curves in Figure 5
show a characteristic drop for large gluino masses. This is
understandable as in theMSSMwithout sfermionmixing the
gluino contribution is precisely the same as in the MRSSM
and given by the two corresponding diagrams in Figure 4.
The Dirac or Majorana nature of the gluino does not matter
since the Dirac partner, the octet superfield 𝑂, has no direct
couplings to quark superfields. A few TeV gluino masses
slightly increase the Higgs boson mass, but for larger values
of 𝑀𝐷

𝑂
the 𝑓

𝐹𝐹𝑆
function becomes negative and drives the

correction downwards.
In the full MRSSM calculations, including the sgluon

diagrams strongly changes the behavior. Surprisingly, the
full MRSSM two-loop contributions resemble the MSSM
contributions with large stop mixing. In both cases, large
gluino masses strongly enhance the Higgs boson mass,
however, for different reasons. In the MSSM the increase can
be traced back to the additional 𝐹𝐹𝑆-type diagram which is
directly proportional to𝑀𝐷

𝑂
and which vanishes in the limit

of no stop mixing. In the MRSSM, on the other hand, the
sgluon diagram grows with𝑀𝐷

𝑂
due to both the sgluon-stop-

stop coupling, which scales like𝑀𝐷

𝑂
, and an increase in the

scalar (but not pseudoscalar) sgluon mass. Due to the sgluon
contributions the total two-loop contributions to the Higgs
boson mass in the MRSSM are larger than the ones in the
MSSM.They are further increased by heavy sgluons.

Figure 5(c) compares the numerical impact of individual
contributions by successively switching off contributions. It
allows us to read off the contributions from sgluon, gluino,
and gluon, ofO(𝛼2

𝑡
, 𝛼
𝑡
𝛼
𝑏
), and the remaining two-loop contri-

butions (particularly 𝜆, Λ contributions).The gluon diagrams
alone contribute approximately +4GeV. The negative gluino
and the positive sgluon corrections together amount to an
additional upward shift of the Higgs boson mass, which
can reach several GeV for large Dirac gluino masses. The
remaining contributions are far smaller and amount to
around −1GeV for O(𝛼2

𝑡
, 𝛼
𝑡
𝛼
𝑏
) contributions and +0.5GeV

for the remaining contributions.

5. Update of Benchmarks

In this section we present an update of the analysis of [17],
using the more precise evaluation of the Higgs boson mass.
Reference [17] studied the mass predictions of𝑊 and lightest
Higgs bosons in theMRSSMand showed that agreementwith
experimental data is possible, in spite of tree-level shifts from
violations of custodial symmetry and frommixing with other
Higgs states, respectively.

Table 2 shows benchmark parameter points defined in
that reference. They exemplify parameter regions in which
𝑚
𝑊

and 𝑚
𝐻1

agree with experiment. They are characterized
by large |Λ| ≈ 1, rather light Dirac higgsinos and gauginos,
and they have tan𝛽 = 3, 10, 40, respectively.

For all three benchmark points the two-loop correction to
𝑚
𝐻1

is around +5GeV. As discussed in the previous sections,
the largest part of this is due to O(𝛼

𝑡
𝛼
𝑠
) corrections. The

MRSSM-specific corrections of O(𝛼2
Λ
) are small since the

values of Λ
𝑢
, though large, are still not as large as needed to

make these corrections dominate; see Figures 1 and 2 for two
out of three benchmarks.Themagnitude of the total two-loop
correction is consistent with the theory error estimate given
in [17].

The upward shift of 𝑚
𝐻1

implies that it is easier to
obtain agreement with the measured value; that is, smaller
values of |Λ

𝑢
| are sufficient. In Table 3 we provide new,

slightly modified benchmark points, whose definitions dif-
fer only in the values of Λ

𝑢
. The two-loop Higgs boson

mass prediction agrees well with experiment, and the good
agreement of 𝑚

𝑊
with experiment is unchanged. Likewise,

both the old and the new set of benchmark points pass
checks against HiggsBounds [43–45] and HiggsSignals
[46, 47].

In Figure 6 we give an update to some of the subfigures
from Figures 4 and 5 of [17]. These show the predictions of
𝑚
𝑊

and 𝑚
𝐻1

as contour lines in several two-dimensional
parameter spaces. The Higgs boson mass is evaluated at
the two-loop level. As discussed before, with the exception
of the regions of very large Λ, there is a general positive
contribution to the lightest Higgs boson mass between 4
and 5GeV. Accordingly, the contour lines, in particular the
central green region in which the Higgs boson mass agrees
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Figure 5: Two-loop contributions to the SM-like Higgs boson mass depending on the gluino mass in the MRSSM for BMP1 (a) and BMP3
(b) and two different values of the soft sgluon mass parameter 𝑚

𝑂
= 2 TeV (thick solid blue line) and 10 TeV (thick dashed green line) with

all contributions, respectively, and without the sgluon contributions (thin solid red line). For comparison also the MSSM contributions for
no (thin dashed light blue line) and maximal (purple dotted line) stop mixing are plotted.The chosen MSSM parameters are given in Table 1.
For BMP3 and𝑚

𝑂
= 2 TeV (c) shows the result, when successively switching off dominating and subdominating contributions.
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Table 1: Definition of the fixed parameters for the MSSM points in Figures 5(a), 5(b) and 5(c). All parameters in GeV or GeV2, where
appropriate. The stop mixing parameter 𝑋

𝑡
is given for both cases of no and large stop mixing.

tan𝛽 𝑀1 𝑀2 𝜇 𝑚
𝐴

𝑚
2
𝑞,𝑢,𝑑;(3,3) 𝑚

2
𝑞,𝑢,𝑑

𝑚
2
𝑙,𝑒

𝐴
𝜏,𝑏

𝑋
𝑡

BMP1 3 600 500 400 700 10002 20002 10002 0 0/2000
BMP3 40 250 500 400 700 10002 20002 10002 0 0/2000

Table 2: Benchmark points of [17]. Dimensionful parameters are
given in GeV or GeV2, as appropriate. The first two parts define
input parameters. The third part shows parameters derived from
electroweak symmetry breaking after solving the tadpole equations
at two loops. The last part gives the theory predictions for the Higgs
boson mass at the two-loop level and further quantities relevant to
comparison with experiment.

BMP1 BMP2 BMP3
tan𝛽 3 10 40
𝐵
𝜇

5002 3002 2002

𝜆
𝑑
, 𝜆

𝑢
1.0, −0.8 1.1, −1.1 0.15, −0.15

Λ
𝑑
, Λ

𝑢
−1.0, −1.2 −1.0, −1.0 −1.0, −1.15

𝑀
𝐷

𝐵
600 1000 250

𝑚
2
𝑅𝑢

20002 10002 10002

𝜇
𝑑
, 𝜇

𝑢
400, 400

𝑀
𝐷

𝑊
500

𝑀
𝐷

𝑂
1500

𝑚
2
𝑇
,𝑚2

𝑆
,𝑚2

𝑂
30002, 20002, 10002

𝑚
2
𝑄;1,2,𝑚

2
𝑄;3 25002, 10002

𝑚
2
𝐷;1,2,𝑚

2
𝐷;3 25002, 10002

𝑚
2
𝑈;1,2,𝑚

2
𝑈;3 25002, 10002

𝑚
2
𝐿
,𝑚2

𝐸
10002

𝑚
2
𝑅𝑑

7002

V
𝑆

4.96 0.67 −0.30
V
𝑇

−0.34 −0.20 −0.34
𝑚

2
𝐻𝑑

6732 7432 11602

𝑚
2
𝐻𝑢

−5352 −5422 −5412

𝑚
𝐻1

130.3 GeV 130.3GeV 129.8GeV
𝑚
𝑊

80.400GeV 80.384GeV 80.393GeV
HiggsBounds’s obsratio 0.67 0.68 0.67
HiggsSignals’ 𝑝 value 0.03 0.03 0.03

with experiment, shift to slightly lower values of Λ. Also, the
overlap region, where Higgs and𝑊 boson masses agree with
experiment, is enlarged.

6. Conclusions

In this work we have presented the impact of two-loop
corrections on the mass of the lightest Higgs boson in the
MRSSM. The calculation has been performed using the
framework of SARAH in the approximation of the vanishing
electroweak gauge couplings and external momenta of the
Higgs self-energies.The code has been cross-checked with an
analytic calculation of the most important new corrections.
We have separately analyzed the impact of contributions

Table 3: Adapted benchmark points; other parameters are as given
in Table 2.

BMP1 BMP2 BMP3

Λ
𝑢

−1.11 −0.85 −1.03
V
𝑆

5.2 1.01 −0.22
V
𝑇

−0.25 −0.02 −0.21
𝑚

2
𝐻𝑑

6742 7642 11602

𝑚
2
𝐻𝑢

−5022 −5122 −5162

𝑚
𝐻1

125.3 GeV 125.5 GeV 125.4GeV
𝑚
𝑊

80.397GeV 80.381 GeV 80.386GeV
HiggsBounds’s obsratio 0.61 0.65 0.87
HiggsSignals’ 𝑝 value 0.72 0.66 0.72

involving 𝜆, Λ-couplings, which already appear in the one-
loop corrections, and of the strong corrections involving
gluon, Dirac gluino, and sgluon exchange.

In the previous work [17] and the present paper we have
found that the lightest Higgs boson mass in the MRSSM
differs from the one in the usual MSSM in several respects.
At tree-level the additional mixing with additional scalar
states reduces the MRSSM Higgs mass below the MSSM
value. At the one-loop level, the top/stop contributions
cannot be as large as in the MSSM, because stop mixing is
forbidden by 𝑅-symmetry. However, the new contributions
from the superpotential 𝜆, Λ-terms have a similar structure
as the top/stop contributions. If 𝜆, Λ-couplings are similar
in magnitude to the top Yukawa coupling, the lightest Higgs
bosonmass can easily be in the ballpark of the experimentally
allowed range.

The two-loop corrections governed by these 𝜆, Λ-
couplings, however, amount to only 1 GeV or less in param-
eter regions in which the Higgs boson mass agrees with
experiment. The most important two-loop contributions are
the strong corrections of O(𝛼

𝑡
𝛼
𝑠
). As we have shown the

Dirac gluino and gluon contributions alone are very similar
to theMSSM strong contributions for vanishing stop mixing.
The inclusion of the sgluons changes the picture. The sgluon
contributions are positive and rise with the Dirac gluino
mass, such that the total O(𝛼

𝑡
𝛼
𝑠
) corrections of the MRSSM

are larger than the ones of the MSSM, independently of the
magnitude of stop mixing.

Overall, the MRSSM two-loop corrections to the lightest
Higgs boson mass are typically positive. For example, for
the benchmark parameter points proposed in [17], the two-
loop corrections to the Higgs boson mass amount to approx-
imately +5GeV, within the error estimate of that reference.
Since perturbation theory shows a converging behavior and
since 𝜆, Λ-corrections are subdominant (for |𝜆|, |Λ| less than
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Figure 6: Contour plots showing the behavior of𝑚
𝐻1

given by the color map and𝑚
𝑊
by the red contour lines: (a) for BMP1, (b) for BMP3,

for different combinations of model parameters. The white stars mark the original benchmark points from [17], whereas the black ones show
the adapted points after taking into account the two-loop corrections.
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around 1.2), we estimate the remaining theory uncertainty to
be not larger than the one of the MSSM.

The positive two-loop corrections make it easier to
achieve agreement between the theory prediction for the
lightest Higgs boson mass and the measured value. We have
provided an update of the analysis of [17], showing parameter
regions of simultaneous agreement of theHiggs and𝑊 boson
mass predictions with experiment. Compared to [17], the
allowed parameter regions are slightly larger and located at
smaller values of 𝜆, Λ-couplings.
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Searches for supersymmetry (SUSY) at the LHC frequently assume the conservation of R-parity in their design, optimization, and
interpretation. In the case that R-parity is not conserved, constraints on SUSY particle masses tend to be weakened with respect
to R-parity-conserving models. We review the current status of searches for R-parity-violating (RPV) supersymmetry models at
the ATLAS and CMS experiments, limited to 8 TeV search results published or submitted for publication as of the end of March
2015. All forms of renormalisable RPV terms leading to prompt signatures have been considered in the set of analyses under review.
Discussing results for searches for prompt R-parity-violating SUSY signatures summarizes the main constraints for various RPV
models from LHCRun I and also defines the basis for promising signal regions to be optimized for Run II. In addition to identifying
highly constrained regions from existing searches, also gaps in the coverage of the parameter space of RPV SUSY are outlined.

1. Introduction

One of the primary objectives of the detectors at the LHC is
the search for new particles and phenomena not described
by the Standard Model (SM) of particle physics. Weak-scale
supersymmetry (SUSY) [1–9] is a well-motivated and well-
studied example of a theory beyond the SM (BSM) used to
guide many of these searches. One attractive feature of SUSY
is that it can solve the SM hierarchy problem [10–15] if the
gluino, higgsino, and top squark masses are not much higher
than the TeV scale. Closely related to this is the paradigm of
naturalness, and see, for example, [16, 17].

In this document, we review constraints on SUSY mod-
els in the presence of lepton- or baryon-number violating
interactions (�𝐿 and �𝐵, resp.) at the end of LHC Run I.
These interactions are present in generic SUSY models with
minimal particle content. They are renormalizable and are
described by the following superpotential terms:

𝑊
�𝐿RPV

=
1
2
𝜆
𝑖𝑗𝑘
𝐿
𝑖
𝐿
𝑗
𝐸
𝑘
+𝜆



𝑖𝑗𝑘
𝐿
𝑖
𝑄
𝑗
𝐷
𝑘
+ 𝜀

𝑖
𝐿
𝑖
𝐻2, (1a)

𝑊
�𝐵RPV

=
1
2
𝜆


𝑖𝑗𝑘
𝑈
𝑖
𝐷
𝑗
𝐷
𝑘
. (1b)

In this notation, 𝐿
𝑖
and 𝑄

𝑖
indicate the lepton and quark

SU(2)-doublet superfields, respectively, while 𝐸
𝑖
, 𝑈

𝑖
, and 𝐷

𝑖

are the corresponding singlet superfields.The indices 𝑖, 𝑗, and
𝑘 refer to quark and lepton generations. The Higgs SU(2)-
doublet superfield 𝐻2 contains the Higgs field that couples
to up-type quarks.The 𝜆

𝑖𝑗𝑘
, 𝜆

𝑖𝑗𝑘
, and 𝜆

𝑖𝑗𝑘
parameters are new

Yukawa couplings, referred to as trilinear 𝑅-parity-violating
couplings.The 𝜀

𝑖
parameters have dimensions ofmass and are

present in models with bilinear 𝑅-parity violation (𝑏RPV).
The terms in (1a) and (1b) are forbidden in many models
of SUSY by the imposition of 𝑅-parity conservation (RPC)
[10, 18–21] in order to prevent rapid proton decay. However,
proton decay can also be prevented by suppressing only one
of 𝑊

�𝐿RPV
or 𝑊

�𝐵RPV
, in which case some 𝑅-parity-violating

interactions remain in the theory.
Introducing RPV couplings in the minimal supersym-

metric Standard Model (MSSM) can significantly weaken
mass and cross section limits from collider experiments and
also provide a rich phenomenology; see, for example, the
articles [22–24] or [25, 26]. A systematic phenomenological
overview of possible signatures for specific RPV scenarios
is summarized in [26] going through all possible mass
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Figure 1: Feynman diagrams associated with the trilinear 𝑅-parity-violating superpotential interactions involving 𝜆, 𝜆, or 𝜆. (𝑞)𝑞 and (̃𝑙)𝑙

denote (s)quarks and (s)leptons, respectively. Arrows on the (s)quark and (s)lepton lines are displayed to indicate the flow of the baryon or
lepton number.

orderings and determining the dominant decay signatures.
Many papers have investigated signatures beyond the focus of
most searches for SUSY at the LHC. Among such challenging
scenarios are highly collimated LSP decay products [27, 28],
same-sign dilepton signatures [29, 30], taus and 𝑏-jets with
reduced missing transverse energy [31], resonances of dijets
[32, 33], high object multiplicities [34], or, more specifically,
a charged lepton plus multiple jets [35].

In this note, we review the current constraints from
various ATLAS and CMS searches for SUSY based on
approximately 20fb−1 of 𝑝𝑝 collision data with √𝑠 = 8 TeV
collected in 2012. This review is organized as follows: After a
short overview of𝑅-parity-violating parameters and previous
constraints of RPV SUSY in Section 2, the main character-
istics of analyses searching for RPV SUSY at ATLAS and
CMS are presented in Section 3. The next sections focus on
the results assuming the dominance of particular 𝑅-parity-
violating couplings: After the results for bRPV scenarios
in Section 4, several limits for simplified models assuming
𝐿𝐿𝐸, 𝐿𝑄𝐷, or a combination of 𝐿𝑄𝐷 and 𝐿𝐿𝐸 relevant for
resonance production are discussed in Sections 5, 6, and 7,
respectively. In order to constrain models based on 𝑈𝐷𝐷

couplings, Section 8 summarizes several results both from
ATLAS and fromCMS searches. Finally, conclusions from 𝑅-
parity-violating searches at LHC Run I are drawn and some
implications for strategies to investigate uncovered parts of
the RPV SUSY parameter space for Run II are outlined.

2. 𝑅-Parity-Violating
Parameters and Constraints

For each particle, 𝑅-parity is defined as 𝑃
𝑅

= (−1)3(𝐵−𝐿)+2𝑠
in terms of the corresponding spin, baryon, and leptons
numbers. All Standard Model particles and the Higgs bosons
have even 𝑅-parity, while all supersymmetric particles (spar-
ticles) have odd 𝑅-parity. As described, for example, in
[36], an extension of the minimal supersymmetric Standard
Model (MSSM) with 𝑅-parity-violating interactions, does
not extend the number of the supersymmetric particles.
Direct phenomenological consequences of𝑅-parity-violating
interactions are as follows:

(i) The lightest supersymmetric particle (LSP) is not
necessarily stable.

(ii) Sparticles can also be produced in odd numbers; in
particular single-sparticle production is possible.

Conversely, in 𝑅-parity-conserving models, only pair pro-
duction of SUSY particles is possible in collision processes,
with the stable LSP being a possible candidate for darkmatter.
An excellent review of LHC Run I searches with one focus on
RPC SUSY is given by [37]. In this section a short overview
of RPV parameters and also of constraints previous to LHC
searches is given.

2.1. Parameters for RPV SUSY. The number of 𝑅-parity-
violating parameters can be obtained from (1a) and (1b):
Counting the possible generation indices in the terms 𝜀

𝑖
and

𝜆


𝑖𝑗𝑘
leads to 3 and 27 parameters, respectively. As explained,

for example, in [22], antisymmetries in the summation over
gauge indices, suppressed in the notation of (1a) and (1b), lead
to 𝜆

𝑖𝑗𝑘
= −𝜆

𝑗𝑖𝑘
and 𝜆



𝑖𝑗𝑘
= −𝜆



𝑖𝑘𝑗
. Due to these antisymmetric

relations, 9 independent 𝑅-parity-violating parameters of
type 𝐿𝐿𝐸 and𝑈𝐷𝐷 arise, respectively.The structure of trilin-
ear 𝑅-parity-violating couplings leads to Feynman diagrams
as illustrated in Figure 1 from [22].

Possible signatures implied in various RPV scenarios
are summarized in [26]. Although the majority of 𝑅-parity-
violating analyses focus on neutralino (𝜒0

1) LSPs, alternative
types of LSPs have been studied in [48] and within the
framework of bRPV models also in [49]. It is also interesting
to note that constraints for RPV couplings from theoretical
considerations have been discussed, for example, in [22]: In
contrast to fixing individual RPV couplings explicitly, the
assumption of spontaneous breaking of 𝑅-parity can lead
to high predictivity for the actual values of these couplings.
One possible mechanism is based on right-handed sneutrino
fields aquiring vacuum expectation values thus generating
RPV couplings; see [22] and references therein. In this
context also the 𝜇]SSM [50] as a natural extension of (1a) and
(1b) is relevant, leading to interesting implications for LHC
signatures, as recently discussed in [51]. Constraints for RPV
couplings can also be derived from flavor symmetries, inves-
tigating, for example, flavor symmetry groups related to the
Yukawa couplings and hierarchy of fermion masses. Within
the so-called minimal flavor violation model [52], the size
of the small 𝑅-parity-violating terms is determined by flavor
parameters, and in the absence of neutrino masses only the
𝑈𝐷𝐷 terms remain in the superpotential equation (1a) and
(1b). Recently, implications of fundamental symmetries on𝑅-
parity-violation have been reviewed in [53], emphasizing, for
example, that the simplest supersymmetric theories based on
local 𝐵 − 𝐿 predict that 𝑅-parity must be a broken symmetry.
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2.2. Pre-LHCConstraints. A very large number of bounds for
the trilinear 𝑅-parity-violating couplings have been deduced
from studies of low and intermediate energy processes. In
particular, rare decays, involving flavor violation, constitute
constraints on RPV couplings. Processes that violate lepton
number or baryon number also provide strong limits on 𝑅-
parity-violating couplings. Presenting these indirect bounds
is beyond the scope of this review, referring the reader to cor-
responding reviews; see for example [22, 54]. Many indirect
bounds on the trilinear couplings assume single coupling dom-
inance, where a single 𝑅-parity-violating coupling dominates
over all the others.

However, it is important to note in general these bounds
on 𝑅-parity-violating couplings are relaxed for increased
masses of SUSY particles involved; see, for example, [55]. In
this context it is illustrative to look at the strong constraint
derived from nonobservation of proton decay; see [56]:

𝜆


11𝑘 ⋅ 𝜆


11𝑘 ≲ 10−23 (
𝑚
𝑞

100GeV
)

2
, (2)

where𝑚
𝑞
is the typical squark mass. As already noted before,

it is sufficient to eliminate only one of𝑊
�𝐿RPV

or𝑊
�𝐵RPV

from
(1a) and (1b) to forbid proton decay. The form of the above
constraint also shows the anticorrelation between the mass
scale of intermediate SUSY particles and the size of their RPV
couplings. It is interesting to note that a possible solution
to circumvent proton decay has also been established in the
minimal flavor violation model [52].

Various results of analyses searching for nonvanishing 𝑅-
parity-violating couplings have been obtained in pre-LHC
collider experiments. Constraints from existing searches for
RPV SUSY can be classified, for example, by the category of
contributing RPV couplings:

(i) LEP results [57–62] have investigated various trilinear
RPV couplings, typically leading to mass limits at the
scale of 100GeV.

(ii) HERA searches have mainly focused on signatures
from 𝜆



𝑖𝑗𝑘
couplings assuming the dominance of a

single coupling [63–66]. A very distinctive signature
from a narrow-width resonance in sparticle produc-
tion with subsequent decay can be possible for a
nonzero 𝐿𝑄𝐷 coupling or a combination of 𝐿𝑄𝐷 and
𝐿𝐿𝐸 couplings. Therefore couplings of 𝜆

𝑖𝑗𝑘
-type at

HERA would allow resonant single squark produc-
tion, corresponding to high sensitivities in different
search channels. Expressing the limits in terms of the
sparticle masses, squark masses above 200GeV have
been excluded.

(iii) Several searches at the Tevatron [67] have constrained
various trilinear couplings and/or sparticle masses
even stronger. The signatures studied at the Tevatron
include searches for multileptons [68, 69] (via 𝐿𝐿𝐸)
or multijets [70] and pairs of dijets [71] (via 𝑈𝐷𝐷,
resp.). Also resonant sparticle production [72–74]
with subsequent decay (via a combination of 𝐿𝑄𝐷
and 𝐿𝐿𝐸 couplings) has been considered.

Since several of these signatures investigated at the Tevatron
have set the strongest collider-based RPV limits before the
LHC, we shortly mention some of these limits as benchmarks
in comparison to LHC constraints to be discussed later. Using
the multijet final state, the CDF collaboration has excluded
gluino masses up to approximately 150GeV for light-flavor
models [70]. Based on the search for pairs of dijets, as
predicted from decays in stop-quark pair production, stop
masses up to 100GeV have been excluded [71]. The CDF
experiment has also set a limit on the expected cross section at
approximately 100fb frommultilepton search results [69]. In
a benchmark scenario of resonant sneutrino production and
subsequent lepton-flavor violating (LFV) decay into different
charged lepton flavors, 𝜏-sneutrino masses around 500GeV
have been excluded [73].

Prior to LHC searches, no direct exclusion limits from
LEP, HERA, or Tevatron have been obtained for bRPV
models. However, several studies have investigated bRPV
phenomenology at the Tevatron [67, 75–77], elaborating, for
example, signatures of multileptons or displaced vertices.

Significantly reducing the size of 𝑅-parity-violating cou-
plings generically leads to late LSP decays. Since the cor-
responding part of the RPV parameter space for small 𝑅-
parity-violating couplings does not predict prompt signatures
at the LHC, no further details used in the searches for late
decays are discussed here. It should however be mentioned
that a number of analyses at ATLAS [78–82] and CMS [83–
87] have probed signatures related to long-lived sparticles
and displaced vertices expected in such cases deriving also
strong limits on SUSYmasses. A phenomenological overview
of these searches for long-lived sparticles has recently been
presented, for example, in [88].

3. Overview of Analyses Searching
for RPV SUSY

Both ATLAS [89] and CMS [90] are multipurpose detectors
designed for the study of 𝑝𝑝 and heavy-ion collisions at the
LHC. They provide nearly full-solid angle coverage around
the interaction point. Each detector uses a right-handed
coordinate system with its origin at the nominal interaction
point in the centre of the corresponding detector and the 𝑧-
axis along the beam pipe. Cylindrical coordinates (𝑟, 𝜙) are
used in the transverse plane, 𝜙 being the azimuthal angle
around the beam pipe.The pseudorapidity is defined in terms
of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2).

3.1. Strategies for Simulating and Selecting Events. The 8TeV
𝑝𝑝 data set, after the application of beam, detector, and data
quality requirements, has an integrated luminosity of approx-
imately 20fb−1 both for ATLAS and for CMS detectors. It is
interesting to note that the average number of 𝑝𝑝 interactions
occurring in the same bunch crossing at 8 TeV varies between
approximately 10 and 30, necessitating systematic studies of
related pile-up effects. The trigger system of ATLAS and
CMS consists a hardware-based systems, with subsequent
software-based systems. Using so-called high level triggers,
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the events of interest are finally recorded. For each analysis,
a combination of different triggers is used, before the offline
selection of events is done. The main requirements of the
latter are summarized for each analysis in Sections 3.3 and
3.4. In order to ensure the quality of reconstruction, various
requirements on transverse momenta 𝑝

𝑇
and criteria for

the isolation to other objects have been developed at the
LHC detectors, with more details presented in [89, 90].
After reconstruction of final states, themost relevant physical
objects for prompt RPV SUSY analyses can shortly be classi-
fied as follows.

Electrons, muons, and hadronically decaying 𝜏-leptons
are collectively referred to as charged leptons. Depending on
the specific analysis, it is possible to discriminate hadronic
jets according to their flavor contents: In particular, 𝑏-tagged
jets can often be distinguished from jets consisting of only
light quark-flavors. The missing transverse energy per event
𝐸
miss
𝑇

is computed using the transverse momenta of identified
objects.

SUSY 𝑅-parity-violating signal samples are generated
using different event generators, for example, HERWIG++
[91] or PYTHIA [92, 93]. The events are subsequently simu-
lated within the framework of fast or full simulation, where,
for the details of the specific setup of event generation or
simulation, the corresponding analysis papers should be
considered.

Unless otherwise stated, signal cross sections are calcu-
lated to next-to-leading order in the strong coupling constant,
adding the resummation of soft gluon emission at next-
to-leading-logarithmic accuracy (NLO+NLL) [94–98]. The
nominal cross section and the uncertainty are taken from an
envelope of cross section predictions using different PDF sets
and factorisation and renormalisation scales, as described in
[99].

Each analysis is based on a number of signal regions
(SRs), each designed to maximize the sensitivity to different
final state topologies in terms of the chosen discriminating
variables. Additionally, a number of control regions are
constructed to constrain the dominant backgrounds. These
control regions are designed to have a high purity and
a small statistical uncertainty in terms of the background
process of interest and also to contain only a small fraction
of the potential SUSY signal. Practically, control regions are
often introduced to estimate the rate of SM processes, using
data-driven methods or also normalization of Monte Carlo
simulations.

3.2. Strategies for Presentation of Results. The large number
of free mass parameters for sparticles in the MSSM is
already severely constrained by many experimental bounds;
see, for example, the discussion in [36]. As a consequence,
several approaches to study SUSY particle spectra have been
developed.

Within the phenomenological MSSM pMSSM [100], the
high number of free SUSY parameters is reduced with
realistic requirements on the flavor andCP structure, without
imposing any SUSY-breaking scheme. In this framework
also SUSY spectra consistent with various experimental

constraints, as, for example, the LHC results for the Higgs
mass, can be addressed [101, 102].

The approach of simplified models [103, 104] is commonly
used in searches for SUSY at the LHC. In this case the decay
cascades are modeled simply by setting the masses of most
SUSY particles to multi-TeV values, effectively decoupling
them for the reach at the LHC. This also implies selection of
specific production channels, while other mixed production
modes, for example, scalar plus fermionic SUSY particle,
are typically neglected. The decay cascades of the remaining
particles to the LSP, typically with zero or one intermediate
step, are characterized only by the masses of the participating
particles, allowing studies of the search sensitivity to the
SUSY masses and decay kinematics.

In an alternative approach, complete SUSY models, for
example, mSUGRA/CMSSM [105–110] or minimal GMSB
[111–116], are simulated. These models typically impose
boundary conditions at a high energy scale and determine the
SUSY masses near the TeV scale by evaluating renormaliza-
tion group equations. Due to the minimal number of input
parameters at the high energy scale, it is realistic to scan the
parameter space effectively.

One common strategy for obtaining results is to compute
the level of agreement between the background prediction
and data using the 𝑝 value for the number of observed events
to be consistent with the background-only hypothesis. To do
so, the number of events in each signal region is described
using a Poisson probability density function. The statistical
and systematic uncertainties on the expected background
values aremodelled with nuisance parameters constrained by
a Gaussian function with a width corresponding to the size of
the uncertainty considered.

Since no significant excess of events over the SM expecta-
tions is observed in any signal region of the𝑅-parity analyses,
upper limits at 95% CL on the number of BSM events for
each signal region can be derived in a model-independent
way. Here the CL

𝑠
prescription [117] is used. Normalising

these events by the integrated luminosity of the data sample,
they can be interpreted as upper limits on the visible BSM
cross section (𝜎vis), where 𝜎vis is defined as the product of
acceptance, reconstruction efficiency, and production cross
section. If a limit on non-SM events (𝑁non-SM) has been
obtained in a BSM analysis, the visible signal cross section
can also be determined as 𝜎vis = 𝑁non-SM/𝐿.

Model-dependent limits will be discussed in detail in
Sections 4 to 8. For many models, the limits are calculated
from asymptotic formulae [118] with a simultaneous fit to
all signal regions based on the profile likelihood method.
Alternatively, the limit can also be obtained from pseudo
experiments; further details can be found in each paper.

The systematic uncertainties on the signal expectations
originating from detector effects and the theoretical uncer-
tainties on the signal acceptance are included. The impact
of the theoretical uncertainties on the signal cross section
is shown on the limit plots obtained. The ±1𝜎SUSY

theory lines
around the observed limits are obtained by changing the
SUSY cross section by one standard deviation (±1𝜎). All mass
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limits on supersymmetric particles quoted later are derived
from the −1𝜎SUSY

theory theory line.The band around the expected
limit shows the ±1𝜎 uncertainty, including all statistical and
systematic uncertainties except the theoretical uncertainties
on the SUSY cross section. If several SRs contribute to
exclusion limits in a model investigated, the general strategy
is to obtain limits by performing a statistical combination of
the most sensitive signal regions.

3.3. Details for RPV Searches at ATLAS. In this section the
main requirements for signal selections developed in ATLAS
searches for 𝑅-parity-violating SUSY are summarized, also
introducing relevant kinematic variables. Some of these anal-
yses have been optimized also for RPC scenarios; however the
focus of this review is on RPV-related signal regions. Each
of these analyses has investigated RPV-related constraints in
at least two different RPV models or several SRs have been
developed particularly for RPV signatures. (When finalizing
this review, a recent ATLAS analysis [119] has also considered
stop LQD-type decays to light charged lepton plus b-quark,
constraining stop masses up to 1 TeV.)

(i) Multilepton Analysis (ATLAS). In this case at least four
charged leptons in every signal event are required, at least
two of which must be electrons or muons, in the following
referred to as “light leptons.” The events are separated into
signal regions based on the number of light leptons observed
[40], and the absence of a 𝑍 boson candidate among the
pairs of light leptons facilitates suppression of backgrounds
in 𝑅-parity-violating searches.The SM background is further
reduced using the missing transverse momentum 𝐸

miss
𝑇

and
the effective mass 𝑚eff , defined in this case as the scalar sum
of the 𝐸miss

𝑇
, the 𝑝

𝑇
of all selected charged leptons, and the

𝑝
𝑇
of reconstructed jets. In most signal regions, events with a

pair of light leptons forming a 𝑍 boson candidate are vetoed,
and possible𝑍 → ℓ

+
ℓ
−
𝛾 and𝑍 → ℓ

+
ℓ
−
ℓ
+
ℓ
− candidates are

also rejected. Three signal regions are based on threshold
requirements only for 𝐸miss

𝑇
, thus being useful in particular

for RPC searches for low sparticle masses. Additionally, in
the SRs used for RPV results, either high 𝐸

miss
𝑇

or high𝑚eff is
required: thus, a selected event may have one quantity below
the threshold, but never both. As the SRs used have disjoint
selection criteria, they are statistically combinedwhen setting
constraints on the specific SUSY models considered in [40].

(ii) Same-Sign/Three-Lepton Analysis (ATLAS). The search
[38] requires two light leptons with same charge or three light
leptons in conjunction with requirements on the number
of jets. It designed in particular for SUSY models where
pair-produced Majorana particles (e.g., gluinos) can decay
semileptonically with a large branching ratio. The effective
mass, 𝑚eff , is a key discriminating variable, defined by this
analysis as the sum of 𝐸miss

𝑇
and the 𝑝

𝑇
values of the signal

leptons and all signal jets. If the event contains a third light
lepton the event is regarded as three-lepton event, otherwise
it is a two-lepton event. Five nonoverlapping signal regions
have been defined in total. The signal regions SR3b and
SR1b use leptons, large 𝑚eff , and also the presence of 𝑏-jets

to suppress the SM background. There is no explicit 𝐸miss
𝑇

requirement in SR3b, implying that this SR does not depend
on the assumption of a stable LSP escaping the detector
unseen. SR1b additionally uses the transverse mass, 𝑚

𝑇
, to

reject background events with𝑊 bosons, defined as

𝑚
𝑇
= √2𝑝𝑙

𝑇
𝐸
miss
𝑇

(1 − cos [Δ𝜙 (l, pmiss
𝑇

)]), (3)

where 𝑝
𝑙

𝑇
is the larger of the 𝑝

𝑇
values of the two charged

leptons and pmiss
𝑇

is themissing transversemomentum vector.

(iii) Tau Plus Jets Analysis (ATLAS). Requiring at least one
tau lepton in events with jets and large 𝐸

miss
𝑇

the search
[39] can also be sensitive to RPV models with relatively
high multiplicities of taus. The search channels are separated
by the numbers of taus and light charged leptons involved,
leading to 𝑒𝜏, 𝜇𝜏, and 𝜏𝜏 channels, respectively.The following
kinematical variables are introduced to suppress background
processes: the transverse mass formed by 𝐸miss

𝑇
and the 𝑝

𝑇
of

the tau lepton in the 𝑒𝜏 and 𝜇𝜏 channels,

𝑚
𝜏

𝑇
= √2𝑝𝜏

𝑇
𝐸
miss
𝑇

(1 − cos (Δ𝜙 (𝜏, pmiss
𝑇

))). (4)

Similarly the transverse mass𝑚𝑙

𝑇
formed by 𝐸miss

𝑇
and the 𝑝

𝑇

of the light lepton (𝑒 or 𝜇) is used. Two variants of𝐻
𝑇
-related

variables have been defined as the scalar sumof the transverse
momenta of the tau, light lepton, and signal jets:𝐻

𝑇
includes

all signal jet (𝑝
𝑇

> 30GeV) candidates, whereas 𝐻2𝑗
𝑇

only
considers two jets with the largest transverse momenta in
the event. In this analysis the effective mass uses𝐻2𝑗

𝑇
, that is,

𝑚eff = 𝐻
2𝑗
𝑇

+ 𝐸
miss
𝑇

. Moreover a requirement on the minimal
azimuthal angle Δ𝜙 (jet1,2, 𝑝

miss
𝑇

) between 𝑝
miss
𝑇

and either of
the two leading jets is used to remove multijet events. As a
result, also upper limits on the visible cross section have been
obtained for the 𝑏RPV-related SRs of type 𝑒𝜏, 𝜇𝜏, and 𝜏𝜏,
respectively.

(iv) Multijet Analysis (ATLAS). Two complementary search
strategies have been developed in this analysis [44]: The jet-
counting analysis is searching for an excess in events with ≥6
jets or ≥7 jets, using the predictable scaling of the number
of 𝑛-jet events (𝑛 = 6, 7) as a function of the transverse
momentum (𝑝

𝑇
) requirement placed on the 𝑛th leading jet

in 𝑝
𝑇
for background processes. It is interesting to note

that this scaling relation differs significantly between the
signal and the background. That analysis technique provides
the opportunity to enhance sensitivity to specific heavy-
flavor compositions in the final state and to explore various
assumptions on the branching ratios of the benchmark signal
processes studied. The number of jets, the 𝑝

𝑇
requirement

used in the selection of jets, and the number of 𝑏-tagged jets
are optimized separately for each signal model.

The second approach in [44] consists of a data-driven
template-based analysis using a topological observable called
the total-jet-mass of large-radius (𝑅) jets. This analysis
method is based on templates of the event-level observable
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Table 1: Overview of ATLAS analyses designed to probe prompt RPV models. The signature descriptions are indicative only, and further
details can be found in the analysis documentation in each case.

Short name Signature Variables Ref.
4𝐿

𝐴
4(𝑒, 𝜇, 𝜏) + 𝐸

miss
𝑇

𝑚eff, 𝐸
miss
𝑇

, 𝑍veto [40]
SS/3𝐿

𝐴
ℓ
±
ℓ
± or 3ℓ 𝑁jets,𝑁𝑏-jets, 𝐸

miss
𝑇

,𝑚eff [38]
𝜏
𝐴

𝜏 + 𝐸
miss
𝑇

≥ 4𝑗 𝑚
𝜏

𝑇
,𝑚𝑙

𝑇
,𝐻

𝑇
,𝐻2𝑗

𝑇
, 𝐸miss

𝑇
,𝑚eff, 𝑝

miss
𝑇

[39]
Multi-𝑗

𝐴
≥6𝑗 jet 𝑝

𝑇
,𝑀Σ

𝐽
,𝑁

𝑏-jets, |Δ𝜂| [44]
𝑙
𝑖
𝑙
𝑗
reson

𝐴
𝑒𝜇, 𝑒𝜏, 𝜇𝜏 resonance |Δ𝜙

𝑖𝑗
|,𝑚

𝑖𝑗
(𝑖 ̸= 𝑗) [43]

Table 2: Schematic overview of RPV model parameters investigated by ATLAS analyses. The signature descriptions are also indicated in
Table 1 with corresponding references.

RPV type RPV couplings Production LSP Analysis
𝐿𝐿𝐸 𝜆12𝑘, 𝜆𝑘33 (𝑘 = 1, 2) 𝜒

±

1
, slepton, sneutrino, gluino 𝜒

0

1
4𝐿

𝐴

𝑈𝐷𝐷 𝜆


323 Gluino �̃�
1

SS/3𝐿
𝐴

𝑏RPV 𝜀
𝑖
(𝑖 = 1, 2, 3) Strong/electroweak (mSUGRA) 𝜒

0

1
SS/3𝐿

𝐴
, 𝜏

𝐴

𝑈𝐷𝐷 𝜆


𝑖𝑗𝑘
Gluino 𝜒

0

1
Multi-𝑗

𝐴

𝐿𝑄𝐷 + 𝐿𝐿𝐸 𝜆


311 and 𝜆
𝑖3𝑗 (𝑖 ̸= 𝑗) 𝜏-sneutrino ]̃

𝜏
𝑙
𝑖
𝑙
𝑗
reson

𝐴

formed by the scalar sum of the four leading large 𝑅 jet
masses in the event, which is significantly larger for the
signal than for the SM backgrounds. The total-jet-mass
analysis uses a topological observable 𝑀

Σ

𝐽
as the primary

distinguishing characteristic between signal and background.
The observable 𝑀Σ

𝐽
[120–122] is defined as the scalar sum of

the masses of the four leading large-radius jets reconstructed
with a radius parameter𝑅 = 1.0,𝑝

𝑇
> 100GeV and |𝜂| < 𝜂cut,

and

𝑀
Σ

𝐽
=

4
∑

𝑝𝑇>100GeV
|𝜂|≤𝜂cut

𝑚jet. (5)

As explained, for example, in [44], four-jet (or more) events
are used, because four large-𝑅 jets cover a significant por-
tion of the central region of the calorimeter and are very
likely to capture most signal quarks within their area. As
a second discriminating variable for the design of SRs and
CRs the pseudorapidity difference |Δ𝜂| between the two
leading large-𝑅 jets is used. This is motivated by different
angular distributions among jets expected from signal events
as compared to backgroud processes. For the definition of SRs
also the 𝑝

𝑇
thresholds of the third and fourth jet have been

included. Using the results from simulation studies, it has
been demonstrated that 𝑀Σ

𝐽
typically has higher sensitivity

than the kinematic variable 𝐻
𝑇
. The latter is essentially a

measure of the transverse energy (or transverse momenta)
in the event, whereas the𝑀Σ

𝐽
mass intrinsically also contains

angular information to be used in high-multiplicity jet events.
This analysis technique focuses primarily on the ten-quark
models as further discussed in Section 8.1. The total-jet-
mass analysis is designed to be independent of the flavor
composition of the signal process and as a data-driven
method it essentially removes any reliance onMCsimulations
of these hadronic final states. No explicit veto is applied to
events with leptons or 𝐸miss

𝑇
.

Alsomodel-independent upper limits on non-SM contri-
butions have been derived separately for each analysis in [44].

(v) LFV Resonance Analysis (ATLAS).The reconstruction of a
narrow-width resonance from its decay products essentially
relies on the invariant mass determined from the corre-
sponding momenta. In this case the decay products are given
by charged leptons of different flavor [43]. Therefore the
selection for signal events requires exactly two leptons (𝑙+

𝑖
𝑙
−

𝑗

with 𝑖 ̸= 𝑗), of opposite charge and of different flavor. Good
discrimination against background is obtained requiring that
the two leptons are back-to-back in the azimuthal plane with
|Δ𝜙

ℓℓ
 | > 2.7, where Δ𝜙

ℓℓ
 is the 𝜙 difference between the two

leptons. In events containing a hadronically decaying 𝜏, it is
additionally required that the transverse energy 𝐸

𝑇
of the 𝜏

candidate is less than the corresponding 𝐸
𝑇
of the light signal

lepton due to the energy carried by the 𝜏-neutrino.
In order to reconstruct the four-momenta of hadronically

decaying 𝜏-leptons, also the momenta of the emerging 𝜏-
neutrino have to be taken into account. A collinear neutrino
approximation is used to determine the dilepton invariant
mass (𝑚

𝑖𝑗
) in the 𝑒𝜏had and 𝜇𝜏had channels. This approxi-

mation is well justified since the hadronic decay of a high-
energetic 𝜏 lepton from a heavy resonance, the neutrino, and
the resultant jet are nearly collinear. The four-vector of the
neutrino is reconstructed from the �⃗�

miss
𝑇

and 𝜂 of the 𝜏had
jet. Four-vectors of the electron or muon, 𝜏had candidate, and
neutrino are then used to calculate the dilepton invariantmass
𝑚
𝑖𝑗
.Theminimal requirement on𝑚

𝑖𝑗
for signal events is𝑚

𝑖𝑗
>

200GeV. Finally, the expected and observed upper limits are
obtained as a function of ]̃

𝜏
mass.

For further reference, the ATLAS analyses considered
are summarized in Table 1 indicating the signatures and
main variables for signal selections. An overview relating
ATLAS analysis and corresponding RPV model investigated,
is presented in Table 2.
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3.4. Details for RPV Searches at CMS. An overview of CMS
analysis strategies used in the search for prompt RPV is given
below.

(i) Multilepton Plus b-Jets Analysis (CMS). In this analysis,
events with three or more charged leptons are selected,
requiring two light leptons, whichmay be electrons ormuons
[41]. Accepting only opposite-sign, same-flavor pairs of
electrons or muons with an invariant mass 𝑚

ℓℓ
> 12GeV

reduces backgrounds, for example, from Drell-Yan processes
and low-mass resonances. Signal regions are defined with
different requirements on the total number of light leptons
and the number of hadronically decaying 𝜏 candidates in the
event. Since no 𝑍 bosons are expected in the signal models
under investigation, events in which any selected dilepton
pair has an invariant mass consistent with that of the𝑍 boson
are rejected thus providing good suppression of 𝑍-related
backgrounds. Moreover, at least one 𝑏-tagged jet is required
in the signal regions. Additional discrimination against back-
ground events is obtained with cuts on the 𝑆

𝑇
distribution. As

was discussed in [41], that distribution has high sensitivity to
the mass of the parent particle, produced in pair production.

Several kinematic regions relevant to results are intro-
duced in [41], relating to different assumptions on stopmasses
in comparison to neutralino LSPmasses. Relatively light stops
(with respect to masses of 𝜒0

1) would correspond to region
A, while the case of heaviest stop masses (in comparison to
𝑚(𝜒

0
1)) is included in region E. It is interesting to note that,

for example, in region B stop four-body decays �̃�
1
→ 𝑡𝜇𝑡𝑏 or

𝑡]𝑏𝑏 are possible.

(ii) SS-Leptons Analysis (CMS). The analysis [46] targets at
topologies with same-sign leptons and additional jets from
strong production processes. Events with at least two isolated
same-sign leptons (𝑒𝑒, 𝑒𝜇, or 𝜇𝜇) and at least two jets are
selected. The lepton pairs are required to have an invariant
mass above 8GeV and also events with a third lepton are
rejected if the lepton forms an opposite-sign same-flavor pair
with one of the first two leptons for which the invariant
mass of the pair (𝑚

ℓℓ
) satisfies 𝑚

ℓℓ
< 12GeV or 76 <

𝑚
ℓℓ

< 106GeV. Signal regions are defined with different
requirements on 𝐸

miss
𝑇

, 𝐻
𝑇
, the number of jets, and the

number of 𝑏-tagged jets.
For each model considered, limits are obtained by per-

forming a statistical combination of the most sensitive signal
regions. The search region dedicated to RPV results is based
on the selection of 𝑛jets ≥ 2, 𝑛

𝑏-jets ≥ 2, and 𝐻
𝑇
> 500GeV

without explicit requirement on 𝐸
miss
𝑇

[46].

(iii) 𝜏 Plus 𝑏-Jets Analysis (CMS). Different assumptions for
the decays of stops have motivated the search for signatures
of 𝜏-leptons and 𝑏-jets [42]. Selected events are required
to contain a light lepton and a hadronically decaying 𝜏

ℎ
of

opposite electric charge thus leading to the signal channels
𝑒𝜏

ℎ
and 𝜇𝜏

ℎ
. Events are vetoed if another light lepton is found,

passing the kinematic, identification, and isolation criteria,
which has an opposite electric charge from the selected light
lepton. The 𝑏-tagged jet with the highest 𝑝

𝑇
is selected, and

then the remaining four jets with the highest 𝑝
𝑇
are selected

whether or not they are 𝑏-tagged.The 𝑆
𝑇
distribution is finally

used to extract the limits, where 𝑆
𝑇
is defined as the scalar

sum of the 𝑝
𝑇
of the light lepton, the 𝜏

ℎ
, and the five jets.

(iv) ≥ 4𝑗 from Jet Pairs Analysis (CMS). This analysis [47] has
been designed to search for pairs of jets where each jet decays
to two jets, respectively. The strategy followed in this analysis
first requires that signal events contain at least four jets. The
leading four jets, ordered in 𝑝

𝑇
, are used to create three

unique combinations of dijet pairs per event. A distance
variable is implemented to select the jet pairing that best cor-
responds to the two resonance decays,Δ𝑅 = √(Δ𝜂)

2
+ (Δ𝜙)

2,
where Δ𝜂 and Δ𝜙 are the differences in 𝜂 and 𝜙 between
the two jets, respectively. This variable exploits the smaller
relative distance between daughter jets from the same parent
decays compared to that between uncorrelated jets. For each
dijet pair configuration the value of Δ𝑅dijet is calculated:

Δ𝑅dijet = ∑

𝑖=1,2


Δ𝑅

𝑖
− 1 , (6)

where Δ𝑅
𝑖 represents the separation between two jets in

dijet pair 𝑖 and an offset of 1 is used to maximize the signal
efficiency. The configuration that minimizes the value Δ𝑅dijet
is selected, with Δ𝑅min representing the minimum Δ𝑅dijet for
the event.

Once a dijet pair configuration is chosen, two additional
quantities are used to suppress the backgrounds from SM
multijet events and incorrect signal pairings: The pseudora-
pidity difference between the two dijet systems Δ𝜂dijet, and
the absolute value of the fractional mass difference Δ𝑚/𝑚av,
where Δ𝑚 is the difference between the two dijet masses and
𝑚av is their average value. As discussed in [47] the Δ𝑚/𝑚av
quantity is small with a peak at zero in signal events where the
correct pairing is chosen, while for SM multijet background
or incorrectly paired signal events, this distribution is much
broader. An additional kinematic variable Δ is calculated for
each dijet pair:

Δ = (

1,2
∑

𝑖


𝑝
𝑖

𝑇


) −𝑚av, (7)

where 𝑝
𝑇
sum is over the two jets in the dijet configuration.

This type of variables has been used extensively in hadronic
resonance searches at the Tevatron and the LHC; see, for
example, [123] and references therein. Requiring a minimum
value of Δ results in a lowering of the peak position value
of the𝑚av distribution from background SMmultijet events.
With this selection the fit to the background can be extended
to lower values of 𝑚av, making a wider range of supersym-
metric particle masses accessible to the search [47].

(v) Multijet Analysis (CMS). This search targets jets final
states with high multiplicities from pair-produced three-
jet resonances [45]. Signal events have to contain at least
six jets with additional requirements on 𝑝

𝑇
thresholds.

The jet-ensemble technique [70] is used to combine the six
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Table 3: Overview of CMS analyses constraining prompt RPV
models. The signature descriptions are indicative only, and the
reader is referred to the analysis documentation for further details
in each case.

Short name Signature Variables Ref.
3𝐿/𝑏

𝐶
≥3ℓ + 𝑏-jets 𝑆

𝑇
,𝑚

ℓℓ
[41]

SS
𝐶

ℓ
±
ℓ
±

𝑁jets, 𝑁𝑏-jets,𝐻𝑇
[46]

𝜏𝑏
𝐶

𝜏 + 𝑏-jets 𝑁
𝑒
= 1 or𝑁

𝜇
= 1, 𝑆

𝑇
[42]

Pair-𝑗
𝐶

≥4𝑗 from jet pairs Δ𝑚, Δ𝜂dijet, Δ, 4th jet 𝑝
𝑇

[47]
Multi-𝑗

𝐶
≥6𝑗 Δ, 4th jet 𝑝

𝑇
, 6th jet 𝑝

𝑇
, 𝑆

𝑇
[45]

highest-jets 𝑝
𝑇
in each event into all possible unique triplets.

To maximize sensitivity to the presence of a three-jet res-
onance, an additional requirement is placed on each jet
triplet to suppress SM backgrounds and remove incorrectly
combined signal triplets. This selection criterion is based on
the constant invariant mass of correctly reconstructed signal
triplets and also on the observed linear correlation between
the invariant mass and scalar sum of jet 𝑝

𝑇
for background

triplets and incorrectly combined signal triplets:

𝑀
𝑗𝑗𝑗

< (

3
∑

𝑖=1
𝑝
𝑖

𝑇
)−Δ, (8)

where 𝑀
𝑗𝑗𝑗

is the triplet invariant mass, 𝑝
𝑇
sum is over

the three jets in the triplet (triplet scalar 𝑝
𝑇
), and Δ is an

empirically determined parameter. The peak position of the
𝑀

𝑗𝑗𝑗
distribution in data depends on the value of Δ, where

Δ = 110GeV is found to be the optimal choice, yielding the
lowest value of the peak of𝑀

𝑗𝑗𝑗
.

The use of 𝑏-jet identification facilitates a heavy-flavor
search in addition to the inclusive search for three-jet res-
onances. High-mass signal events lead to a more spherical
shape than background events, which typically contain back-
to-back jets. In order to significantly reduce the background
in the high-mass searches, a sphericity variable, 𝑆 =

(3/2)(𝜆2 +𝜆3), is used, where the 𝜆𝑖 variables are eigenvalues
of the following tensor [92]:

𝑆
𝛼𝛽

=
∑
𝑖
𝑝
𝛼

𝑖
𝑝
𝛽

𝑖

∑
𝑖

𝑝𝑖


2 . (9)

Here 𝛼 and 𝛽 label separate jets, and the sphericity 𝑆 is
calculated using all jets in each event. In summary, the SRs
in this analysis are defined using 𝑀

𝑗𝑗𝑗
, Δ, and also cuts on

the fourth jet 𝑝
𝑇
, sixth jet 𝑝

𝑇
, and 𝑆

𝑇
. To optimize sensitivity

for the heavy flavor search, a region of low or high mass
𝑀

𝑗𝑗𝑗
for the underlying resonance mass has been developed,

respectively.

This overview of CMS RPV analyses is completed with
Tables 3 and 4. Using these tables, the signatures and main
variables for signal selections per analysis are indicated and
also the information which analyses are used to constrain
which RPV SUSY models is presented. As can be noted
from Table 4, most of these analyses from CMS have also
investigated at least two different RPV-based models.

Table 4: Overview of RPV model parameters investigated by CMS
analyses. The signature descriptions are also indicated in Table 3
with corresponding references.

RPV type RPV couplings Production LSP Analysis
𝐿𝐿𝐸/𝐿𝑄𝐷 𝜆122, 𝜆233, 𝜆



233 Stop 𝜒
0

1
3𝐿/𝑏

𝐶

𝑈𝐷𝐷 𝜆


323 Gluino �̃�
1

SS
𝐶

𝐿𝑄𝐷 𝜆


3𝑗𝑘 (𝑗, 𝑘 = 1, 2), 𝜆333 Stop 𝜒
0

1
, �̃�
1

𝜏𝑏
𝐶

𝑈𝐷𝐷 𝜆


312, 𝜆


323 Stop �̃�
1

Pair-𝑗
𝐶

𝑈𝐷𝐷 𝜆


112, 𝜆


113, 𝜆


223 Gluino 𝜒
0

1
Multi-𝑗

𝐶

4. Bilinear 𝑅-Parity Violation

In the bRPV model, the terms with coefficients 𝜀
𝑖
(𝑖 = 1, 2, 3)

lead to lepton-number violating interactions between lepton
andHiggs superfields. An overview of bRPVphenomenology
can be found, for example, in [124, 125]. Note that also for the
soft SUSY breaking terms additional bRPV terms −𝐵

𝑖
𝜀
𝑖
�̃�
𝑖
𝐻2

and 𝑚
2
ℓ𝑖𝐻

�̃�
𝑖
𝐻

†

1 [126] arise, leading to extra parameters. In
general, there is no basis where both sets of bilinear RPV
terms 𝜀

𝑖
𝐿
𝑖
𝐻2 and 𝐵

𝑖
𝜀
𝑖
�̃�
𝑖
𝐻2 can be eliminated at the same

time. Taking into account themixing of sneutrinos and scalar
neutral Higgs fields, the electroweak symmetry is broken
when these scalar fields acquire vacuum expectation values.
Another characteristic consequence of bRPV is the genera-
tion of neutrino masses via neutralino-neutrino mixing; see,
for example, [127].

Requiring both that electroweak symmetry breaking is
consistent with Higgs results and at the same time that pre-
dictions agree with data from neutrino oscillations effectively
constrains the parameter space of bRPV. A corresponding
fitting routine is implemented in the SPheno code [128] ful-
filling these experimental constraints in determining bRPV
couplings, spectra, and decays. Note also that in general all
the resulting bRPV parameters are nonvanishing and are not
related in a trivial way. As discussed, for example, in [129], one
expects strong correlations between neutralino decay prop-
erties measurable at high-energy collider experiments and
neutrino mixing angles determined in low-energy neutrino
oscillation experiments, such as

tan2𝜃atm ≃

BR (𝜒
0
1 → 𝜇𝑊)

BR (𝜒
0
1 → 𝜏𝑊)

. (10)

Due to the small size of the bRPV couplings, the production
processes and the SUSY cascade decays are usually the same
as in corresponding RPC scenarios. The fundamental differ-
ence in high-energy collision processes arises from decays of
the LSP. Focusing on prompt LSP decays can lead to two-body
decays of a neutralino LSP into gauge boson plus lepton, as
described below.

4.1. bRPV mSUGRA Model. The analyses of [130] and sub-
sequently [129, 131] have investigated the corresponding phe-
nomenology and expected sensitivities at the LHC. Assuming
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a neutralino LSP is sufficiently heavy, its most relevant two-
body decay modes have been discussed:

(i) 𝜒0
1 → 𝑊𝜏.

(ii) 𝜒0
1 → 𝑊𝑒.

(iii) 𝜒0
1 → 𝑊𝜇.

(iv) 𝜒0
1 → 𝑍].

(v) 𝜒0
1 → ℎ

0].

Notably, for a large part of the parameter space, the decays
to𝑊𝜏 and𝑊𝜇 (see also (10)) tend to be dominant, requiring
consistency with neutrino oscillations. The exact magnitude
of the individual LSP branching ratios also depend on
its couplings, that is, if it corresponds mainly to a bino-
, wino-, or higgsino-like state. Ideally, the searches for
bRPV SUSY signatures could utilize the subsequent decay
products of gauge or Higgs bosons; see, for example, [129].
Reconstructing such bosons accompanying the leptonic
partner from LSP decays would allow reconstructing LSP
masses and also indicate its two-body decays to possibly
reveal RPV of bilinear type. Depending on the number
of charged leptons in the LSP decays, the phenomenology
of final states can be classified as leptonic, semileptonic, or
invisible decays [130].The latter decaymode𝜒0

1 → ]]]would
mimic RPC SUSY signal with large 𝐸

miss
𝑇

. Moreover it has
been emphasized in [129] that reducing the LSPmass can lead
to significantly late LSP decays. In the context of mSUGRA
the LSP mass is mainly driven by the input parameter 𝑚1/2,
leading to an approximate displacement of decays of 1mm
(in the rest frame of the LSP) for𝑚1/2 ≈ 300GeV.

Similar to RPC mSUGRA models, the most relevant
production processes are given by

(i) 𝑔-𝑔 production is most relevant in the region of low
𝑚1/2;

(ii) squark-𝑔 processes are most significant for low 𝑚1/2
and𝑚0;

(iii) contributions from squark-(anti)-squark are most
relevant for low𝑚0 and relatively high𝑚1/2;

(iv) electroweak gaugino-gaugino-based production
tends to be dominant for highest input mass scales of
𝑚0 and𝑚1/2;

In the minimal supergravity model [105–110], the SUSY
breaking sector at the high scale of unification connects
to the MSSM at the electroweak scale dominantly through
gravitational-strength interactions. In a minimal form, one
common mass scale 𝑚1/2 appears for the three gauginos,
one mass scale 𝑚0 for all scalars, and one coupling for all
scalar three-field interactions 𝐴0, so that all gauginos are
degenerated and also all squark, sleptons, and Higgs-related
mass values become degenerate at the unification mass scale.
In addition to these three input parameters, also the ratio
of the vevs of the two neutral Higgses, tan𝛽, and the sign
of the Higgs mass term, sign(𝜇), are necessary to define
the mSUGRA model. After fixing this set of 5 parameters
as boundary conditions for mSUGRA, the renormalization

group evolution for SUSY-breaking masses and trilinear
parameters will finally determine the SUSY mass spectrum
at LHC energies.

Taking into account the Higgs boson mass observed at
125GeV, bRPV mSUGRA signal models have been analyzed.
Similar to Higgs-aware signal models of RPC mSUGRA
investigated, for example, in [132], the input parameters
are chosen as tan𝛽 = 30, 𝐴0 = −2𝑚0, and sign(𝜇) = 1
with varying values of the mass scales𝑚0 and𝑚1/2. Referring
to the same input parameters with respect to RPC mSUGRA
also implies the same masses and essentially the same
cross sections in comparison to each RPC-based production
process. Due to the smallness of bRPV couplings, other
production processes are highly suppressed, so that RPC- and
bRPV-based production processes are almost in one-to-one
correspondence in mSUGRA.

4.2. Results for bRPV Searches. In the ATLAS SS/3L
𝐴
analysis

[38] the parameter space of bRPV mSUGRA has been
strongly constrained. Based on the limits from Figure 2,
values of𝑚1/2 are excluded between 200GeV and 490GeV at
95% CL for 𝑚0 values below 2.2 TeV. This limit corresponds
to a lower bound of approximately 1.3 TeV for gluino masses
in bRPV mSUGRA. Signal models with 𝑚1/2 < 200GeV are
not considered in this analysis because the lepton acceptance
is significantly reduced due to the increased LSP lifetime in
that region. The sensitivity is dominated by the signal region
SR3b selecting same-sign or three leptons and requiring
additionally ≥ 3 b-jets, ≥ 5𝑁jets and 𝑚eff > 350GeV,
respectively. High sensitivity in particular in signal region
SR3b is also a result of the high number of leptons and also of
𝑏-jets from LSP decays in conjunction with low requirements
for missing transverse energy. It is interesting to note that, in
SR3b, a 95% CL upper limit on the (observed) visible cross
section at 0.19fb has been obtained, establishing a model-
independent limit.

The ATLAS 𝜏
𝐴

analysis [39] has demonstrated that
searching for hadronically decaying 𝜏-leptons in addition to
jets, 𝐸miss

𝑇
, and light leptons has a high sensitivity for bRPV at

low𝑚0. In this part of the parameter space, the number of taus
from RPC decays of relatively light staus is high. Adding also
𝜏-leptons from bRPV LSP decays, the number of taus is even
more pronounced in this case. Notably, several SRs, based on
𝜏+𝜇, 𝜏+𝑒, and 2𝜏, have been optimized particularly for bRPV.
Performing a statistical combination of these SRs, the 95%CL
limits on mSUGRA mass parameters in Figure 2 have been
obtained. As a result from [39], values of𝑚1/2 up to 680GeV
are excluded for low 𝑚0, while the exclusion along the 𝑚0
axis reaches a maximum of 920GeV for𝑚1/2 = 360GeV. For
the results in SRs relevant for bRPV searches also limits on
visible cross sections have been derived, corresponding to
upper limits on the observed𝜎vis of 0.52fb, 0.26fb, and 0.20fb
in the 𝜏 + 𝜇, 𝜏 + 𝑒, and 2𝜏 channels, respectively. Although
the expected 𝜎vis are the same for 𝜏 + 𝜇 and 𝜏 + 𝑒, the higher
number of events observed in the SR(𝜏 + 𝜇) effectively leads
to a weaker limit of 0.52fbwith respect to 0.26fb in SR(𝜏+𝑒).

Moreover, the ATLAS search for leptons in SUSY strong
production [133], optimized for RPC models, has also
obtained exclusion limits for this bRPV mSUGRA model.
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Figure 3: Representative diagrams for the RPV simplified models based on electroweak or gluino production (from [40]).

Comparing the expected limits to the SS/3L analysis, they are
comparable for both analyses in the range of low𝑚0, whereas,
for the highest values of𝑚0, the SS/3L analysis reaches slightly
stronger expected limits. In terms of observed limits, both
analyses are actually comparable in the high𝑚0 regime, while
[133] obtains a stronger limit in the case of low values of
𝑚0. In particular for 𝑚0 = 400GeV an observed exclusion
of 𝑚1/2 ≈ 750GeV corresponding to 𝑚

𝑔
≈ 1.7TeV has

been obtained. It is interesting to note that, within the SRs
investigated in [133], the hard single-lepton channel has the
highest sensitivity to the bRPV mSUGRA model.

5. LLE Models

5.1. 𝐿𝐿𝐸 Simplified Models. In the RPV simplified models
studied in [40], a bino-like 𝜒0

1 is assumed to decay into two
charged leptons and a neutrino via the 𝜆

𝑖𝑗𝑘
term. Four event

topologies are tested, resulting from different choices for
the next-to-lightest SUSY particles (NLSPs): a chargino (𝜒±1 )

NLSP; slepton NLSPs, referring to mass-degenerate charged
sleptons; sneutrino NLSPs, referring to mass-degenerate
sneutrinos; and a gluino NLSP. In the slepton case, both
the left-handed and the right-handed sleptons (L-sleptons
and R-sleptons, resp.) have been considered, as the different
production cross sections for the two cases substantially affect
the analysis sensitivity. The assumed decays of each NLSP
choice are described in Table 5 and illustrated in Figure 3.The
masses of the NLSP and LSP are varied, while other sparticles
are assumed to be decoupled.

In the paper [41], 𝐿𝐿𝐸 couplings have been investigated
in the context of stop-pair production: The corresponding
simplified model assumes stop decays to a top quark and
intermediate on- or off-shell bino, �̃�

1
→ 𝜒

0
1 + 𝑡. The bino

decays to two leptons and a neutrino through the leptonic
RPV interactions, 𝜒0∗

1 → ℓ
𝑖
+ ]

𝑗
+ ℓ

𝑘
and ]

𝑖
+ ℓ

𝑗
+ ℓ

𝑘
,

where the indices 𝑖, 𝑗, 𝑘 refer to those appearing in (1a).
The stop is assumed to be right-handed and RPV couplings
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Table 5: Sparticle decays in the SUSY RPV simplified models
considered in [40]. The neutralino LSP is assumed to decay to two
charged leptons and a neutrino. For the chargino model, the 𝑊

±

from the 𝜒±
1
decaymay be virtual as indicated by the superscript (∗).

RPV model NLSP Decay
Chargino 𝜒

±

1
→ 𝑊

±(∗)
𝜒
0

1

𝐿-slepton ℓ̃
𝐿
→ ℓ𝜒

0

1

𝜏
𝐿
→ 𝜏𝜒

0

1

𝑅-slepton ℓ̃
𝑅
→ ℓ𝜒

0

1

𝜏
𝑅
→ 𝜏𝜒

0

1

Sneutrino ]̃
𝑙
→ ]

ℓ
𝜒
0

1

]̃
𝜏
→ ]

𝜏
𝜒
0

1

Gluino 𝑔 → 𝑞𝑞𝜒
0

1

𝑞 ∈ 𝑢, 𝑑, 𝑠, 𝑐

are large enough that all decays are prompt. Results for the
corresponding simplified mass spectra and leptonic RPV
couplings 𝜆122 or 𝜆233 are investigated in Section 5.3.

5.2. 𝐿𝐿𝐸 RPV Results with Electroweak or 𝑔 Production. The
𝐿𝐿𝐸 simplified models produce events with four leptons in
the final state, and thus it is natural to constrain themwith the
ATLAS search for SUSY in events with four or more charged
leptons [40]. Up to two of the leptons may be hadronically
decaying taus, and the search was specifically optimised to
give good sensitivity across the full range of 𝐿𝐿𝐸-mediated
𝜒
0
1 decays.
In all cases, the observed limit is determined mainly

by the production cross section of the signal process, with
stronger constraints on models where 𝜆121 or 𝜆122 dominate,
and less stringent limits for tau-rich decays via 𝜆133 or
𝜆233. Limits on models with different combinations of 𝜆

𝑖𝑗𝑘

parameters can generically be expected to lie between these
extremes. The limits are in many cases nearly insensitive to
the 𝜒0

1 mass, except where the 𝜒0
1 is significantly less massive

than the NLSP as inferred from Figure 4. Where the NLSP→
LSP cascade may also produce leptons, the observed limit
may also become weaker as 𝑚

𝜒
0
1
approaches the NLSP mass,

and the cascade product momenta decrease considerably.
When the mass of the 𝜒0

1 LSP is at least as large as 20% of
theNLSPmass, and assuming tau-rich LSP decays, lower lim-
its can be placed on sparticle masses, excluding gluinos with
masses less than 950GeV; wino-like charginos with masses
less than 450GeV; and L(R)-sleptons with masses less than
300 (240)GeV. If instead the LSP decays only to electrons and
muons, the equivalent limits are approximately 1350GeV for
gluinos, 750GeV for charginos, and 490 (410) GeV for L(R)-
sleptons, and a lower limit of 400GeV can also be placed on
sneutrino masses. These results significantly improve upon
previous searches at the LHC, where gluino masses of up to
1 TeV [134] and chargino masses of up to 540GeV [135] were
excluded.

The model-independent limits on 𝜎vis for RPV-related
SRs all lie below 0.5fb: In signal regions requiring at least
three light leptons, the observed 95% CL upper limits on
the visible cross sections are below 0.2fb. (It is interesting to

note that the ATLAS search for multileptons based on 7 TeV
data [135] has obtained limits of approximately 1fb on 𝜎vis
considering also four-body decays of a stau LSP as motivated,
e.g., by [136].)

5.3. 𝐿𝐿𝐸 RPV Results for �̃�
1
Production. The limits obtained

in [41] aremostly independent of the binomass, leading to an
exclusion ofmodels with the stopmass below 1020GeVwhen
𝜆122 is nonzero, and below 820GeV when 𝜆233 is nonzero.
These limits are shown in Figure 5. There is a change in
kinematics at the line 𝑚

𝜒
0
1

= 𝑚
�̃�1
− 𝑚

𝑡
, below which the

stop decay is two-body, while above it is a four-body decay.
Near this line, the 𝜒

0
1 and top are produced almost at rest,

which results in low-momentum leptons, corresponding to
reduced acceptance.This loss of acceptance is more visible in
the𝜆233 ̸= 0 case and causes the loss of sensitivity near the line
at 𝑚

𝜒
0
1
= 800GeV. The analysis [41] has also explained that

this effect is more pronounced in the observed limit because
the data has a larger statistical uncertainty in the relevant
signal regions than the simulated signal samples.

6. LQD Models

6.1. Simplified 𝐿𝑄𝐷 Models for �̃�
1
Production. In addition to

the simplified model for stop pair production introduced in
the previous Section 5.1, RPV decays via 𝜆233 are also consid-
ered in the simplified model of [41]. The same assumptions
on stop decays to a top quark and intermediate on- or off-shell
bino, �̃�

1
→ 𝜒

0
1 + 𝑡, are made, only the 𝐿𝑄𝐷-related decay of

𝜒
0
1 to one lepton and two quarks leads to different final states

in comparison to LSP decays via 𝐿𝐿𝐸 as already discussed in
the previous section. A possible signal process is illustrated
in the Feynman diagram, Figure 6. Due to the high number
of𝑊-bosons indicated in the final states of that process, also
a relatively large number of charged (light) leptons can be
expected, in conjunction with many 𝑏-jets.

In another simplified model investigated in [42], two
different decay channels of directly produced top squarks are
considered. In the first case the two-body lepton number
violating decay �̃�

1
→ 𝜏𝑏 via the coupling constant 𝜆333

is investigated; see also [22] for related phenomenological
studies.

In the second part of the search the focus is on a scenario
in which the dominant RPC decay of the top squark is �̃�

1
→

𝜒
±

1 𝑏. This requires the mass splitting between the top squark
and the chargino to be less than the mass of the top quark,
so it is chosen to be 100GeV. The chargino is assumed to be
a pure higgsino and to be nearly degenerate in mass with the
neutralino. In particular, the decay 𝜒±1 → ]̃𝜏± → 𝑞𝑞𝜏

± via
an intermediate 𝜏-sneutrino is considered. This RPV decay
of the sneutrino is possible via the 𝐿𝑄𝐷-type coupling 𝜆3𝑗𝑘,
where the cases 𝑗, 𝑘 = 1, 2 are taken into account.

6.2. Results for �̃�
1
Production. The analysis [41] has probed

regions in the mass plane of neutralino versus stop masses
assuming pair production of �̃�

1
and nonvanishing 𝜆



233. As
discussed before, in that analysis several different kinematic
regions in the mass plane are relevant also in the final results
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Figure 4: Observed and expected 95% CL exclusion limit contours for the 𝐿𝐿𝐸 RPV (a) chargino NLSP, (b) gluino NLSP, (c) left-handed
slepton NLSP, and (d) sneutrino NLSP simplified models (from [40]).

of Figure 7. The most significant effect is when the decay
𝜒
0
1 → 𝜇+𝑡+𝑏 is suppressed, reducing the number of leptons

in the final state. The different regions where this effect is
pronounced primarily lead the shape of the exclusion for𝜆233.
As a result, stop masses up to approximately 800GeV can be
excluded in this model.

In the search for 𝑏-jets and 𝜏-leptons from CMS [42],
constraints for the masses of pair-produced stops have been
derived. An upper bound at 95% confidence level is set on
𝜎B2, where 𝜎 is the cross section for pair production of top
squarks and B is the branching fraction for the top squark
decay to a 𝜒±1 and a bottom quark, with a subsequent decay of
the chargino via𝜒±1 → ]̃𝜏± → 𝑞𝑞𝜏

±. Expected and observed

upper limits on 𝜎B2 as a function of the stopmass are shown
in Figure 8 for the top squark search from [42]. As a result,
top squarks undergoing a chargino-mediated decay involving
the coupling 𝜆3𝑗𝑘 with masses in the range 200–580GeV are
excluded, in agreement with the expected exclusion limit in
the range 200–590GeV. In the derivation of these upper limits
B = 100% is assumed.

Since the other simplifiedmodel investigated in [42] leads
to direct decays of stops after �̃�

1
pair-production, the under-

lying stop mass essentially determines the results. The limits
corresponding to top squarks decaying directly through
the coupling 𝜆



333 exclude masses of �̃�
1
below 740GeV, in

agreement with the expected limit at 750GeV.
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233 (from [41]). The
different kinematic regions, A, B, C, D, and E are defined in [41].

7. Resonance Production and Decay

If 𝐿𝑄𝐷 couplings are present at hadron colliders, resonant
production of sleptons is possible. The decay products from
such a slepton resonance can also depend on additional
RPV couplings. If also 𝐿𝐿𝐸 couplings occur, then leptonic
final states can be investigated, whereas jets are expected
if only 𝐿𝑄𝐷 terms are assumed. In order to allow for
considerable production rates and also for significant decay
rates into charged leptons, 𝜏-sneutrinos emerge as candidates
for resonance searches. (It is interesting to note that also a
search for RPV resonances from second generation sleptons
has been performed by CMS at 7 TeV [137]. Assuming the
coupling 𝜆211, the search investigated two same-sign muons
and at least two jets in the final state.) In the case of ]̃

𝜏
, the

corresponding bounds for its coupling of type 𝐿𝑄𝐷 and also
𝐿𝐿𝐸 are relatively weak.Therefore the analysis [43] searching
for resonances using leptonic final states has focused on 𝜏-
sneutrinos, as described in more detail below.

7.1. Resonance via Tau Sneutrino. As illustrated in Figure 9, a
𝜏-sneutrino (]̃

𝜏
)may be produced in𝑝𝑝 collisions by𝑑𝑑 anni-

hilation and subsequently decay to 𝑒𝜇, 𝑒𝜏, or 𝜇𝜏. Although
only ]̃

𝜏
is considered in [43] to facilitate comparisons with

previous searches performed at the Tevatron, the results of
this analysis in principle apply to any sneutrino flavor.

7.2. Resonance Searches. Expected and observed upper limits
are set as a function of ]̃

𝜏
mass. The likelihood of observing

the number of events in data as a function of the expected
number of signal and background events is constructed from
a Poisson distribution for each bin in the ]̃

𝜏
mass. Signal cross

sections are calculated to next-to-leading order for ]̃
𝜏
.
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Figure 9: Feynman diagram illustrating resonant production and
decay of ]̃

𝜏
. 𝑙
𝑖
and 𝑙

𝑗
can be 𝑒, 𝜇, or 𝜏, where 𝑖 ̸= 𝑗. The blue dots

indicate RPV couplings 𝜆311 and 𝜆
𝑖3𝑗 (𝑖 ̸= 𝑗), respectively (from

[43]).

Figure 10 shows the observed and expected cross section
times branching ratio limits as a function of the ]̃

𝜏
mass. For

a ]̃
𝜏
mass of 1 TeV, the observed limits on the production

cross section times branching ratio are 0.5fb, 2.7fb, and
9.1fb for the 𝑒𝜇, 𝑒𝜏, and 𝜇𝜏 channels, respectively.Theoretical
predictions of cross section times branching ratio are also
shown, assuming 𝜆



311 = 0.11 and 𝜆
𝑖3𝑘 = 0.07 (𝑖 ̸= 𝑘) for

the ]̃
𝜏
, consistent with benchmark couplings used in previous

searches. For these benchmark couplings, the lower limits on
the ]̃

𝜏
mass are 2.0 TeV, 1.7 TeV, and 1.7 TeV for the 𝑒𝜇, 𝑒𝜏, and

𝜇𝜏 channels, respectively.
These results considerably extend previous constraints

from the Tevatron and LHC experiments. Based on the
similar assumptions for RPV couplings, that is, 𝜆311 = 0.10
and 𝜆

𝑖3𝑘 = 0.05 (𝑖 ̸= 𝑘), the CDF experiment [73] has
obtained lower limits for 𝜏-sneutrino masses at 558GeV,
442GeV, and 441GeV for the 𝑒𝜇, 𝑒𝜏, and 𝜇𝜏 channels, resp-
ectively.

8. UDD Models

In this section results from searches for signatures from
𝑈𝐷𝐷 couplings are presented. Both ATLAS and CMS have
investigated several different topologies as motivated by a
number of simplified models.

8.1. 𝑔 Production with Multijets at ATLAS. Pair-produced
massive new particles with decays to a total of six quarks, as
well as cascade decays with at least ten quarks, are considered
in the design of the analysis [44]. Three-body decays of the
type shown in Figure 11 are given by effective RPV vertices
allowed by the baryon-number-violating 𝜆

𝑖𝑗𝑘
couplings with

off-shell squark propagators. For both models, all squark
masses are set to 5 TeV and thus gluinos decay directly to
three quarks or to two quarks and a neutralino through stand-
ardRPC couplings. In the ten-quark cascade decaymodel, the
neutralinos each decay to three quarks via an off-shell squark
and the RPV 𝑈𝐷𝐷 decay vertex with coupling 𝜆



𝑖𝑗𝑘
. In this

model, the neutralino is the LSP.
All possible 𝜆 flavor combinations are allowed to pro-

ceed with equal probability. The analysis maintains approx-
imately equal sensitivity to all flavor modes. All samples are
produced assuming that the gluino and neutralino widths are
narrow and that their decays are prompt.

It is interesting to compare limits based on different
assumptions for the branching ratios into heavy flavor jets.
Figure 12 illustrates the variation for the observed mass limit
when the decays into 𝑏-jets are absent or assumed at 100
percent, respectively.
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curves correspond to 𝜆311 = 0.11 and 𝜆
𝑖3𝑘 = 0.07 for ]̃

𝜏
.

More generally, excluded masses as a function of the
branching ratios of the decays are presented in Figure 13
where each bin shows the maximum gluino mass that is
excluded for the given decay mode. It is illustrative to recog-
nize the observed mass limit from Figure 12(a) can also be
found in the lower left corner of Figure 13.

The interpretations of the results of the jet-counting and
total-jet-mass analyses are displayed together in Figure 14
for the ten-quark model. This figure allows for the direct
comparison of the results of the various analyses. Without 𝑏-
tagging requirements, the jet-counting analysis sets slightly
lower expected limits than the total-jet-mass analysis. With

𝑏-tagging requirements, the limits are stronger for the jet-
counting analysis.Theobserved limits from the total-jet-mass
analysis and jet-counting analysis with 𝑏-tagging require-
ments are also comparable.

Exclusion limits at the 95% CL are set extending up to
𝑚
𝑔
= 917GeV in the case of pair-produced gluino decays to

six light quarks and up to 𝑚
𝑔
= 1 TeV in the case of cascade

decays to ten quarks for moderate𝑚
𝑔
− 𝑚

𝜒
0
1
mass splittings.

It is interesting to note that strong model-independent
limits have been obtained in [44]. Within the jet-counting
method, the 95% CL upper limits obtained on the (observed)
visible signal cross section vary from0.2fb to 2.6fb, depending
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on the requirements on jet 𝑝
𝑇
and number of 𝑏-jets for

different SRs. Notably the strongest limit of 0.2fb has been
derived in the SR requiring at least seven jets, with 𝑝

𝑇
above

180GeV and one 𝑏-tagged jet.

8.2. 𝑔 Production with Leptonic Final States at ATLAS. In the
gluino-mediated top squark → 𝑏𝑠 (RPV)model investigated
in [38], top squarks are assumed to decay with the 𝑈𝐷𝐷

coupling 𝜆


323 = 1. The final state is therefore 𝑔𝑔 →

𝑏𝑏𝑏𝑏 𝑠𝑠 𝑊𝑊, characterized by the presence of four 𝑏-quarks
and only moderate missing transverse momentum.

Results are interpreted in the parameter space of the
gluino and top squark masses (see Figure 15). Gluino masses
below 850GeVare excluded at 95%CL, almost independently
of the stop mass. The sensitivity is dominated by SR3b.
The SR3b signal region is sensitive to various models with

same-sign or ≥ 3 leptons and ≥ 3𝑏-quarks. This is also
demonstrated in the gluino-mediated top squark → 𝑏𝑠

(RPV) model, where 𝑚
𝑔

< 850GeV is excluded by SR3b
alone in the absence of a large 𝐸miss

𝑇
signature.

It is important to mention that for the same simplified
model, a similar bound of 𝑚

𝑔
> 900GeV has been obtained

in the ATLAS search for (7–10) jets and 𝐸miss
𝑇

[138]. The latter
exclusion limit tends to be extended for relatively light or
heavy stops.

As amodel-independent limit from SR3b, the limit on the
visible cross section 𝜎

95
vis = 0.19fb has been obtained at the

95% CL. It is interesting to note that SR3b is also the most
sensitive signal region constraining bRPV mSUGRA.

8.3. 𝑔 Production with Multijets at CMS. The signal is
modeled in [45] with pair-produced gluinos where each
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gluino decays to three quarks through 𝑈𝐷𝐷-type couplings.
Two different scenarios, an inclusive search and also a heavy-
flavor search, are considered in that analysis. For the first
case, the coupling 𝜆



112 is set to a non-zero value, giving a
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Figure 15: Observed and expected exclusion limits on gluino-
mediated top squark production, obtained with 20.3fb−1 of 𝑝𝑝

collisions at √𝑠 = 8TeV, for the top squark decay modes via 𝜆


323
(from [38]).

branching fraction of 100% for the gluino decay to three light-
flavor quarks. The second case, represented by 𝜆



113 or 𝜆


223,
investigates gluino decays to one 𝑏 quark and two light-flavor
quarks. In these simplified models, all superpartners except
the gluino are taken to be decoupled, the natural width of
the gluino resonance is assumed to be much smaller than
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the mass resolution of the detector, and no intermediate
particles are produced in the gluino decay.

As is also illustrated in Figure 16, several constraints on𝑔-
masses have been derived in [45]. The production of gluinos
undergoing RPV decays into light-flavor jets is excluded
at 95% CL for gluino masses below 650GeV, with a less
conservative exclusion of 670GeV based upon the theory
value at the central scale. The respective expected limits are
755 and 795GeV. Gluinos whose decay includes a heavy-
flavor jet are excluded for masses between 200 and 835GeV,
with the less conservative exclusion up to 855GeV from the
central theoretical value. The respective expected limits are
825 and 860GeV. In the heavy-flavor search the limits extend
to higher masses because of the reduction of the background.

8.4. 𝑔 Production with Same-Sign Leptons at CMS. In this
analysis [46], a simplified model based on gluino pair pro-
duction followed by the decay of each gluino to three quarks
is considered. It is interesting to note that the analogous
model is also taken into account in [38], as mentioned above.
Moreover, 𝑈𝐷𝐷-like decays can in principle be motivated
also from the SUSYmodel withminimal flavor violation [52].
In [46], the focus is on the decay mode 𝑔 → 𝑡𝑏𝑠. Due to
its Majorana nature, the corresponding antiparticles emerge
with equal probability in the decay of 𝑔. Such decays lead to
same-sign𝑊-boson pairs in the final state in 50%of the cases.

The signal process is illustrated in Figure 17. In compar-
ison to the decays 𝑔 → 𝑡𝑠𝑑, yielding also same-sign 𝑊-
boson pairs, the mode 𝑡𝑏𝑠 is investigated. Due to two extra
𝑏 quarks in the final state a higher signal selection efficiency
can finally be obtained. The key parameter of the model is
𝑚
𝑔
determining the production cross section and the final

state kinematics. The dedicated search region RPV2 with the

t

b

s

s

b
g̃

g̃

P

P

t

Figure 17: Signal process for 𝑔 → 𝑡𝑏𝑠 assuming gluino pair-pro-
duction and 𝜆



323 coupling.

high-lepton𝑝
𝑇
selection is used to place an upper limit on the

production cross section.
The result is shown in Figure 18. In this scenario, the

gluinomass is probed up to approximately 900GeV.A similar
exclusion limit from the corresponding ATLAS search has
been obtained, as discussed in Section 8.2.

8.5. �̃�
1
Production with Jet Pairs at CMS. The analysis [47] has

been optimized by studying two simplified models with stop
pair production: first, the coupling 𝜆312 is assumed leading to
two light-flavor jets in the decay of each �̃�

1
.

Considering𝜆323 nonzero in the second simplifiedmodel,
one 𝑏-jet and one light-flavor jet are generated per �̃�

1
. In both

of the above cases, the branching ratio of the top squark decay
to two jets is set to 100% and all superpartners except the top
squarks are taken to be decoupled, so that no intermediate
particles are produced in the top squark decay.
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Figure 18: 95% CL upper limit on the gluino production cross
section for a RPV simplified model, 𝑝𝑝 → 𝑔𝑔, 𝑔 → 𝑡𝑏𝑠 (from
[46]).

Figure 19 shows the observed and expected 95%CLupper
limits obtained in [47] based on results from the low-mass
and high-mass SRs, respectively. In that case the top squark
mass corresponds to 𝑚av. The vertical dashed blue line at a
top squark mass of 300GeV indicates the transition from the
low- to the high-mass limits, and at this mass point the limits
are shown for both analyses. The production of top squarks
decaying via 𝜆312 into light-flavor jets is excluded at 95% CL
for top squarkmasses from200 to 350GeV. Stops decaying via
𝜆


323 coupling, thus leading to a heavy-flavor jet, are excluded
for masses between 200 and 385GeV.

9. Conclusions

Results of searches for signatures of prompt𝑅-parity violation
at 8 TeV at LHC experiments have probed RPV SUSY at the
highest collider energies so far. No significant deviations have
been found in the corresponding ATLAS and CMS analyses,
implying strong constraints on superpartner masses and/or
RPV couplings. A common assumption for many interpre-
tations are 𝜒0

1 LSPs with varying assumptions on dominant
𝑅-parity-violating couplings and in particular NLSP types.
Using simplified models with RPC production of NLSPs
and subsequent decays via LSPs and 𝐿𝐿𝐸 interactions, the
following approximate upper limits on superpartner masses
have been obtained:

(i) Gluino masses𝑚(𝑔) > 950GeV.
(ii) Light stop masses𝑚(�̃�

1
) > 820GeV.

(iii) Wino-like chargino masses𝑚(𝜒
±

1 ) > 450GeV.

(iv) Charged slepton masses𝑚(̃𝑙) > 240GeV.
(v) Sneutrino masses𝑚(]̃) > 400GeV.

Resonance searches have mainly focused on analyzing heavy
narrow resonances of tau-sneutrinos, excluding masses up
to 2.0 TeV, thus extending previous limits from Tevatron
significantly. Limits based on dominant 𝐿𝑄𝐷 couplings have

been investigated in models with stop-pair production, con-
straining stop masses up to 1 TeV. Relaxing the assumption
of dominance of a single 𝑅-parity-violating coupling has,
for example, been investigated in the 𝑈𝐷𝐷 multijet analysis
by ATLAS: Variation of corresponding branching ratios to
different heavy quarks has led to upper limits of gluinomasses
within the range 666GeV < 𝑚(𝑔) < 929GeV. In contrast
to trilinear RPV models, searches for bilinear RPV have
assumed mSUGRA boundary conditions, yielding the first
collider-based observed limits for bRPV models: requiring
mSUGRA parameters consistent with the observed mass of
the Higgs boson, limits from bRPV searches exclude gluino
masses in that model around 1.3 TeV.

The strongest model-independent limits for observed
visible cross sections have been derived at approximately
0.2fb. It is interesting to note that such a strong constraint
has been obtained in the following searches:

(i) Multileptons in SRs requiring at least three light lep-
tons.

(ii) Same-sign or three leptons in combination with at
least three 𝑏-jets.

(iii) Two hadronically decaying taus in conjunction with
jets and 𝐸

miss
𝑇

.
(iv) Seven jets, with 𝑝

𝑇
above 180GeV and one 𝑏-tagged

jet.

Summarizing the relevant signal regions defined for these
searches at the ATLAS and CMS experiments also facilitates
identifying possible new targets for future analysis opti-
mization. This should include improved reconstruction of
highly collimated objects with low𝐸

miss
𝑇

, relevant in scenarios
predicting strongly boosted final states.

Obviously the whole parameter space of RPV SUSY
has not been covered in LHC searches. Various options
in particular for investigating 𝐿𝑄𝐷 couplings remain and
should be subject of systematic studies. Indeed most of the
limits for prompt RPV from Run I have been obtained
assuming either 𝐿𝐿𝐸 or𝑈𝐷𝐷 couplings in simplifiedmodels.
Therefore it would be interesting not only to vary the types of
RPV couplings, but also to consider approaches for studying
complete SUSYmass spectrawith different𝑅-parity-violating
couplings. As an example, extending pMSSM models with
RPV decays would lead to significantly different final states
topologies in comparison to the RPC-based pMSSM models
analyzed frequently. Also considering alternative options for
the nature of both the NLSP and the LSP would modify
some of the model-dependent results mentioned before. As
an example, the assumption of a stau LSP has only been
investigated in the analysis of 7 TeV data implying different
final stateswith respect to𝜒0

1 LSPs. It would also be interesting
to search for various types of heavy sparticle RPV resonances
using the increased future energies at the LHC.

Since the largest cross sections are predicted for super-
symmetric strong production processes for LHC Run II,
signatures from gluino and/or squark production typically
offer high potential for future RPV searches. Increasing the
luminosity will also enhance the sensitivity for searches
focusing on electroweak production processes. Ultimately,
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the results for RPV SUSY in Run II can become crucial for
the question of supersymmetry at the weak scale.
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We analyse the impact of explicit CP-violation in the Higgs sector of the Next-to-Minimal Supersymmetric Standard Model
(NMSSM) on its consistency with the Higgs boson data from the Large Hadron Collider (LHC). Through detailed scans of the
parameter space of the complex NMSSM for certain fixed values of one of its CP-violating (CPV) phases, we obtain a large number
of points corresponding to five phenomenologically relevant scenarios containing∼125 GeVHiggs boson(s).We focus, in particular,
on the scenarios where the visible peaks in the experimental samples can actually be explained by two nearly mass-degenerate
neutral Higgs boson states. We find that some points corresponding to these scenarios give an overall slightly improved fit to the
data, more so for nonzero values of the CPV phase, compared to the scenarios containing a single Higgs boson near 125GeV.

1. Introduction

The Higgs sector of the NMSSM [1–4] (see, e.g., [5, 6] for
reviews) contains two additional neutral mass eigenstates
besides the three of the Minimal Supersymmetric Standard
Model (MSSM).This is due to the presence of a Higgs singlet
superfield besides the two doublet superfields of the MSSM.
When all the parameters in the Higgs and sfermion sectors of
the NMSSM are real, one of these new Higgs states is a scalar
and the other a pseudoscalar. Hence, in total three scalars,
𝐻

1,2,3
, and two pseudoscalars, 𝐴

1,2
, make up the neutral

Higgs boson content of the model. This extended Higgs
sector of the NMSSM boasts some unique phenomenological
possibilities, which are either precluded or experimentally
ruled out in the MSSM. For example, in the NMSSM either
of the two lightest CP-even Higgs bosons,𝐻

1
or𝐻

2
, can play

the role of the ∼125GeV Standard Model- (SM-) like Higgs
boson,𝐻obs, observed at the LHC [7–9].

Of particular interest in theNMSSM is the possibility that
the SM-like Higgs boson can obtain a large tree-level mass in
a natural way, that is, without requiring large radiative cor-
rections from the supersymmetric sectors. This happens in

a specific region of the parameter space, which we refer to as the
natural NMSSM, where there is a significant singlet-doublet
mixing and 𝐻obs is typically 𝐻2. This scenario was used to
explain [10–12] the enhancement in𝐻obs → 𝛾𝛾 channel in the
early LHC data. However, when the singlet-doublet mixing is
too large, the properties of 𝐻

2
can deviate appreciably from

an exact SM-like behaviour, resulting in a reduction of its
fermionic partial decay widths. An alternative possibility in a
very similar parameter space region is that of both𝐻

1
and𝐻

2

simultaneously having masses near 125GeV [13–16]. In that
case, the observed excess at the LHC could actually be due
to a superposition of these two states, when their individual
signal peaks cannot be resolved separately. One of these two
Higgs bosons, typically 𝐻

1
, is the singlet-like neutral state.

Moreover, in [17] it was noted that the lighter one of the two
pseudoscalars,𝐴

1
, when it is singlet-like, could also be nearly

mass-degenerate with a SM-like 𝐻
1
near 125GeV, instead of

or even along with 𝐻

2
. However, such a pseudoscalar can

only contribute visibly to the measured signal strength near
125GeV if it is produced in association with 𝑏𝑏 pair.

One of the most important yet unresolved issues in
particle physics is that of the observed matter-antimatter
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asymmetry in the universe. A plausible explanation for this
asymmetry is electroweak (EW) baryogenesis [18, 19]. The
necessary conditions for successful EW baryogenesis include
the following [20]: (1) baryon number violation, (2) CP-
violation, and (3) departure from equilibrium at the critical
temperature of the EW symmetry breaking (EWSB) phase
transition, implying that it is strongly first order. In the SM,
a strongly first order EW phase transition is not possible
given the measured mass of the Higgs boson at the LHC.
Besides, the only source of CP-violation in the SM, the Cab-
ibbo-Kobayashi-Maskawa matrix, is insufficient. Therefore,
beyond the SM, a variety of sources of CP-violation have been
proposed in the literature (for a review, see [21] and references
therein). In the context of supersymmetry (SUSY), a strongly
first order phase transition is possible in the MSSM only if
the lightest stop has a mass below that of the top quark. This
possibility has now been ruled out by SUSY searches at the
LHC [22–24]. Also, the MSSM Higgs sector does not violate
CP at the tree level but does so only at higher orders [25–32].
The CPV phases, transmitted radiatively to the Higgs sector
via couplings to the sfermions, are tightly constrained by the
measurements of fermion electric dipole moments (EDMs)
[33–35]. However, these EDM constraints can be relaxed
under certain conditions [27, 28, 36–41].

The NMSSM has been shown to accommodate a strongly
first order EW phase transition without a light stop [42–
47]. Additionally, in this model, CP-violation can be invoked
explicitly in theHiggs sector even at the tree level by assuming
the Higgs self-couplings, 𝜆 and 𝜅, to be complex. Beyond the
Born approximation, the phase of the SUSY-breaking Higgs-
sfermion-sfermion couplings, 𝐴

𝑓
, where 𝑓 denotes a SM

fermion, is also induced in the Higgs sector, as in the MSSM.
In the presence of the associated complex phases, the five neu-
tral Higgs bosons are CP-indefinite states, due to the mixing
between the scalar and pseudoscalar interaction eigenstates.
CPV phases can therefore influence the phenomenology of
the NMSSM Higgs bosons by, for example, modifying their
mass spectrum as well as their production and decay rates
[48], similarly to the MSSM [49–59]. The impact of these
phases in the complex NMSSM (cNMSSM), that is, the
CPV NMSSM, on the necessary conditions for successful
EW phase transition was also studied some time ago [60].
The consistency of scenarios yielding the correct baryon
asymmetry with the LHC Higgs boson data still remains to
be studied in depth though. However, even leaving aside
these considerations, the possibly distinct phenomenological
scenarios that the cNMSSM can yield make it a particularly
interesting model for exploration at the Run II of the LHC.

The cNMSSM has therefore been the subject of several
studies recently and, in particular, some important theoretical
developments have beenmade in themodel.The dominant 1-
loop corrections to the neutralHiggs sector from the (s)quark
and gauge sectorswere studied in [61–64], in the renormalisa-
tion group equations-improved effective potential approach.
The corrections from the gaugino sector were included in
[65] and, more inclusively, recently in [66]. In the Feynman
diagrammatic approach, the complete 1-loop Higgs mass
matrix was derived in [67] and O(𝛼

𝑡
𝛼

𝑠
) contributions to

it were calculated in [68]. As far as the phenomenology

of the Higgs bosons in the cNMSSM is concerned, the
consistency of several CPV scenarios with the early results
on𝐻obs from the LHC data was studied in detail in [48, 67].
Another distinct phenomenological scenario, possible only
for nonzero CPV phases, has also been studied in [65].

The CMS and ATLAS collaborations have recently
updated their measurements of𝐻obs signal rates in 𝜏

+
𝜏

− and
𝑏𝑏 channels [69, 70]. The fact that these rates also tend to
favour a SM-like𝐻obs is increasingly jeopardising the above-
mentioned natural NMSSM scenario with large singlet-
doublet mixing but only with one Higgs boson, either 𝐻

1

or 𝐻
2
, around 125GeV. This makes the scenario with both

𝐻

1
and 𝐻

2
contributing to the observed ∼125GeV signal all

the more important, since it may potentially satisfy better the
currentHiggs boson datawhile still leaving plenty of room for
new physics. In case of the cNMSSM, since the five neutral
Higgs bosons are CP-mixed states, the scenario with mass-
degenerate 𝐻

1
and 𝐻

2
can entail both the corresponding

possibilities in the real NMSSM (rNMSSM), that is, mass-
degenerate𝐻

1
,𝐻

2
or𝐻

1
/𝐻

2
, 𝐴

1
.

In this study we therefore analyse and compare the
prospects for scenarios with two mass-degenerate Higgs
bosons against those with a single Higgs boson near 125GeV
in the 𝑍

3
-invariant cNMSSM. We perform scans of the rele-

vant parameter space [13] of the model using the public pro-
gram NMSSMCALC [71] to search for all possible ∼125GeV
Higgs boson scenarios, with the CPV phase of the coupling 𝜅
set to five different values, including 0∘, the rNMSSM limit,
in each case. The condition for mass-degeneracy between
two Higgs bosons is imposed by requiring them to lie within
2.5 GeV of each other, which is consistent with the current
mass resolution of the LHC [72], taking into account the
uncertainties in the theoretical mass prediction. We then
use fits to the Higgs boson data from the LHC Run I, both
with √𝑠 = 7TeV and √𝑠 = 8TeV, as well as the Tevatron,
performed using the program HiggsSignals [73], as the sole
criterion for comparing the present likelihood of each of these
scenarios. We also discuss how these mass-degenerate Higgs
bosons can be identified at the LHC based on the signal rate
double ratios introduced in [74].

The paper is organised as follows. In the next section we
will briefly revisit the Higgs sector of the cNMSSM. In Sec-
tion 3 we will provide details of our numerical scans and
our procedure for fitting the model predictions for the Higgs
boson(s) to the LHC data. In Section 4 we will discuss the
results of our analysis and in Section 5 we will present our
conclusions.

2. The Higgs Sector of the cNMSSM

The NMSSM contains a singlet Higgs superfield, ̂𝑆, besides
the two 𝑆𝑈(2)

𝐿
doublet superfields,

̂

𝐻

𝑢
= (

̂

𝐻

+

𝑢

̂

𝐻

0

𝑢

) ,

̂

𝐻

𝑑
= (

̂

𝐻

0

𝑑

̂

𝐻

−

𝑑

) ,

(1)
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of theMSSM.The superpotential of the NMSSM is written as

𝑊NMSSM = MSSM Yukawa terms + 𝜆̂𝑆̂𝐻
𝑢
̂

𝐻

𝑑
+

𝜅

3

̂

𝑆

3
, (2)

where 𝜆 and 𝜅 are dimensionless Yukawa couplings. This
superpotential is scale invariant, since the term 𝜇

̂

𝐻

𝑢
̂

𝐻

𝑑

appearing in the MSSM superpotential has been removed by
imposing a discrete 𝑍

3
symmetry. In this model, an effective

𝜇-term, 𝜇eff = 𝜆𝑠, is instead generated when the singlet field
acquires a vacuum expectation value (VEV), 𝑠, which is
naturally of the order of the SUSY-breaking scale.

The tree-level Higgs potential of the NMSSM, obtained
from the superpotential in (2), is written in terms of the neu-
tral scalar components of the Higgs superfields,𝐻

𝑢
,𝐻

𝑑
, and

𝑆, as

𝑉

0
=











𝜆 (𝐻

+

𝑢
𝐻

−

𝑑
− 𝐻

0

𝑢
𝐻

0

𝑑
) + 𝜅𝑆

2








2

+ (𝑚

2
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2
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+
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−
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+
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+
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−
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+
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+ 𝐻

0
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−∗
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2

+ 𝑚

2

𝑆
|𝑆|

2

+ (𝜆𝐴

𝜆
(𝐻

+

𝑢
𝐻

−

𝑑
− 𝐻

0

𝑢
𝐻

0

𝑑
) 𝑆 +

1

3

𝜅𝐴

𝜅
𝑆

3
+ h.c.) ,

(3)

where 𝑔2 ≡ (𝑔

2

1
+ 𝑔

2

2
)/2, with 𝑔

1
and 𝑔

2
being the 𝑈(1)

𝑌
and

𝑆𝑈(2)

𝐿
gauge couplings, respectively, and 𝐴

𝜆
and 𝐴

𝜅
are

the soft SUSY-breaking Higgs trilinear couplings. The scalar
fields 𝐻

𝑢
, 𝐻

𝑑
, and 𝑆 are developed around their respective

VEVs, V
𝑢
, V
𝑑
, and 𝑠, as

𝐻

0

𝑑
= (

1

√
2

(V
𝑑
+ 𝐻

𝑑𝑅
+ 𝑖𝐻

𝑑𝐼
)

𝐻

−

𝑑

) ,

𝐻

0

𝑢
= 𝑒

𝑖𝜃
(

𝐻

+

𝑢

1

√
2

(V
𝑢
+ 𝐻

𝑢𝑅
+ 𝑖𝐻

𝑢𝐼
)

) ,

𝑆 =

𝑒

𝑖𝜑

√
2

(𝑠 + 𝑆

𝑅
+ 𝑖𝑆

𝐼
) .

(4)

TheHiggs coupling parameters appearing in the potential
in (3) can very well be complex, implying 𝜆 ≡ |𝜆|𝑒

𝑖𝜙
𝜆 , 𝜅 ≡

|𝜅|𝑒

𝑖𝜙
𝜅 , 𝐴

𝜆
≡ |𝐴

𝜆
|𝑒

𝑖𝜙
𝐴
𝜆 , and 𝐴

𝜅
≡ |𝐴

𝜅
|𝑒

𝑖𝜙
𝐴𝜅 . As a result, 𝑉

0
,

evaluated at the vacuum, contains the phase combinations

𝜙



𝜆
≡ 𝜙

𝜆
+ 𝜃 + 𝜑,

𝜙



𝜅
≡ 𝜙

𝜅
+ 3𝜑,

𝜙



𝜆
+ 𝜙

𝐴
𝜆

,

𝜙



𝜅
+ 𝜙

𝐴
𝜅

.

(5)

For correct EWSB, the Higgs potential should have a min-
imum at nonvanishing V

𝑢
, V
𝑑
, and 𝑠, which is ensured by

requiring

⟨

𝛿𝑉

0

𝛿Φ

⟩ = 0 for Φ = 𝐻

𝑑𝑅
, 𝐻

𝑢𝑅
, 𝑆

𝑅
, 𝐻

𝑑𝐼
, 𝐻

𝑢𝐼
, 𝑆

𝐼
. (6)

Through the above minimisation conditions the phase com-
binations 𝜙

𝜆
+ 𝜙

𝐴
𝜆

and 𝜙
𝜅
+ 𝜙

𝐴
𝜅

can be determined up to a
twofold ambiguity by𝜙

𝜆
−𝜙



𝜅
.Thus,𝜙

𝜆
−𝜙



𝜅
is the only physical

CP phase appearing in the NMSSM Higgs sector at the tree
level. Also, using these conditions, the soft mass parameters
𝑚

2

𝐻
𝑢

,𝑚2
𝐻
𝑑

, and𝑚2
𝑆
can be traded for the corresponding Higgs

field VEVs.
The neutral Higgs mass matrix is obtained by taking the

second derivative of 𝑉
0
evaluated at the vacuum. This 5 × 5

matrix, M2

0
, in the H𝑇 = (𝐻

𝑑𝑅
, 𝐻

𝑢𝑅
, 𝑆

𝑅
, 𝐻

𝐼
, 𝑆

𝐼
) basis, from

which themasslessNambu-Goldstonemode has been rotated
away, can be diagonalised using an orthogonal matrix, 𝑂, as
𝑂

𝑇M2

0
𝑂 = diag (𝑚2

𝐻
1

𝑚

2

𝐻
2

𝑚

2

𝐻
3

𝑚

2

𝐻
4

𝑚

2

𝐻
5

).This yields the
physical tree-level masses corresponding to the five mass
eigenstates:

(𝐻

1
, 𝐻

2
, 𝐻

3
, 𝐻

4
, 𝐻

5
)

𝑇

𝑎
= 𝑂

𝑎𝑖
(𝐻

𝑑𝑅
, 𝐻

𝑢𝑅
, 𝑆

𝑅
, 𝐻

𝐼
, 𝑆

𝐼
)

𝑇

𝑖
,

(7)

such that 𝑚2
𝐻
1

≤ 𝑚

2

𝐻
2

≤ 𝑚

2

𝐻
3

≤ 𝑚

2

𝐻
4

≤ 𝑚

2

𝐻
5

. The elements,
𝑂

𝑎𝑖
, of the mixing matrix then govern the couplings of the

Higgs bosons to all the particles in the model.
The tree-level Higgs mass matrix is subject to higher

order corrections from the SM fermions, from the gauge
and chargino/neutralino sectors and the Higgs sector itself,
as well as the sfermion sector, in case of which they are
dominated by the stop contributions. Upon the inclusion of
these corrections,ΔM2, theHiggsmassmatrix getsmodified,
so that

M
2

𝐻
= M

2

0
+ ΔM

2
. (8)

Explicit expressions for M2

0
as well as ΔM2 can be found

in [65–67]. Thus, beyond the Born approximation, the
CPV phases of the gaugino mass parameters, 𝑀

1,2
, and of

𝐴

𝑓
are also radiatively induced in the Higgs sector of the

NMSSM.
Therefore, when studying the phenomenology of the

Higgs bosons, one needs to take into account also the
parameters from the other sectors of the model. However,
themost general NMSSM containsmore than 130 parameters
at the EW scale. Assuming the matrices for the sfermion
masses and for the trilinear scalar couplings to be diagonal
considerably reduces the number of free parameters. One can
further exploit the fact,mentioned above, that the corrections
to the Higgs boson masses from the sfermions are largely
dominated by the stop sector. For our numerical analysis
in the following sections, we will thus impose the following
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supergravity-inspired universality conditions on the model
parameters at the EW scale:

𝑀

0
≡ 𝑀

𝑄
1,2,3

= 𝑀

𝑈
1,2,3

= 𝑀

𝐷
1,2,3

= 𝑀

𝐿
1,2,3

= 𝑀

𝐸
1,2,3

,

𝑀

1/2
≡ 2𝑀

1
= 𝑀

2
=

1

3

𝑀

3
,

𝐴

0
≡ 𝐴

�̃�
= 𝐴

�̃�
= 𝐴

𝜏
,

(9)

where 𝑀

2

𝑄
1,2,3

, 𝑀2

𝑈
1,2,3

, 𝑀2

𝐷
1,2,3

, 𝑀2

𝐿
1,2,3

, and 𝑀

2

𝐸
1,2,3

are the
squared soft masses of the sfermions, 𝑀

1,2,3
those of the

gauginos, and 𝐴

�̃�,̃𝑏,𝜏
the soft trilinear couplings. Altogether,

the input parameters of the cNMSSM then include 𝑀

0
,

|𝑀

1/2
|, |𝐴

0
|, tan𝛽(≡ V

𝑢
/V
𝑑
), |𝜆|, |𝜅|, 𝜇eff , |𝐴𝜆|, |𝐴𝜅|, 𝜃1/2, 𝜃𝑓,

𝜙



𝜆
, and 𝜙



𝜅
, where 𝜃

1/2
and 𝜃

𝑓
are the phases of the unified

parameters𝑀
1/2

and 𝐴
0
, respectively.

3. Numerical Analysis

As noted in the Introduction, nonzero CPV phases can
modify appreciably the masses and decay widths of the
neutral Higgs bosons compared to the CP-conserving case
for a given set of the remaining free parameters. In the case
of 𝐻obs candidate in the model, whether 𝐻

1
or 𝐻

2
or even

𝐻

3
, the CPV phases are thus strongly constrained by the

LHC mass and signal rate measurements. This was analysed
in detail in [48], where the scenarios with mass-degenerate
Higgs bosons were, however, not taken into account. In the
present study we thus test whether the said modifications in
the Higgs boson properties with nonzero values of the phase
𝜙



𝜅
(by which we imply 𝜙

𝜅
, which is the actual physically

meaningful phase, since 𝜑 can be absorbed into 𝜙
𝜅
by a field

redefinition) can lead to a relatively improved consistency
with the experimental data.

The reason for choosing 𝜙



𝜅
as the only variable phase

while setting 𝜃

1/2
, 𝜃

𝑓
, and 𝜙



𝜆
to 0

∘ is that it is virtually
unconstrained by the measurements of fermionic EDMs
[63, 64, 67]. Furthermore, our aim here is to analyse the
scenarios with a generic CPV phase and compare them with
the rNMSSM limit rather than measure the effect of any
of the individual phases. Note however that since only the
difference 𝜙

𝜆
− 𝜙



𝜅
enters the Higgs mass matrix at the tree

level, the impact of a variation in 𝜙



𝜆
is also quantified by

that due to the variation in 𝜙
𝜅
at this level. At higher orders

though, a variation in 𝜙
𝜆
has an impact on the sfermion and

neutralino/chargino sectors which is independent of 𝜙
𝜅
.

In our numerical analysis, we used the program
NMSSMCALC-v1.03 [71] for computing the Higgs boson
mass spectrum and decay branching ratios (BRs) for a given
model input point. The public distribution of NMSSMCALC
contains two separate packages, one for the rNMSSM only
and the other for the cNMSSM. Some supersymmetric
corrections to the Higgs boson decay widths are currently
only available in the rNMSSM and hence are not included
in the cNMSSM package. For consistency among our
rNMSSM and cNMSSM results, we therefore set 𝜙

𝜅
= 0

∘

in the cNMSSM package for the rNMSSM case instead of
using the dedicated rNMSSM package. Furthermore, using

the cNMSSM code also for the rNMSSM limit makes it con-
venient to draw a one-on-one correspondence between
𝜙

𝜅
= 0

∘ case and each of𝜙
𝜅
> 0

∘ cases in a given scenario.This
is because in the cNMSSM package, even in the rNMSSM
limit, the five neutral Higgs bosons are ordered by their
masses and not separated on the basis of their CP-identities.
Thus, the scenario with mass-degenerate 𝐻

1
, 𝐻

2
, which we

will henceforth refer to as the𝐻obs = 𝐻

1
+𝐻

2
scenario, takes

into account both the ∼125GeV 𝐻

1
, 𝐻

2
and the ∼125GeV

𝐻

1
, 𝐴

1
solutions of the rNMSSM without distinguishing

between them. If one, conversely, uses the rNMSSM package,
these two scenarios ought to be considered separately. The
same is true also for the 𝐻obs = 𝐻

2
+ 𝐻

3
scenario, wherein

𝐻

2
,𝐻

3
are mass-degenerate.

The program NMSSMCALC allows one the option to
include only the complete 1-loop contributions in the Higgs
mass matrix or to add also the 2-loop O(𝛼

𝑡
𝛼

𝑠
) corrections

to it. In our analysis, for a better theoretical precision, we
evaluated the Higgs boson masses at the 2-loop level. In the
NMSSMCALC input, one also needs to choose between
the modified dimensional regularisation (DR) and on-shell
renormalisation schemes for calculating contributions from
the top/stop sector in the program. We opted for the DR
scheme for each scenario. Note though that further inclusion
of O(𝛼

𝑏
𝛼

𝑠
), O(𝛼

𝑡
+ 𝛼

𝑏
+ 𝛼

𝜏
)

2, and the recently calculated
NMSSM-specific O(𝛼

𝜆
+ 𝛼

𝜅
)

2 2-loop corrections [75] in
NMSSMCALCmayhave a nonnegligible impact on theHiggs
boson masses and observables [76]. We, however, maintain
that such contributions will only result in a slight shifting of
the parameter configurations yielding solutions of our inter-
est here, but our overall results and conclusions should still
remain valid.

We performed six sets of scans of the cNMSSMparameter
space by linking NMSSMCALC with the MultiNest-v2.18
[77–79] package.MultiNest performs amultimodal sampling
of a theoretical model’s parameter space based on Bayesian
evidence estimation. However, we use this package not for
drawing Bayesian inferences about the various NMSSM sce-
narios considered but simply to avoid a completely random
sampling of the 9-dimensional model parameter space. In
the program, we therefore defined a Gaussian likelihood
function for𝐻obs in a given scan, assuming the experimental
measurement of its mass to be 125GeV and allowing up to
±2GeV error in its model prediction.We set the enlargement
factor reduction parameter to 0.3 and the evidence tolerance
factor to a rather small value of 0.2, so that while the package
was sampled more concentratedly near the central mass
value, a sufficiently large number of points were collected
before the scan converged. In each of the first two sets of
scans we required𝐻

1
to be𝐻obs. In the third set we imposed

this requirement of consistency with𝐻obs mass on𝐻
2
, in the

fourth set on𝐻
3
, in the fifth set on both𝐻

1
and𝐻

2
, and in the

sixth set on both𝐻
2
and𝐻

3
. Each of the six sets further con-

tained five separate scans corresponding to 𝜙
𝜅
= 0

∘, 3∘, 10∘,
30

∘, and 60∘.
The scanned ranges of the nine free parameters (after

fixing the phases) of the natural NMSSM, which are uniform
across all its five scenarios considered, are given in Table 1(a).
Only large values of 𝜆 and 𝜅 are used in this model (with the
upper cut-off on them imposed to avoid the Landau pole).
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Table 1: Ranges of the NMSSM parameters scanned, with fixed 𝜙
𝜅
,

for (a) each𝐻obs scenario in the natural NMSSM and (b) the low-𝜆-
NMSSM scenario.

(a)

Parameter Natural NMSSM range
𝑀

0
(GeV) 200–2000

𝑀

1/2
(GeV) 100–1000

𝐴

0
(GeV) −3000–0

tan𝛽 1–8
𝜆 0.4–0.7
𝜅 0.3–0.6
𝜇eff (GeV) 100–300
𝐴

𝜆
(GeV) −1000–1000

𝐴

𝜅
(GeV) −1000–1000

(b)

Parameter Low-𝜆-NMSSM range
𝑀

0
(GeV) 200–4000

𝑀

1/2
(GeV) 100–2000

𝐴

0
(GeV) −7000–0

tan𝛽 5–45
𝜆 0.001–0.4
𝜅 0.001–0.3
𝜇eff (GeV) 100–2000
𝐴

𝜆
(GeV) −1000–4000

𝐴

𝜅
(GeV) −4000–1000

Since large radiative corrections from SUSY sectors are not
necessary in the natural limit of the NMSSM, the parameters
𝑀

0
, 𝑀

1/2
, and 𝐴

0
are not required to take too large values.

Note that while 𝐴

0
can in principle be both positive and

negative, with a slightly different impact on the physical mass
of the SM-like Higgs boson for an identical set of other input
parameters in each case, we restricted the scans to its negative
values only, in order to increase the scanning efficiency.

In the remaining sixth scan, we considered the comple-
mentary parameter space of theNMSSM,with𝜆 and 𝜅 kept to
relatively smaller (and tan𝛽 to larger) values, so as to prevent
too large singlet-doublet mixing. In fact, for 𝜆, 𝜅 → 0, when
the singlet sector gets effectively decoupled, 𝐻

1
, which is by

default identified with 𝐻obs, has properties very identical to
the lightest Higgs boson of the MSSM. Since 𝐻

1
in such a

case does not obtain a maximal tree-level mass that is pos-
sible in the most general model, large radiative corrections
are needed from the SUSY sector. Hence we used slightly
extended ranges of the remaining parameters, which are
given in Table 1(b). This scenario, which we refer to as the
low-𝜆-NMSSM scenario henceforth, has been included in
our analysis in order to compare the inferences made for
the natural NMSSM with an approximate MSSM limit of the
model.

Once the scans had been completed, we filtered the points
obtained with each by further imposing 123GeV ≤ 𝑚

𝐻obs
≤

127GeV. Note that, in the𝐻obs = 𝐻

1
+𝐻

2
and𝐻obs = 𝐻

2
+𝐻

3

scenarios, this condition was imposed on 𝐻

2
, since in both

these scenarios it is typically the Higgs boson with SM-like
couplings. The total number of points,𝑁total, remaining after
this filter is given in Table 2 for each scenario considered.

All these points were then tested for consistency with the
LEP and LHC exclusion limits on the other, non-SM-like,
Higgs bosons of the model, using the package HiggsBounds
v4.2.0 [80–83].The points passing the HiggsBounds test were
retained as the “good points” for further analysis, and their
number, denoted by 𝑁HB, for each scenario is also given in
Table 2. We point out for later reference that in each of the
two 𝐻obs = 𝐻

1
scenarios and 𝐻obs = 𝐻

1
+ 𝐻

2
scenario, the

number of surviving good points (where they are available) is
very identical across all input values of 𝜙

𝜅
, implying mutually

fairly consistent sample sizes.
Next we carried out fits to 𝐻obs data for the good points

using the public code HiggsSignals v1.3.2 [73]. For obtaining
these fits, HiggsSignals requires, along with the masses and
BRs of each Higgs boson, 𝐻

𝑖
, the square of its normalised

effective couplings, (𝑔
𝐻
𝑖
𝑋
/𝑔

ℎSM𝑋
)

2, to a given SM particle pair
𝑋, with ℎSM being the SMHiggs boson with the samemass as
𝐻

𝑖
. Note that when𝑋 is a pair of fermions, there is a scalar as

well as a pseudoscalar normalised coupling for each𝐻
𝑖
, both

of which need to be passed separately to HiggsSignals. All
these are then used to calculate the normalised cross sections:

𝜇

𝑋

𝐻
𝑖

≡

𝜎 (𝑝𝑝 → 𝐻

𝑖
→ 𝑋)

𝜎 (𝑝𝑝 → ℎSM → 𝑋)

, (10)

corresponding to a given decay channel,𝑋, in an approximate
way. The NMSSMCALC version we used did not provide the
normalisedHiggs boson couplings as an output.We therefore
modified the code to obtain these couplings for adding them
as a dedicated block in the SLHA input file for HiggsSignals.

The program HiggsSignals compares the computed 𝜇

𝑋

𝐻
𝑖

for each𝐻
𝑖
with the experimentally measured ones, 𝜇𝑋exp, for

wide ranges of input Higgs boson masses in a variety of its
production and decay channels at the LHC and the Tevatron.
We used only the “peak-centred” method and the “latestre-
sults” observable set in the program, with the assignment
range variableΛ set to the default value of 1. It thus performed
a fit to a total of 81 Higgs boson peak observables (77 from
signal strength and 4 from mass measurements), from the
CMS,ATLAS, CDF, andDØcollaborations, for a givenmodel
point. We assumed a Gaussian theoretical uncertainty of
2GeV in themasses of the three lightest neutral Higgs bosons
of the model. The default values of the uncertainties in the
Higgs boson production cross sections as well as BRs were
retained. Further details about the fitting procedure can be
found in the manual [73] of the package. The main output of
HiggsSignals contains the total𝜒2 and the𝑝 value from the fit,
given the number of statistical degrees of freedom, for each
model point. Since the aim of this study is a comparison of
various𝐻obs scenarios rather than the overall goodness of fit
for each, we will quantify our results only in terms of 𝜒2 and
ignore 𝑝 value.

As an observable indication of the presence of more than
one Higgs boson near 125GeV, the double ratios

𝐷

1
=

𝑅

ℎ

VBF (𝛾𝛾) /𝑅
ℎ

𝑔𝑔
(𝛾𝛾)

𝑅

ℎ

VBF (𝑏𝑏) /𝑅
ℎ

𝑔𝑔
(𝑏𝑏)

;
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Table 2: Number of scanned points remaining after imposing the mass constraint on𝐻obs and those passing the HiggsBounds test, for each
scenario studied. See text for details.

Scenario Low-𝜆 𝐻obs = 𝐻

1
𝐻obs = 𝐻

2
𝐻obs = 𝐻

3
𝐻obs = 𝐻

1
+ 𝐻

2
𝐻obs = 𝐻

2
+ 𝐻

3

𝜙

𝜅
= 0

∘

𝑁total 17786 15675 15072 14431 26045 23736
𝑁HB 17722 13691 2904 965 11878 2819

𝜙

𝜅
= 3

∘

𝑁total 17829 15775 15026 14806 27199 25684
𝑁HB 17782 13885 3235 2391 11863 1659

𝜙

𝜅
= 10

∘

𝑁total 17847 15784 15080 14810 26735 28348
𝑁HB 17786 13866 2411 2495 12607 3369

𝜙

𝜅
= 30

∘

𝑁total 17810 16256 15037 14671 31719 28685
𝑁HB 17743 14725 247 276 13503 2012

𝜙

𝜅
= 60

∘

𝑁total 17810 0 14996 14438 0 30412
𝑁HB 17743 0 247 2 0 242

𝐷

2
=

𝑅

ℎ

VBF (𝛾𝛾) /𝑅
ℎ

𝑔𝑔
(𝛾𝛾)

𝑅

ℎ

VBF (𝑊𝑊) /𝑅

ℎ

𝑔𝑔
(𝑊𝑊)

;

𝐷

3
=

𝑅

ℎ

VBF (𝑊𝑊) /𝑅

ℎ

𝑔𝑔
(𝑊𝑊)

𝑅

ℎ

VBF (𝑏𝑏) /𝑅
ℎ

𝑔𝑔
(𝑏𝑏)

(11)

were proposed in [74]. Each of these ratios should be unity
if 𝐻obs consists of only a single Higgs boson, while the
contribution of two (or more) Higgs bosons to 𝐻obs signal
could result in a deviation of these ratios from 1. In the above
expressions, 𝑅ℎ

𝑌
(𝑋) = 𝑅

𝐻
𝑖

𝑌
(𝑋) + 𝑅

𝐻
𝑗

𝑌
(𝑋), where 𝐻

𝑖
and 𝐻

𝑗

are the twomass-degenerate Higgs bosons in a given scenario
and the subscripts VBF and 𝑔𝑔 imply the vector boson fusion
and the gluon fusion production modes, respectively. 𝑅𝐻𝑖

𝑌
(𝑋)

for each𝐻
𝑖
is defined as

𝑅

𝐻
𝑖

𝑌
(𝑋) ≡

Γ (𝐻

𝑖
→ 𝑌)

Γ (ℎSM → 𝑌)

×

BR (𝐻
𝑖
→ 𝑋)

BR (ℎSM → 𝑋)

=

𝐶

𝐻
𝑖

𝑌
𝐶

𝐻
𝑖

𝑋

Γ

𝐻
𝑖

/Γ

ℎSM

,

(12)

with 𝑌 being the given production mode and, in the last
equality, 𝐶𝐻𝑖

𝑋(𝑌)
= Γ(𝐻

𝑖
→ 𝑋(𝑌))/Γ(ℎSM → 𝑋(𝑌)), the nor-

malised partial decay width of 𝐻
𝑖
into 𝑋(𝑌) pair. (Note that

(12) assumes that ℎSM-normalised production cross sections
for 𝑌 = VBF and 𝑔𝑔 processes can be approximated by the
normalised partial decay widths of 𝐻

𝑖
in 𝑉𝑉 and 𝑔𝑔 decay

channels, resp.) Γ
𝐻
𝑖

and Γ
ℎSM

are the total decay widths of 𝐻
𝑖

and ℎSM, respectively.
We also evaluated the ratios𝐷

1
,𝐷

2
, and𝐷

3
for the points

which give reasonably good fits to the data (to be defined
later) in the scenarios with two mass-degenerate Higgs
bosons. For this purpose, 𝑅𝐻𝑖

𝑌
(𝑋) for each 𝐻

𝑖
was calculated

by fixing Γ
ℎSM

in (12) to 4.105 × 10

−3 GeV, which is the value

given by the program HDECAY [84] for 125GeV ℎSM. A
change of ±2GeV in the mass of ℎSM has only a marginal
effect on this width, which we ignore. For calculating the Γ

ℎSM
withHDECAY, carewas taken that all the partial decaywidths
of ℎSM were evaluated at the same perturbative order as that
implemented inNMSSMCALC for computing Γ

𝐻
𝑖

.Moreover,
𝐶

𝐻
𝑖

𝑌
is simply the squared normalised coupling of 𝐻

𝑖
to a

vector boson, 𝑉, pair for the VBF production mode and to
a gluon pair for 𝑔𝑔 mode. Similarly, 𝐶𝐻𝑖

𝑋
implies 𝐻

𝑖
𝑉𝑉 and

𝐻

𝑖
𝛾𝛾 normalised couplings squared, respectively, for 𝑋 =

𝑊𝑊 and 𝛾𝛾. All these couplings are thus the same ones
obtained fromNMSSMCALC for passing to HiggsSignals. In
the case of𝑋 = 𝑏𝑏, though, there is a scalar and pseudoscalar
coupling for each 𝐻

𝑖
, as noted above. For this reason, 𝐶𝐻𝑖

𝑏𝑏
’s

were calculated using the actual Γ(𝐻
𝑖

→ 𝑏𝑏) from the
NMSSMCALC output for a given model point and Γ(ℎSM →

𝑏𝑏) obtained from HDECAY for𝑚
ℎSM

= 125GeV.

4. Results and Discussion

In Figure 1 we show the total 𝜒2 obtained for the points from
our scans for the various𝐻obs scenarios considered.Thegreen
points in the figure correspond to 𝜙

𝜅
= 0

∘, violet to 𝜙
𝜅
= 3

∘,
blue to 𝜙

𝜅
= 10

∘, red to 𝜙
𝜅
= 30

∘, and cyan to 𝜙
𝜅
= 60

∘. For
the scenarios in which only one of the three lightest neutral
Higgs bosons is assumed to be𝐻obs, we have made sure that
the difference between the mass of 𝐻obs and that of each
additional Higgs boson nearest to it is always larger than
2.5GeV. The lower cut-off in 𝜒

2 in each panel, in this figure
and in those that follow, varies depending on the minimum
value obtained in the corresponding scenario.The upper cut-
off in 𝜒2 for each scenario is chosen so as to include as many
points in the corresponding figures as possible without 𝜒2
gettingmore than 10 units larger than theminimumobtained
in that scenario (given that there are 9 statistical degrees of
freedom).
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Figure 1: Total 𝜒2 as a function of the following: ((a), (b))𝑚
𝐻
1

when only𝐻
1
is assumed to be𝐻obs, for two different sets of scanned ranges

of the parameter space (see text for details); (c)𝑚
𝐻
2

when only𝐻
2
is the𝐻obs; (d)𝑚𝐻

3

when only𝐻
3
is𝐻obs; (e)𝑚𝐻

2

when both𝐻
1
and𝐻

2

lie near 125GeV; and (f)𝑚
𝐻
2

when both𝐻
2
and𝐻

3
lie near 125GeV.
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Figure 1(a) corresponds to the low-𝜆-NMSSM scenario.
One notices in the figure that, for 𝜙

𝜅
= 0

∘, 𝜒2min lies very close
to 70 and is thus almost identical to 𝜒2min = 69.96 that is given
by HiggsSignals for a SM Higgs boson at a mass of 125.1 GeV,
with the same settings as those used by us. The input param-
eters (with the exception of𝑀

0
,𝑀

1/2
, and 𝐴

0
, which can be

adjusted with much more freedom) and the masses of the
three lightestHiggs bosons are given inTable 3.Thenegligibly
small difference in 𝜒

2

min value obtained for ℎSM and for the
CP-conserving low-𝜆-NMSSM results from the fact that 𝜆
for the corresponding point in the latter is nonvanishing, as
seen in the table, so that the singlet sector is not completely
decoupled and an exact MSSM limit is not reached. One can
notice in the figure and the table a slightly lower value of 𝜒2min
obtained for the sets of points corresponding to nonzero 𝜙

𝜅

values. However, 𝜆 for all these points is even larger than in
the CP-conserving limit. Note also that, for all 𝜙

𝜅
, most of the

points give Δ𝜒2 ≤ 1.
In Figure 1(b), which corresponds to𝐻obs = 𝐻

1
scenario

in the natural NMSSM, we see that there is a large concen-
tration of points above 𝜒2 value which is very similar to 𝜒2min
seen in Figure 1(a), for each corresponding 𝜙

𝜅
. For nonzero

𝜙

𝜅
though, one also sees a few scattered points with 𝜒2 lower

than that for any of the points in the high concentration
region.The overall lowest𝜒2 lies very close to 68, for𝜙

𝜅
= 30

∘,
with the mass of 𝐻obs for the corresponding point lying at
124.5 GeV. However, according to Table 3, the mass of𝐻

2
for

this point is within 3GeV of that of 𝐻
1
. It is therefore very

likely that the relatively better fit for this particular point is a
result of the assignment of𝐻

2
instead of or along with𝐻

1
to

some of the observables, especially when their experimental
mass resolution is relatively poor. This possibility, which
implies that our assumption of two Higgs bosons being indi-
vidually irresolvable if their masses lie within 2.5 GeV of each
other is rather robust, will be discussed further later. For 𝜙

𝜅
=

60

∘ none of the points obtained in the scan for this scenario
had𝐻

1
heavier than 123GeV.

In𝐻obs = 𝐻

2
scenario, a much smaller number of points

were passed by HiggsBounds compared to 𝐻obs = 𝐻

1
sce-

nario, as seen in Figure 1(c), but 𝜒2min is equally low for most
𝜙

𝜅
here, including 0∘. Only for𝜙

𝜅
= 60

∘, while plenty of points
with 𝑚

𝐻
2

≈ 125GeV were obtained in the scan, 𝜒2 for them
is never low enough to appear in the figure. Once again, in
Table 3 one can see that, for the points giving the lowest 𝜒2
for each 𝜙

𝜅
in this scenario,𝐻

1
always lies within 3-4GeV of

𝐻

2
. Hence the slightly better fit for this point is again made

possible by a contribution of𝐻
1
to some search channels. In

Figure 1(d) for𝐻obs = 𝐻

3
scenario, although very few points

with Δ𝜒2 < 10 appear in this scenario compared to the ones
above, 𝜒2min is very similar, except for 𝜙

𝜅
= 0

∘ case, when it
has a fairly high value of around 77.

In Figure 1(e) is shown the total 𝜒2 for 𝐻obs = 𝐻

1
+ 𝐻

2

scenario against 𝐻
2
mass. One can observe quite a few sim-

ilarities between this figure and Figure 1(b) seen above (for
𝐻obs = 𝐻

1
scenario). There are once again a large concentra-

tion of points with 𝜒2 ≳ 69 for all 𝜙
𝜅
except 60∘ and alsomany

scattered points below it. Importantly though, there aremany
points in this scenario which give 𝜒2 lower than 68, which is

the overall lowest value observed for any other scenario here.
Most of these points, including the onewith the overall lowest
𝜒

2 of ∼65, correspond to 𝜙
𝜅
= 10

∘, although some points for
other 𝜙

𝜅
can also be noticed. In Figure 1(f) one sees 𝜒2min of 68

for𝐻obs = 𝐻

2
+𝐻

3
scenario also but very few points with𝜒2 <

71, in contrast with𝐻obs = 𝐻

1
and𝐻obs = 𝐻

1
+𝐻

2
scenarios

but similar to𝐻obs = 𝐻

2
and𝐻obs = 𝐻

3
scenarios.

From the above discussion, it is clear that certain points,
or parameter space configurations, in𝐻obs = 𝐻

1
+𝐻

2
scenario

give the best fit to the current experimental Higgs boson
data. A global 𝜒2min, that is, the lowest 𝜒2 value across all
scenarios examined here, of around 65 has been observed for
𝜙

𝜅
= 10

∘ in this scenario, with some points corresponding to
other values of 𝜙

𝜅
also lying within 1 unit of 𝜒2. None of the

points obtained for the other scenarios gives 𝜒2 lying even
within 3 units of this global minimum, despite the number
of sampled points for the𝐻obs = 𝐻

1
scenario being typically

larger. The reason for a better fit for some points with two
nearly degenerateHiggs bosons becomes apparent by looking
at the detailed output of HiggsSignals. In the peak-centred
method, HiggsSignals assigns to a given observable the Higgs
boson with a mass closest to the measured mass provided
by the experiment. This mass measurement currently ranges
between 124.7GeV and 126.0GeV.Thus, when a single Higgs
boson is assigned to all the observables, 𝜒2 contribution is
large from the observables for which the measured mass lies
away from the mass of the assigned Higgs boson, and the
experimental mass resolution is good. On the other hand,
when two Higgs bosons lie close to each other, the one
assigned to a given observable is the one for which the
difference of the predicted mass from the experimental value
is the smallest, so that 𝜒2 contribution from this observable
is minimal. This is as long as the mass of the other Higgs
boson nearby lies outside the experimental mass resolution;
otherwise HiggsSignals automatically assigns both the Higgs
bosons to an individual observable if it improves the fit.

Some caveats are in order here though. Δ𝜒2 ≃ 3 is statis-
tically quite insignificant for drawing any concrete inferences
about the considered scenarios, since the total number of
observables and statistical degrees of freedom is quite large.
At the same time, the number of points giving Δ𝜒2 ≤ 3 is
also fairly small.Moreover, no other experimental constraints
have been imposed in our analysis, since the publicly available
tools for testing these are so far not compatible with the
cNMSSM. It is thus possible that many of the interesting
points may have already been ruled out by such constraints.
However, the aim of this study is not to disregard one
scenario in favour of another, but to simply show that, given
the current experimental data, the scenario with two mass-
degenerate Higgs bosons in the NMSSM provides as good,
if not better, a fit as the scenarios with a single Higgs boson
near 125GeV.This alternative possibility even points towards
a source of CP-violation beyond the SM and, therefore, war-
rants more dedicated analyses as well as experimental probes.
In the following we discuss some other interesting aspects of
this scenario.

In the left, middle, and right panels of Figure 2 we show
the ratios 𝐷

1
, 𝐷

2
, and 𝐷

3
, respectively, as functions of
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Table 3: Input parameters and Higgs boson masses corresponding to the points giving the lowest 𝜒2 for all 𝜙
𝜅
cases in each of𝐻obs scenarios

considered.

Scenario Low-𝜆 𝐻obs = 𝐻

1
𝐻obs = 𝐻

2
𝐻obs = 𝐻

3
𝐻obs = 𝐻

1
+ 𝐻

2
𝐻obs = 𝐻

2
+ 𝐻

3

𝜙

𝜅
= 0

∘

𝜒

2

min 70.1 69.5 68.5 76.9 65.9 69.8
𝜆 0.046 0.582 0.653 0.48 0.597 0.597
𝜅 0.213 0.43 0.511 0.305 0.302 0.327
tan𝛽 17.65 1.66 3.6 6.98 2.39 2.07
𝐴

𝜆
853.6 226.8 609.7 680.7 540.0 179.3

𝐴

𝜅
−2352 −741.4 −666.0 14.05 −479.3 −3.95

𝜇eff 130.0 281.5 243.7 102.6 285.2 112.3
𝑚

𝐻
1

125.4 125.3 122.1 66.8 123.3 115.1
𝑚

𝐻
2

162.8 142.1 125.1 121.0 125.5 125.1
𝑚

𝐻
3

1828 510.6 618.5 125.7 730.0 126.6
𝜙

𝜅
= 3

∘

𝜒

2

min 69.7 69.2 68.1 68.2 66.0 68.1
𝜆 0.184 0.639 0.588 0.662 0.631 0.636
𝜅 0.291 0.523 0.39 0.349 0.373 0.318
tan𝛽 29.6 1.81 2.61 4.24 1.61 6.45
𝐴

𝜆
2175 162.5 459.6 425.6 222.0 848.6

𝐴

𝜅
−236.7 −595.1 −597.6 −12.03 345.2 −19.4

𝜇eff 177.9 218.8 260.5 110.1 196.4 127.4
𝑚

𝐻
1

125.1 125.3 122.5 97.2 123.4 105.1
𝑚

𝐻
2

444.9 141.7 125.8 122.3 125.2 125.0
𝑚

𝐻
3

496.1 405.5 563.6 126.0 366.3 127.2
𝜙

𝜅
= 10

∘

𝜒

2

min 69.7 68.8 69.0 69.4 65.1 68.1
𝜆 0.138 0.68 056 0.692 0.688 0.585
𝜅 0.219 0.409 0.345 0.338 0.361 0.306
tan𝛽 16.7 1.85 1.91 4.88 1.98 7.55
𝐴

𝜆
1379 291.6 347.8 557.0 390.8 972.6

𝐴

𝜅
−623.8 −476.1 −567.8 12.7 −435.1 −30.62

𝜇eff 133.5 251.0 266.9 124.3 254.0 136.7
𝑚

𝐻
1

125.0 125.3 120.3 106.4 123.6 118.7
𝑚

𝐻
2

212.2 140.5 124.5 111.6 126.0 126.1
𝑚

𝐻
3

631.6 482.5 541.8 125.6 440.1 127.4
𝜙

𝜅
= 30

∘

𝜒

2

min 69.7 68.1 68.6 70.4 65.6 70.2
𝜆 0.136 0.648 0.679 0.537 0.624 0.481
𝜅 0.219 0.319 0.586 0.303 0.388 0.311
tan𝛽 29.4 2.2 2.13 6.55 2.10 7.67
𝐴

𝜆
3515 570.1 295.0 702.2 345.7 796.5

𝐴

𝜅
−781.0 −398.4 −590.7 7.07 330.5 −23.22

𝜇eff 170.8 288.5 227.8 112.6 209.1 110.0
𝑚

𝐻
1

125.1 124.5 123.1 86.5 121.6 107.1
𝑚

𝐻
2

234.3 127.4 126.1 116.8 123.8 124.7
𝑚

𝐻
3

857.7 462.4 507.8 124.3 405.8 125.8
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Figure 2: The ratios 𝐷
1
, 𝐷

2
, and 𝐷

3
, defined in (11), as functions of the difference between𝐻

2
and𝐻

1
masses, in the scenario when𝐻obs =

𝐻

1
+ 𝐻

2
. In (a) 𝜙

𝜅
is set to 0∘, in (b) to 3∘, in (c) to 10∘, and in (d) to 30∘. The heat map in all the panels corresponds to the total 𝜒2.
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themass difference,𝑚
𝐻
2

−𝑚

𝐻
1

, for various𝜙
𝜅
values in𝐻obs =

𝐻

1
+ 𝐻

2
scenario. The heat map corresponds to the total 𝜒2

obtained for the points shown in each panel.𝜒2 has a uniform
upper cut-off of 71 across all panels, as in Figure 1(e), but
its lower cut-off varies according to the minimum obtained
for 𝜙

𝜅
case that a given panel corresponds to. According to

Figure 2(a), for 𝜙
𝜅
= 0

∘ the three ratios remain largely close
to unity, but deviations up to 15–20% can be seen for some
points. 𝐷

2
, the ratio dependent on only the bosonic signal

strengths, only gets smaller than 1 for some points and its
maximumobserved deviation is lower than that of𝐷

1
and𝐷

3
,

each of which can be both above or below unity. Importantly,
the points for which a large deviation of each ratio from 1 is
seen are also generally the ones giving a relatively good 𝜒2 fit
to the data.

A similar trend is seen also for other values of 𝜙
𝜅
.

However, deviations of 𝐷
1
and 𝐷

2
from unity by up to 40–

50% are obtained for 𝜙
𝜅
= 3

∘ (Figure 2(b)) and 𝜙

𝜅
= 10

∘

(Figure 2(c)), but there are many more points with signifi-
cantly large deviations of each of the ratios for the latter phase
compared to the former one. For 𝜙

𝜅
= 30

∘ all the points
appearing in Figure 2(d) give 𝐷

1
, 𝐷

2
, and 𝐷

3
smaller than

1 and the overall deviation is generally smaller than for other
nonzero phases but larger than for the rNMSSM limit. Thus,
for this phase, the measured signal strengths can provide
a clear indication whenever two Higgs bosons are present
near 125GeV instead of one. The reason why the deviations
of the three ratios are much smaller overall in the case of
𝜙

𝜅
= 0

∘ than for theCPV cases, for points showing the highest
consistency with the data, will become clearer below.

As noted earlier, a scenario with two mass-degenerate
Higgs bosons in the cNMSSM entails both 𝐻obs = 𝐻

1
+ 𝐻

2

and 𝐻obs = 𝐻

1
/𝐻

2
+ 𝐴

1
possibilities of the rNMSSM. Thus

it is interesting to see which one of these two possibilities is
favoured more by the data, for a given 𝜙

𝜅
. In the left panels of

Figure 3 we thus show the squared normalised coupling 𝐶𝐻2
𝑉𝑉

against𝐶𝐻1
𝑉𝑉

, with the heat map corresponding to the total 𝜒2.
Similarly, in the right panels we have plotted𝐶𝐻3

𝑉𝑉
versus𝐶𝐻1

𝑉𝑉
,

while the distribution of 𝑚
𝐻
3

is shown by the heat map. For
clarity of observation, we have included in this figure points
with a total 𝜒2 reaching up to 80, which is much higher than
for the points shown in the earlier figures for this scenario.
Also we have imposed an upper cut-off of 300GeV on the
mass of𝐻

3
. We expect 𝐶𝐻𝑖

𝑉𝑉
to either vanish when a given𝐻

𝑖

is a pure pseudoscalar (in the rNMSSM limit) or be relatively
small when it is pseudoscalar-like (for 𝜙

𝜅
> 0

∘). Note that
these couplings satisfy the sum rule [63, 64]

𝑁

∑

𝑖=1

𝐶

𝐻
𝑖

𝑉𝑉
≃ 1, (13)

where 𝑁 is the total number of neutral Higgs bosons that
have a tree-level coupling to the gauge bosons, that is, 5 in
the cNMSSM and 3 in the rNMSSM limit. (Note that since
ℎSM is a hypothetical SM Higgs boson with the same mass as
a given𝐻

𝑖
, at the tree level the ratio𝐶𝐻𝑖

𝑋
in fact corresponds to

(𝑔

𝐻
𝑖
𝑋
/𝑔

ℎSM𝑋
)

2 and the equality in (13) is exact. However, since
𝐶

𝐻
𝑖

𝑋
have actually been defined here in terms of the partial

decay widths of𝐻
𝑖
in𝑋 channel, which include higher order

effects also, the sum of 𝐶𝐻𝑖
𝑋

may deviate slightly from unity.)
In the figure we see the above sum rule being satisfied almost
completely by the three lightest neutral Higgs bosons under
consideration here, implying that the remaining two doublet-
like Higgs bosons are nearly decoupled.

In the case of 𝜙
𝜅
= 0

∘ (i.e., in the rNMSSM limit) in the
left panel of Figure 3(a), we see two distinct kinds of points.
There are some points lying along the diagonal, for which
𝐶

𝐻
1

𝑉𝑉
and𝐶𝐻2

𝑉𝑉
alone are enough to satisfy the sum rule in (13).

It is further evident from the right panel that 𝐶𝐻3
𝑉𝑉

for these
points is exactly 0. 𝐻

1
and 𝐻

2
in these points should thus

be scalars and 𝐻

3
should be a pseudoscalar (i.e., 𝐴

1
). But

for the majority of the points, lying along either of the axes,
𝐶

𝐻
1

𝑉𝑉
is nearly 1, implying it is an almost pure doublet-like

scalar, while 𝐶𝐻2
𝑉𝑉

is exactly 0, implying it is a pseudoscalar,
or vice versa. One can then observe in the right panel that
for such points 𝐶𝐻3

𝑉𝑉
, with 𝐻

3
being the singlet-like scalar, is

responsible for the sum rule being satisfied. Thus when the
doublet-like scalar, whether𝐻

1
or𝐻

2
, has𝐶𝐻𝑖

𝑉𝑉
slightly below

1, 𝐶𝐻3
𝑉𝑉

is slightly above 0. The mixing of the doublet scalar
with𝐻

3
increases as its mass decreases, as is evident from the

heatmap in the right panel of the figure. As a result, the largest
𝐶

𝐻
3

𝑉𝑉
, ∼0.8, is seen for the lowest𝑚

𝐻
3

obtained, which lies just
above the allowed𝐻obs mass window.

A closer inspection of the heat map in the left panel of
Figure 3(a) reveals that the lowest values of 𝜒2 are obtained
for points lying along one of the axes, that is, when the
doublet-like scalar is nearly mass-degenerate with the pseu-
doscalar. For points along the diagonal, 𝜒2 is in fact always
larger than 71.This is the reason for the relatively small devia-
tions of𝐷

1
,𝐷

2
, and𝐷

3
from 1 seen in Figure 2(a), where only

points with 𝜒

2 lower than 71 were shown. For such points,
since one of 𝐻

1
and 𝐻

2
is a pure pseudoscalar as well as

singlet-dominated, its contribution to the combined signal
strength in𝑊𝑊 channel is null and that in 𝛾𝛾 and 𝑏𝑏 channels
is minimal.Therefore, while the presence of𝐻

1
and𝐻

2
of the

rNMSSM near 125GeV may possibly cause 𝐷
1
, 𝐷

2
, and 𝐷

3

to deviate more significantly from 1, the consistency of this
scenario with the LHC data is worse than that of 𝐻

1
+ 𝐴

1

scenario.
Figure 3(b) shows that, for 𝜙

𝜅
= 3

∘,𝐻
1
and𝐻

2
are almost

always scalar-like while𝐻
3
is highly pseudoscalar-like with a

relatively much smaller 𝐶𝐻3
𝑉𝑉

generally. However, due to CP-
mixing, 𝐶𝐻3

𝑉𝑉
can reach as high as 0.7 or so when the mass of

𝐻

3
is close to that of𝐻

1
and𝐻

2
, though this happens for only

a few points. A very crucial point to note here is that the total
𝜒

2 in the left panel never falls below 68, which is due to the
cut-off on the allowed upper value of 𝑚

𝐻
3

. This means that
the points which give the overall best fit to the data have a
much higher𝐻

3
mass, which leads to a much smaller scalar-

pseudoscalar mixing and hence negligible 𝐶𝐻3
𝑉𝑉

.
For 𝜙

𝜅
= 10

∘ case, illustrated in Figure 3(c), while the
maximum 𝐶

𝐻
3

𝑉𝑉
obtained is relatively small and hence 𝐶𝐻1

𝑉𝑉

and 𝐶

𝐻
2

𝑉𝑉
do not deviate from the diagonal by much in the

left panel, there are many more points, compared to 𝜙
𝜅
= 3

∘
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set to (a) 0∘, (b) 3∘, (c) 10∘, and (d) 30∘. The heat map in the left panels shows the distribution of 𝜒2 and in the right panels that of𝑚

𝐻
3

.



Advances in High Energy Physics 13

case above, forwhich𝐶𝐻3
𝑉𝑉

is significant, according to the right
panel. Finally, for 𝜙

𝜅
= 30

∘, although 𝐶𝐻3
𝑉𝑉

never completely
vanishes, it also stays smaller overall than it is for other
phases. The reason for this is that the pseudoscalar-like 𝐻

3

never achieves a mass below 220GeV or so, as can be noted
from the heat map in the right panel of Figure 3(d). In the left
panel one therefore sees that𝐶𝐻1

𝑉𝑉
and𝐶𝐻2

𝑉𝑉
always remain very

close to the diagonal. Hence, for nonzero 𝜙
𝜅
the data clearly

favours two scalar-like Higgs bosons near 125GeV, instead of
a pair of scalar-like and pseudoscalar-like Higgs bosons.

5. Conclusions

In summary, we have tested the consistency of the real and
complex NMSSM with the latest Higgs boson data from
the LHC Run I and the Tevatron. In particular, we have
focused on scenarios wherein the resonant peak seen by the
experiments can be explained in terms of two nearly mass-
degenerate Higgs states around 125GeV. Such scenarios have
been verified in the rNMSSM previously and have not been
ruled out yet. What we have shown here is that the possibility
of such dynamics being available in the NMSSM is somewhat
enhanced if some degree of (explicit) CP-violation is allowed
in theHiggs sector.This can be done by assuming one ormore
of the Higgs sector parameters to be complex. By choosing
this parameter to be 𝜅, one can evade the fermion EDM
measurements, which tightly constrain the other possibly
complex parameters in the Higgs and soft SUSY sectors of
the NMSSM.

In order to achieve the above we have performed detailed
numerical scans of the parameter space of the cNMSSM to
obtain various possible configurations with ∼125GeV Higgs
boson(s) that also give SM-like signal strengths. In these scans
we set the phase of 𝜅 to five different values, 0∘, 3∘, 10∘,
30

∘, and 60∘. Through a comprehensive analysis of the points
obtained from these scans, we have then established that
certain parameter configurations yielding two Higgs bosons
near 125GeV are slightly more favoured by the current data
compared to scenarios with a single ∼125GeV Higgs boson.
This statement is even stronger when the two Higgs bosons
areCP-mixed states. For the case of𝜙

𝜅
= 10

∘ we thus obtained
the following: (i) the point with the global minimum 𝜒

2;
(ii) more points with Δ𝜒

2 lying within 4 units of the global
minimum 𝜒

2 compared to all other scenarios and phases
tested; (iii) more points with larger deviations of the ratios
𝐷

1
,𝐷

2
, and𝐷

3
from unity.

While analysing the aforementioned scenario with two
Higgs bosons near 125GeV, we have made sure that their
masses are close enough that these two states cannot be dis-
tinguished experimentally as separate particles. In doing so
we have exploited the fact that the experimental measure-
ments are currently unable to reconstruct Breit-Wigner reso-
nances, given that the experimental resolution in all channels
investigated in the Higgs analyses is significantly larger than
the intrinsic Higgs boson widths involved (so that LHC data
actually reproduce Gaussian shapes). However, (tree-level)
interference and (1-loop) mixing effects become crucial and
need to be accounted for when the (pole) mass difference

between two Higgs states is comparable or smaller that their
individual intrinsic width.While we have ignored such effects
here for points where they can be relevant, which however
make up a very tiny fraction of all the good points from our
scans, they are the subject of a dedicated separate study [85].

Finally, in our analysis we have used up-to-date sophis-
ticated computational tools in which state-of-the-art theo-
retical calculations and/or experimental measurements have
been implemented, so that the solidity of our results is
assured.
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Most extensions of the Standard Model lepton sector predict large lepton flavor violating rates. Given the promising experimental
perspectives for lepton flavor violation in the next few years, this generic expectation might offer a powerful indirect probe to
look for new physics. In this review we will cover several aspects of lepton flavor violation in supersymmetric models beyond
the Minimal Supersymmetric Standard Model. In particular, we will concentrate on three different scenarios: high-scale and low-
scale seesaw models as well as models with R-parity violation. We will see that in some cases the LFV phenomenology can have
characteristic features for specific scenarios, implying that dedicated studies must be performed in order to correctly understand
the phenomenology in nonminimal supersymmetric models.

1. Introduction

The Standard Model (SM) particle content has been recently
completed with the discovery of the long-awaited Higgs
boson at the CERN Large Hadron Collider (LHC) [1, 2]. This
constitutes a well deserved reward after decades of intense
search, with great efforts from the theory and experimental
communities. Furthermore, it also confirms that the SMmust
be, at least to a good approximation, a precise description
of nature up to the energies explored. In fact, and apart
from some phenomenological facts that indeed require some
unknown new physics (NP), like the existence of dark matter
and neutrino masses, the SM explains to a high level of
accuracy all the observations made in a wide variety of
experiments.

For the last decades, the progress in theoretical particle
physics has been driven by naturalness considerations in
the form of the famous hierarchy problem. This has led
to many extensions of the SM, all of them attempting to
explain why the weak scale has not been pushed to much
higher energy scales by some hypothetical NP degrees of
freedom. Among the many proposals to address this issue,
supersymmetry (SUSY) is certainly the most popular one.
However, and similarly to other analogous solutions to the

hierarchy problem, the predicted new particles at the weak
scale have not been observed at the LHC.

This has of course raised some doubts about the existence
of supersymmetry close to the weak scale. Since this proxim-
ity is to be expected in case supersymmetry has something
to do with the hierarchy problem, the whole idea of weak
scale supersymmetry is under some pressure at the moment.
However, it is worth keeping in mind that most experimental
searches for SUSY focus on the Minimal Supersymmetric
Standard Model (MSSM). This model, which constitutes
the minimal extension of the SM that incorporates SUSY,
has some underlying assumptions that lead to very specific
signatures. For example, in the MSSM one assumes the
conservation of a discrete symmetry, known as 𝑅-parity
[3, 4], which forbids all renormalizable lepton and baryon
number violating operators and leads to the existence of a
stable particle, the lightest supersymmetric particle (LSP),
which in turn leads to large amounts of missing energy in
supersymmetric events at the LHC.There are, however, many
known (and well motivated) supersymmetric scenarios with
𝑅-parity violation and, in fact, several authors have shown
that simply by allowing for nonzero 𝐵-violating terms in
the superpotential, the current LHC bounds can be clearly
relaxed, allowing for the existence of light squarks and gluinos
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hidden in the hugeQCDbackground [5, 6]. Similarly, one can
extend the MSSM in many other directions, often changing
the phenomenology at colliders dramatically. This suggests
that it might be too soon to give up on SUSY, a framework
with many possibilities yet to be fully explored.

As explained above, there are some well-grounded phe-
nomenological issues that cannot be explained within the
SM. One of these open problems is the existence of nonzero
neutrinomasses andmixings, nowadays firmly established by
neutrino oscillation experiments [7–9]. In fact, this issue is
not addressed in the MSSM either, since neutrinos remain
massless in the same way as in the SM. This calls for
an extension of the MSSM that extends the lepton sector
and accommodates the observations in neutrino oscillation
experiments. This can be done in two different ways: (1)
high-energy extensions, in which the new degrees of freedom
responsible for the generation of neutrino masses live at very
high energy scales, and (2) low-energy extensions, with new
particles and/or interactions at the SUSY scale.

One of the most generic predictions in neutrino mass
models is lepton flavor violation (LFV). In fact, neutrino
oscillations are the proof that lepton flavor is not a conserved
symmetry of nature, since neutrinos produced with a given
flavor change it as they propagate. Therefore, all neutrino
mass models built to give an explanation to oscillation
experiments violate lepton flavor. However, we have never
observed LFV processes involving charged leptons although,
in principle, there is no symmetry (besides lepton flavor,
which we know to be broken) that forbids processes like
𝜇
−

→ 𝑒
−

𝛾, 𝜏− → 𝑒
−

𝜇
+

𝜇
−, or 𝐾

𝐿

→ 𝑒
−

𝜇
+. This fact can be

well understood in some minimal frameworks, such as the
minimal extension of the SM with Dirac neutrinos. In this
case, LFV in the charged lepton sector is strongly suppressed,
since neutrino masses are the only source of LFV, leading to
unobservable LFV rates, like BR(𝜇− → 𝑒

−

𝛾) ∼ 10
−55 [10].

However, as soon as one extends the SM, this conclusion can
be clearly altered [11, 12]. In fact, new sources of LFV can be
found in most extensions of the leptonic sector, caused either
by new interactions, by new particles, or even by complete
new sectors that couple to the SM leptons.

After this discussion on LFV and neutrino masses a
clarification is in order. Although neutrino oscillations imply
LFV, LFV does not necessarily imply neutrino oscillations.
There are models that predict charged lepton LFV without
generating a mass for the neutrinos. The simplest example
of this class of models is the general Two-Higgs-Doublet of
type-III, where neutrinos remain massless but lepton flavor
is violated due to the existence of off-diagonal ℎ − ℓ

𝑖

− ℓ
𝑗

vertices. Another relevant example is the MSSM itself, where
neutrinos are also massless, but the slepton soft masses can
induce LFV processes if they contain off-diagonal entries.
One can actually estimate the branching ratio for the radiative
LFV decay ℓ

𝑖

→ ℓ
𝑗

𝛾 as [13]

BR (ℓ
𝑖

→ℓ
𝑗

𝛾) ≃
48𝜋3𝛼
𝐺
2
𝐹


(𝑚

2
̃

ℓ

)
𝑖𝑗



2

𝑀
8
SUSY

BR (ℓ
𝑖

→ℓ
𝑗

]
𝑖

]
𝑗

) ,
(1)

where 𝐺
𝐹

is the Fermi constant, 𝛼 is the fine structure
constant, (𝑚2

̃

ℓ

)
𝑖𝑗

are the dominant off-diagonal elements of
the soft SUSY breaking slepton mass matrices, and𝑀SUSY is
the typical mass of the SUSY particles, expected to be in the
TeV ballpark. This estimate clearly shows that rather small
off-diagonal elements are required to satisfy the experimental
bounds [14].

In general, large LFV rates are expected in most models
beyond the SM.This observation leads to the so-called flavor
puzzle: the nonobservation of LFV is a rather surprising fact,
since generic new physics would predict LFV rates clearly
above the current experimental limits. This suggests that
flavor structures in new physics models cannot be generic,
but some organizing principle, such as a flavor symmetry,
might be at work. Furthermore, it also motivates the study of
LFV as an indirect probe of new physics and, in particular,
of supersymmetric models beyond the MSSM. This is the
subject of this review. The field of lepton flavor violation
beyond the MSSM has been intensely explored for many
years and contains a vast literature. In this review I present
my personal view of the subject and thus I must apologize
for those papers which are not cited. In particular, we will
concentrate on three different scenarios: high-scale and low-
scale seesawmodels as well asmodels with𝑅-parity violation.
As we will see, the LFV phenomenology turns out to be
very different depending on the exact scenario, implying that
lepton flavor violation may be richer than in the MSSM. In
some cases the common lore (established in theMSSM) turns
out to be wrong, and specific studies must be performed
in order to correctly understand the corresponding LFV
phenomenology.

Before concluding the introduction, let us clarify the title
of this review. As explained above, the MSSM can be made
lepton flavor violating by introducing nonzero off-diagonal
terms in the soft SUSY breaking terms for the sleptons.These
LFV sources will be present in any supersymmetric model
that includes the MSSM. In contrast, in this review we will
consider a scenario to be beyond the MSSM if it contains
additional LFV sources besides those in the MSSM. With
this definition, the three specific supersymmetric scenarios
discussed in this review fall within this category.

This review is organized as follows: in Section 2 we give
an overview of the current experimental situation and briefly
discuss some projects that will take place in the near future.
Then we review the LFV phenomenology of three different
types ofmodels beyond theMSSM: high-scale seesawmodels
(in Section 3), low-scale seesaw models (in Section 4), and
models with 𝑅-parity violation (in Section 5). Finally, we
conclude in Section 6.

2. Current Experimental Situation and
Future Projects

The search for LFV is soon going to live a golden age given the
upcoming experiments devoted to high-intensity physics (see
[15–17] for recent reviews). In addition to the LFV searches
already taking place in several experiments, new projects will
join the effort in the next few years.
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In what concerns the radiative decay ℓ
𝑖

→ ℓ
𝑗

𝛾, the
experiment leading to the most stringent constraints is MEG.
This experiment, located at the Paul Scherrer Institute in
Switzerland, searches for the radiative process 𝜇 → 𝑒𝛾.
Recently, the MEG collaboration announced a new limit on
the rate for this process based on the analysis of a dataset
with 3.6 × 1014 stopped muons. The nonobservation of the
LFV process led to the limit BR(𝜇 → 𝑒𝛾) < 5.7 ⋅ 10−13 [18],
four times more stringent than the previous limit obtained
by the same collaboration. Moreover, the MEG collaboration
has announced plans for future upgrades. These will allow
reaching a sensitivity of about 6 ⋅ 10−14 after 3 years of
acquisition time [19]. This is of great importance, as this
observable along with the experimental sensitivity currently
provides themost stringent limit on LFV parameters inmany
models.

The most promising improvements in the near future are
expected in 𝜇 → 3𝑒 and 𝜇−𝑒 conversion in nuclei. Regarding
the former, the decay 𝜇 → 3𝑒 was searched for long ago
by the SINDRUM experiment [20], setting the strong limit
BR(𝜇 → 3𝑒) < 1.0 ⋅ 10−12. The future Mu3e experiment
announces a sensitivity of ∼10−16 [21], which would imply
an impressive improvement by 4 orders of magnitude. As for
the latter, several experiments will compete in the next few
years, with sensitivities for the conversion rate ranging from
10−14 to an impressive 10−18. These include Mu2e [22–24],
DeeMe [25], COMET [26, 27], and the future PRISM/PRIME
[28]. In all cases, these experiments will definitely improve on
previous experimental limits.

The limits for 𝜏 observables are less stringent, although
significant improvements are expected from 𝐵 factories like
Belle II [29, 30]. Finally, although the most common way
to search for LFV is in low-energy experiments, colliders
can also play a very relevant role looking for LFV processes
at high energies. The LHCb collaboration reported recently
the first bounds on 𝜏 → 3𝜇 ever obtained in a hadron
collider [31]. Furthermore, the CMS collaboration recently
found an intriguing 2.4𝜎 excess in the ℎ → 𝜏𝜇 channel
which translates into BR(ℎ → 𝜏𝜇) = (0.84+0.39

−0.37)% [32]. For
reference, in Table 1 we collect present bounds and expected
near-future sensitivities for themost popular low-energy LFV
observables.

The theoretical understanding of all these processes will
be crucial in case a discovery is made. With such a large
variety of processes, the determination of hierarchies or
correlations in specific models will allow us to extract funda-
mental information on the underlying physics behind LFV.
This goal requires detailed analytical and numerical studies
of the different contributions to the LFV processes, in order
to get a global picture of the LFV anatomy of the relevant
models and be able to discriminate among them by means of
combinations of observables with definite predictions [33].

3. High-Scale Seesaw Models

Neutrino mixing is, by itself, a flavor violating effect. There-
fore, all neutrino mass models that aim at explaining the
observed pattern of neutrinomasses andmixings incorporate

Table 1: Current experimental bounds and future sensitivities for
the most important LFV observables.

LFV process Present bound Future sensitivity
𝜇 → 𝑒𝛾 5.7 × 10−13 [18] 6 × 10−14 [19]
𝜏 → 𝑒𝛾 3.3 × 10−8 [34] ∼3 × 10−9 [29]
𝜏 → 𝜇𝛾 4.4 × 10−8 [34] ∼3 × 10−9 [29]
𝜇 → 𝑒𝑒𝑒 1.0 × 10−12 [20] ∼10−16 [21]
𝜏 → 𝜇𝜇𝜇 2.1 × 10−8 [35] ∼10−9 [29]
𝜏
−

→ 𝑒
−

𝜇
+

𝜇
− 2.7 × 10−8 [35] ∼10−9 [29]

𝜏
−

→ 𝜇
−

𝑒
+

𝑒
− 1.8 × 10−8 [35] ∼10−9 [29]

𝜏 → 𝑒𝑒𝑒 2.7 × 10−8 [35] ∼10−9 [29]
𝜇
−

,Ti → 𝑒
−

,Ti 4.3 × 10−12 [36] ∼10−18 [37]
𝜇
−

,Au → 𝑒
−

,Au 7 × 10−13 [38]
𝜇
−

,Al → 𝑒
−

,Al 10−15–10−18

𝜇
−

, SiC → 𝑒
−

, SiC 10−14 [39]

lepton flavor violation. However, specific predictions can be
very different in different models.

Among the huge number of scenarios proposed for
neutrino mass generation, the seesaw mechanism is arguably
the most popular one. In its conventional form, the seesaw
mechanism explains the smallness of neutrinomass bymeans
of a very large energy scale, the seesaw scale 𝑀SS, which
suppresses neutrino masses as

𝑚] ∼
V2

𝑀SS
. (2)

Here ⟨𝐻0
⟩ = V/√2 = 174GeV is the standard Higgs boson

vacuum expectation value (VEV) that determines the weak
scale. In order to obtain neutrino masses of about ∼0.1 eV,
one requires 𝑀SS ∼ 1014 GeV. For this reason, this setup is
usually called high-scale seesaw. The proximity of the high-
energy scale 𝑀SS to the grand unification (GUT) scale (as
predicted in the MSSM) 𝑚GUT = 2 ⋅ 1016 GeV suggests an
intriguing connection with unification physics, making the
seesaw a very well-motivated scenario.

Regarding specific realizations of the seesaw mechanism,
it is well-known that, with renormalizable interactions only,
three tree-level realizations exist [48].These are usually called
type-I [49–54], type-II [53–59], and type-III [60].They differ
from each other by the nature of the seesaw messengers: in
the type-I seesaw these are singlet right-handed neutrinos,
in the type-II seesaw scalar SU(2)

𝐿

triplets with hypercharge
two, and in the type-III seesaw fermionic SU(2)

𝐿

triplets with
vanishing hypercharge. In all cases they lead to a neutrino
mass of the formof (2), where𝑀SS is proportional to themass
of the heavy mediators, and the induced neutrino masses are
of Majorana type, thus breaking lepton number in two units.

Given the largeMajoranamasses of the seesawmediators,
one may wonder about how to probe the high-scale seesaw.
In supersymmetric scenarios this is possible thanks to the
sleptons. Even if their soft terms are flavor conserving at
some high-energy scale, the renormalization group running
down to the SUSY scale will induce nonzero off-diagonal
terms due to their interactionswith the seesawmediators [61].
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These can be probed since the misalignment of the slepton
mass matrices with respect to that of the SM charged leptons
induces LFV processes such as ℓ

𝑖

→ ℓ
𝑗

𝛾, ℓ
𝑖

→ 3ℓ
𝑗

and
𝜇 − 𝑒 conversion in nuclei. This connection between the
phenomenology at low-energies and the high-scalemediators
is only possible in supersymmetric models and constitutes an
excellent opportunity to test the standard seesaw scenario.
In the non-SUSY version of the seesaw mechanism this
link between high and low energy scales is lost. In this
case probing the origin of neutrino masses becomes a quite
challenging task, and only very indirect probes such as
neutrinoless double beta decay are possible [62]. However,
it is worth pointing out that such clean connection is only
possible in the absence of additional sources of LFV. This
requires a strong theoretical assumption: universal and flavor
conserving boundary conditions for the soft terms at the
GUT scale.

In case of high-scale seesaw models, the low-energy
theory is simply the MSSM. This allows one to establish
definite patterns and hierarchies among the LFV observables.
For instance, the branching ratios for the ℓ

𝑖

→ ℓ
𝑗

𝛾 and
ℓ
𝑖

→ 3ℓ
𝑗

LFV decays follow the approximate relation [63–
65],

BR (ℓ
𝑖

→ 3ℓ
𝑗

)

≃
𝛼

3𝜋
(log(

𝑚
2
ℓ𝑖

𝑚
2
ℓ𝑗

)−
11
4
)BR (ℓ

𝑖

→ℓ
𝑗

𝛾) .

(3)

Therefore, in supersymmetric high-scale seesaw models, the
most constraining LFV process is ℓ

𝑖

→ ℓ
𝑗

𝛾. The relation
in (3) is caused by the so-called dipole dominance in high-
scale seesaw models. Among the different contributions to
the 3-body decay ℓ

𝑖

→ 3ℓ
𝑗

, the dipole photon penguins
come multiplied by a large logarithmic term, caused by the
infrared divergence that would appear in the 𝑚

ℓ𝑖
→ 0

limit, thus becoming the dominant ones and leading to the
proportionality between the ℓ

𝑖

→ ℓ
𝑗

𝛾 and ℓ
𝑖

→ 3ℓ
𝑗

branching ratios. An exception to this general rule is found
for low pseudoscalar masses and large tan𝛽 [66]. In this
case, Higgs penguins turn out to be dominant in processes
involving the second and third generations, like 𝜏 → 3𝜇.
However, this region of parameter space is nowadays under
some tension due to strong flavor constraints derived from
the observation of quark flavor violating processes like 𝐵

𝑠

→

𝜇
+

𝜇
− [67].

3.1. Standard High-Scale Seesaw Scenarios. Implementing a
high-scale seesaw mechanism in supersymmetric scenarios
involves an additional complication. This is related to one
of the most appealing features of the MSSM: gauge coupling
unification. In case of the type-I seesaw, the introduction of
the seesaw mediator does not spoil this attractive feature,
since the right-handed neutrino superfields are gauge singlets
and do not affect the running of the gauge couplings. In con-
trast, in the type-II and type-III seesaws, new contributions
to the running of the SU(2)

𝐿

and 𝑈(1)
𝑌

gauge couplings are
induced by the seesaw mediators. However, a well-known
solution to this problem exists. Unification can be easily

restored by embedding the seesaw mediators in full SU(5)
multiplets, like 15-plets in the case of type-II [68] or 24-
plets [69] in the case of type-III. The contributions from the
othermembers of themultiplet guarantee that the three gauge
couplings will eventually meet at a high energy scale, 𝑚GUT,
although the common value of the coupling changes, 𝑔GUT,
might be different from that of the MSSM. In addition, note
that the 24-plet of SU(5) contains, besides the SU(2)

𝐿

triplet,
a singlet state which also contributes to neutrino masses.
Hence, in this case one actually has a mixture between type-I
and type-III seesaws.

The new superfield content, explicitly denoting gauge
charges under SU(3)

𝑐

× SU(2)
𝐿

× 𝑈(1)
𝑌

, and superpotential
for each seesaw variant are [70] the following.

(i) Type-I. Three generations of right-handed neutrino
superfields, singlets of SU(5), are introduced, �̂�𝑐 ∼
(1, 1, 0):

𝑊I = 𝑊MSSM +𝑌]�̂�
𝑐

�̂��̂�
𝑢

+
1
2
𝑀
𝑅

�̂�
𝑐

�̂�
𝑐

. (4)

(ii) Type-II. In this case one needs to introduce a vector-
like pair of 15 and 15 of SU(5), decomposed as 𝑆 ∼
(6, 1, −2/3), �̂� ∼ (1, 3, 1), and 𝑍 ∼ (3, 2, 1/6) (as
well as the corresponding bar superfields). �̂� and ̂𝑇
are the SU(2)

𝐿

triplets responsible for neutrino mass
generation. Note that in this case only one generation
of 15 and 15 is required, since the type-II seesaw can
generate three nonzero masses for the light neutrinos
with only one SU(2)

𝐿

scalar triplet:

𝑊II = 𝑊MSSM +
1
√2

(𝑌
𝑇

�̂��̂��̂� + 𝑌
𝑆

𝑑
𝑐

𝑆𝑑
𝑐

) +𝑌
𝑍

𝑑
𝑐

𝑍�̂�

+
1
√2

(𝜆1�̂�𝑑�̂��̂�𝑑 +𝜆2�̂�𝑢
̂
𝑇�̂�
𝑢

) +𝑀
𝑇

�̂�
̂
𝑇

+𝑀
𝑍

𝑍
̂
𝑍+𝑀

𝑆

𝑆
̂
𝑆.

(5)

(iii) Type-III. Three generations of 24 of SU(5) are added.
They can be decomposed as �̂�𝑐 ∼ (1, 1, 0), 𝐺 ∼

(8, 1, 0), Σ̂ ∼ (1, 3, 0), 𝑋 ∼ (3, 2, −5/6), and
̂
𝑋 ∼ (3, 2, 5/6). As explained above, neutrino masses
are generated as a combination of a type-I seesaw
(mediated by𝑁𝑐) and a type-III seesaw (mediated by
the SU(2)

𝐿

triplet Σ):

𝑊III = 𝑊MSSM + �̂�𝑢 (𝑌ΣΣ̂ −√
3
10
𝑌]�̂�

𝑐

) �̂�

+𝑌
𝑋

�̂�
𝑢

̂
𝑋𝑑
𝑐

+
1
2
𝑀
𝑅

�̂�
𝑐

�̂�
𝑐

+
1
2
𝑀
𝐺

𝐺𝐺

+
1
2
𝑀
Σ

Σ̂Σ̂ +𝑀
𝑋

𝑋
̂
𝑋.

(6)

The following notation is used in (4), (5), and (6):𝑊MSSM
is the MSSM superpotential, �̂�

𝑑

, �̂�
𝑢

, and �̂� are the down-
Higgs, up-Higgs, and lepton SU(2)

𝐿

doublet superfields,
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Figure 1: Branching ratios for ℓ
𝑖

→ ℓ
𝑗

𝛾 and ℓ
𝑖

→ 3ℓ
𝑗

as a function
of the seesaw scale in the SUSY type-I seesaw. This figure was
obtained in the standard SPS1a’ point, assuming degenerate right-
handed neutrinos and fixing the neutrino Yukawas to reproduce
tribimaximal mixing. Furthermore, a massless lightest neutrino was
also assumed. Figure taken from [40].

respectively, and 𝑑𝑐 is the right-handed down-type quark
superfield.

The LFV phenomenology of SUSY seesaw models has
been studied by many authors. For the type-I seesaw, low-
energy LFV decays such as ℓ

𝑖

→ ℓ
𝑗

𝛾 and ℓ
𝑖

→ 3ℓ
𝑗

have been calculated in [40, 64, 65, 71–80]. Similarly, 𝜇 −
𝑒 conversion in nuclei has been studied in [81, 82]. The
other two seesaw variants have received much less attention.
The LFV phenomenology of the SUSY type-II seesaw has
been considered in [41, 68, 83–87], whereas the SUSY type-
III seesaw has been studied in [88–90]. More recently, the
interplay between the Higgs mass constraint and LFV was
studied in [70] for the three seesaw variants. In the following
we comment on some selected results.

Let us first comment on some results for the SUSY
type-I seesaw. Figure 1 shows the branching ratios for the
ℓ
𝑖

→ ℓ
𝑗

𝛾 and ℓ
𝑖

→ 3ℓ
𝑗

decays as a function of the
seesaw scale (the mass of the right-handed neutrino mass).
This figure was obtained in [40], using the standard SPS1a’
point [42], assuming degenerate right-handed neutrinos and
a massless lightest neutrino and fixing the neutrino Yukawas
to reproduce tribimaximal mixing. Although this parameter
choice is nowadays excluded for several reasons (the SUSY
spectrum is too light to pass the constraints from LHC
searches and tribimaximal mixing is now excluded after 𝜃13
has been measured), it serves to illustrate the dipole domi-
nance discussed above. Indeed, one sees a perfect correlation
between the branching ratios of ℓ

𝑖

→ ℓ
𝑗

𝛾 and ℓ
𝑖

→ 3ℓ
𝑗

, with
BR(ℓ

𝑖

→ 3ℓ
𝑗

) ≪ BR(ℓ
𝑖

→ 3ℓ
𝑗

). As already discussed, this is
due to the fact that the photonic dipole operator (ℓ

𝑖

𝐹
𝜇]𝜎
𝜇]
ℓ
𝑗

)
dominates both processes.

We now turn to the SUSY type-II seesaw. In the type-II
seesaw, the neutrino mass matrix is proportional to the 𝑌

𝑇

Yukawa matrix,

𝑚] =
V2
𝑢

2
𝜆2
𝑀
𝑇

𝑌
𝑇

. (7)

This is derived from the superpotential term 𝑌
𝑇

�̂��̂��̂� in
(5). This direct relation has important consequences for the
phenomenology, since it forces the flavor structure of 𝑌

𝑇

to be the same as that of 𝑚], the latter being measured in
neutrino oscillation experiments. In contrast, in the type-I
and type-III seesaws the analogous relation is quadratic in
the Yukawa coupling. This introduces extra freedom in the
determination of the seesaw parameters (usually encoded
in the so-called 𝑅 matrix [91]) and makes it impossible
to predict the Yukawa flavor structure only from neutrino
oscillation data. In other words, if all the neutrino masses,
angles, and phases were known, 𝑌

𝑇

would be completely
fixed (up to an overall constant). Since 𝑌

𝑇

determines the
LFV phenomenology, this implies correlations between the
neutrino oscillation parameters and LFV observables.

A clear illustration of the previous point is shown in
Figure 2, borrowed from [41]. By computing the ratios
BR(ℓ

𝑖

→ ℓ
𝑗

𝛾)/BR(ℓ
𝑚

→ ℓ
𝑛

𝛾) one gets rid of the
unknown overall factor in the 𝑌

𝑇

Yukawas, thus obtaining
direct predictions in terms of neutrino parameters. In this
case, the figure shows the dependence of these ratios on the
mixing angle 𝜃13 and the Dirac CP violating phase 𝛿. We
see that this scenario is extremely predictive. For example,
finding experimentally BR(𝜏 → 𝑒𝛾) > BR(𝜇 → 𝑒𝛾)

would immediately rule out the model, at least in its minimal
form. One way to spoil these strict predictions is to introduce
a second SU(2)

𝐿

triplet 𝑇. In this case 𝑚] would receive
contributions from 𝑇 and 𝑇, 𝑚] = 𝑚

𝑇

] + 𝑚
𝑇



] , and the
proportionality in (7) would be lost.

Additional ways to test high-scale SUSY seesaws include
slepton mass splittings [92] (directly related to LFV) and the
study of the SUSY spectrum, usually deformedwith respect to
the standard spectra in constrained (CMSSM) scenarios. In
particular, one can construct certain invariants that contain
information about the high-energy scale; see, for example,
[69, 93, 94]. See also [95] for related ideas.

3.2. Extended High-Scale Seesaw Scenarios. We now turn
our attention to extended high-scale SUSY seesaw scenarios
beyond the classical type-I, type-II, and type-III seesaws.
However, before we concentrate on the extended models, let
us make a general observation. As already discussed, flavor
violating entries in the slepton soft terms 𝑚2

̃

𝐿

and 𝑚2
𝑒

(the
left and right slepton squared soft masses, resp.) are induced
due to their interactions with the seesaw mediators. Even if
they are flavor diagonal at the unification scale, off-diagonal
terms are generated at low energies by renormalization group
running, thus inducing all kinds of LFV processes. In the case
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Figure 2: Contours of the ratios BR(𝜏 → 𝜇𝛾)/BR(𝜇 → 𝑒𝛾) (black, dashed lines) and BR(𝜏 → 𝑒𝛾)/BR(𝜇 → 𝑒𝛾) (red, solid lines) in the
(sin 𝜃13, 𝛿) plane, for normal hierarchy (a) and inverted hierarchy (b) for the neutrino mass spectrum. Figure taken from [41].

of the radiative ℓ
𝑖

→ ℓ
𝑗

𝛾, the effective dipole operator that
contributes to the decay can be written as

Ldipole = 𝑒
𝑚
ℓ𝑖

2
ℓ
𝑖

𝜎
𝜇]𝐹
𝜇]
(𝐴
𝑖𝑗

𝐿

𝑃
𝐿

+𝐴
𝑖𝑗

𝑅

𝑃
𝑅

) ℓ
𝑗

+ h.c., (8)

where 𝑃
𝐿,𝑅

= (1/2)(1 ∓ 𝛾5) are the usual chirality projectors
and 𝑒 is the electric charge. The Wilson coefficients 𝐴

𝐿

and 𝐴
𝑅

are generated by loops with left and right sleptons,
respectively. One finds

𝐴
𝑖𝑗

𝐿

∼

(𝑚
2
̃

𝐿

)
𝑖𝑗

𝑀
4
SUSY

,

𝐴
𝑖𝑗

𝑅

∼

(𝑚
2
𝑒

)
𝑖𝑗

𝑀
4
SUSY

,

(9)

where it has been assumed that 𝐴-terms mixing left-right
transitions are negligible. BR(ℓ

𝑖

→ ℓ
𝑗

𝛾) can be computed
in terms of 𝐴

𝐿

and 𝐴
𝑅

as

BR (ℓ
𝑖

→ℓ
𝑗

𝛾)

≃
48𝜋3𝛼
𝐺
2
𝐹

(

𝐴
𝑖𝑗

𝐿



2
+

𝐴
𝑖𝑗

𝑅



2
)BR (ℓ

𝑖

→ℓ
𝑗

]
𝑖

]
𝑗

) .

(10)

The straightforward combination of (9) and (10) leads to (1).
In the minimal SUSY seesaw models discussed above,

the seesaw mediators only couple to the left sleptons. For
instance, in the type-I case this interaction is given by the
superpotential coupling𝑌]�̂��̂�𝑢�̂�, whereas in the type-II case
it is given by the 𝑌

𝑇

�̂��̂��̂� term. For this reason, negligible off-
diagonal entries in 𝑚2

𝑒

are induced, implying that minimal
SUSY seesaw models predict 𝐴

𝑅

≃ 0. As we will see below,
this has an impact on some low-energy observables that allow,
in principle, testing the minimality of the high-scale seesaw
mechanism.

3.2.1. Supersymmetric Models with Nonminimal SeesawMech-
anisms. As an example supersymmetric model with non-
minimal seesaw mechanisms, we consider the left-right
symmetric model of [96, 97] (in the following simply called
“the LR model”). The LFV and dark matter phenomenology
of this model has been studied in detail in [43, 98].

The model is defined below the GUTscale (the model
implicitly assumes the existence of a GUT model at higher
energies; at𝑚GUT, the gauge couplings and soft terms unify),
where the gauge group is SU(3)

𝑐

×SU(2)
𝐿

×SU(2)
𝑅

×𝑈(1)
𝐵−𝐿

.
In addition, we assume that parity is conserved. The matter
content of the model is given in Table 2. Here 𝑄, 𝑄𝑐, �̂�, and
�̂�
𝑐 are the quark and lepton superfields of the MSSM with

the addition of (three) right-handed neutrino superfields to
complete the �̂�𝑐SU(2)

𝑅

doublets.
Two Φ̂ superfields, bidoublets under SU(2)

𝐿

× SU(2)
𝑅

,
are introduced. Among their components, they contain the
standard �̂�

𝑑

and �̂�
𝑢

MSSM Higgs doublets. Finally, the rest
of the superfields in Table 2 are introduced to break the LR
symmetry.

With the representations in Table 2, the most general
superpotential compatible with the gauge symmetry and
parity is

𝑊LR = 𝑌𝑄𝑄Φ̂𝑄
𝑐

+𝑌
𝐿

�̂�Φ̂�̂�
𝑐

−
𝜇

2
Φ̂Φ̂ +𝑓�̂�Δ̂�̂�

+ 𝑓
∗

�̂�
𝑐

Δ̂
𝑐

�̂�
𝑐

+ 𝑎Δ̂Ω̂
̂
Δ+ 𝑎

∗

Δ̂
𝑐

Ω̂
𝑐̂
Δ

𝑐

+𝛼Ω̂Φ̂Φ̂

+ 𝛼
∗

Ω̂
𝑐

Φ̂Φ̂ +𝑀
Δ

Δ̂
̂
Δ +𝑀

∗

Δ

Δ̂
𝑐̂
Δ

𝑐

+𝑀
Ω

Ω̂Ω̂

+𝑀
∗

Ω

Ω̂
𝑐

Ω̂
𝑐

.

(11)

Family and gauge indices have been omitted in (11); more
detailed expressions can be found in [96]. Note that this
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Table 2: LR model. Matter content between the GUT scale and the
𝑆𝑈(2)

𝑅

breaking scale.The electric charge operator is defined as𝑄 =
𝐼3𝐿 + 𝐼3𝑅 + (𝐵 − 𝐿)/2.

Superfield Generations 𝑆𝑈(3)
𝑐

𝑆𝑈(2)
𝐿

𝑆𝑈(2)
𝑅

𝑈(1)
𝐵−𝐿

𝑄 3 3 2 1 1
3

𝑄
𝑐 3 3 1 2 −

1
3

�̂� 3 1 2 1 −1
�̂�
𝑐 3 1 1 2 1
Φ̂ 2 1 2 2 0
Δ̂ 1 1 3 1 2
̂
Δ 1 1 3 1 −2
Δ̂
𝑐 1 1 1 3 −2
̂
Δ

𝑐

1 1 1 3 2
Ω̂ 1 1 3 1 0
Ω̂
𝑐 1 1 1 3 0

superpotential is invariant under the parity transformations
𝑄 ↔ (𝑄

𝑐

)
∗, �̂� ↔ (�̂�

𝑐

)
∗, Φ̂ ↔ Φ̂

†, Δ̂ ↔ (Δ̂
𝑐

)
∗, ̂Δ ↔ (

̂
Δ

𝑐

)
∗,

and Ω̂ ↔ (Ω̂
𝑐

)
∗. This discrete symmetry reduces the number

of free parameters of the model.
The breaking of the left-right gauge group to the MSSM

gauge group takes place in two steps: SU(2)
𝑅

× 𝑈(1)
𝐵−𝐿

→

𝑈(1)
𝑅

× 𝑈(1)
𝐵−𝐿

→ 𝑈(1)
𝑌

. In the first step, the neutral
component of the tripletΩ takes a VEV,

⟨Ω
𝑐0
⟩ =

V
𝑅

√2
, (12)

which breaks SU(2)
𝑅

. However, since 𝐼3𝑅(Ω
𝑐0
) = 0 there is a

𝑈(1)
𝑅

symmetry left over. Next, the group𝑈(1)
𝑅

×𝑈(1)
𝐵−𝐿

is
broken by

⟨Δ
𝑐0
⟩ =

V
𝐵𝐿

√2
,

⟨Δ
𝑐0
⟩ =

V
𝐵𝐿

√2
.

(13)

The remaining symmetry is now 𝑈(1)
𝑌

with hypercharge
defined as 𝑌 = 𝐼3𝑅 + (𝐵 − 𝐿)/2.

Regarding neutrinomasses, assuming that the left triplets
(Δ and Δ) have vanishing VEVs, one induces neutrinos
masses from a type-I seesaw only thanks to the presence of
the right-handed neutrinos [96].

Before discussing how to test this scenario with lepton
flavor violation, let us mention some other nonminimal
SUSY seesaw models. The phenomenological study in [99]
is based on a model very similar to the discussed here,
without Ω̂ superfields. See also [100] for a comprehensive
study of supersymmetric models with extended gauge groups
at intermediate steps. Finally, the seesaw mechanism can
also be embedded in SUSY GUTs, usually leading to very
predictive scenarios [101–106].

3.2.2. Probing Nonminimal Seesaw Mechanisms. As already
discussed, a pure seesaw model predicts 𝐴

𝑅

≃ 0 simply

because the right sleptons do not couple to the seesaw
mediators. However, in models with nonminimal seesaw
mechanisms, new interactions between the right sleptons and
themembers of the extended particle content at high energies
might exist. When this is the case, nonzero 𝐴

𝑅

coefficients
can be induced.

Let us consider an example. In the LR model, the left-
right symmetry implies that, above the parity breaking scale,
the flavor violating entries generated in 𝑚2

𝑒

are exactly as
large as the ones in 𝑚2

̃

𝐿

. As a consequence of this, 𝐴
𝑅

̸=

0 is obtained at low energies. In fact, one can even get a
handle on the symmetry breaking pattern at high energies.
Below the SU(2)

𝑅

breaking scale, parity is broken and left
and right slepton soft masses evolve differently. The left ones
keep running from the SU(2)

𝑅

breaking scale to the 𝑈(1)
𝐵−𝐿

scale due to the left slepton couplings with the right-handed
neutrinos. One thus expects larger flavor violating effects in
the left slepton sector, and the difference between left and
right must correlate with the ratio V

𝐵𝐿

/V
𝑅

, which measures
the hierarchy between the two breaking scales.

The question is how to measure this difference. For this
purpose one can use the positron polarization asymmetry,
defined as

A (𝜇
+

→𝑒
+

𝛾) =

𝐴𝐿


2
−
𝐴𝑅



2

𝐴𝐿


2
+
𝐴𝑅



2 . (14)

If MEG observes 𝜇+ → 𝑒
+

𝛾 events, the angular distribution
of the outgoing positrons can be used to discriminate between
left- and right-handed polarized states and measure A [107,
108]. And this can in turn be used to get information on 𝐴

𝐿

and 𝐴
𝑅

.
In a pure SUSY seesaw model one expects A ≃ +1 to a

very good accuracy. However, in models with nonminimal
seesaw mechanisms A can significantly depart from +1. For
example, the LR model typically leads to significant depar-
tures from this expectation, giving an interesting signature
of the high-energy restoration of parity. This is shown in
Figure 3, extracted from [43]. First of all, it is clear that the
polarization asymmetry A(𝜇+ → 𝑒

+

𝛾) is well correlated
with the quantity log(V

𝑅

/𝑚GUT)/ log(V𝐵𝐿/𝑚GUT). One finds
that as V

𝐵𝐿

and V
𝑅

become very different,A approaches +1. In
contrast, when the two breaking scales are close, V

𝐵𝐿

/V
𝑅

∼ 1,
this effect disappears and the positron polarization asymme-
try approaches A = 0. Note that a negative value for A is
not possible in this model, since the LFV terms in the right
slepton sector never run more than the corresponding terms
in the left one.

There are alternative ways to test nonminimal high-
scale SUSY seesaw scenarios. These include the study of the
SUSY spectrum and, in particular, of the invariants pointed
out for minimal seesaw models. In this case, they contain
information about the high-energy intermediate scales [100,
109].

4. Low-Scale Seesaw Models

The high-scale seesaw has an important drawback: the heav-
iness of the seesaw mediators precludes any chance of direct
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Figure 3: Positron polarization asymmetry A(𝜇+ → 𝑒
+

𝛾) as a
function of the ratio 𝑅

𝐵𝐿𝑅

= log(V
𝑅

/𝑚GUT)/ log(V𝐵𝐿/𝑚GUT). The
seesaw scale𝑀SS has been fixed to 10

13 GeV, whereas V
𝐵𝐿

and V
𝑅

take
values in the ranges V

𝐵𝐿

∈ [1014, 1015]GeVand V
𝑅

∈ [1015, 1016]GeV.
Lighter colours indicate larger V

𝐵𝐿

. The CMSSM-like parameters
have been taken as in the SPS3 benchmark point [42]. Figure taken
from [43].

tests. Only indirect tests, based on low-energy processes
which may have an imprint of the high seesaw scale 𝑀SS,
are possible, as explained in Section 3. In contrast to high-
scale models, low-scale seesaw models [110] offer a richer
phenomenological perspective since the seesawmediators are
allowed to be light. In this type of neutrino mass models,
instead of (2), neutrino masses are given by

𝑚] ∼ 𝜇]
V2

𝑀
2
SS
, (15)

where 𝑀SS is again given by the mass scale of the seesaw
mediators and 𝜇] (not to be confused with the 𝜇 parameter of
the MSSM) is a small dimensionful parameter, 𝜇] ≪ V,𝑀SS.
In this case, the smallness of neutrino masses is not obtained
with a large𝑀SS scale, but with a tiny 𝜇] parameter. Indeed,
if 𝑀SS ∼ TeV, (15) implies a 𝜇] parameter of the order of
the eV in order to get 𝑚] in the ∼0.1 eV ballpark. Therefore,
one can simultaneously obtain the correct size of neutrino
masses while having seesaw mediators at the TeV scale. This
leads to a plethora of new effects, not present in high-scale
seesaw models, induced by the light seesaw mediators. In
particular, novel (and sizable) contributions to LFV processes
are possible, sometimes breaking the relation in (3).

The 𝜇] parameter is intimately related to the breaking of
lepton number. In fact, in the 𝜇] → 0 limit, lepton number
is restored and the Majorana neutrino masses in (15) vanish.
This makes the smallness of the 𝜇] parameter natural, in the
sense of ’t Hooft [111], since the symmetry of the Lagrangian
gets increased when the parameter is set to zero. For this
reason, low-scale seesaw models are also said to have almost
conserved or slightly broken lepton number.

The collider phenomenology of low-scale seesaw models
is much richer than that of high-scale ones. The seesaw
mediators can in principle be produced and, through their
decays, one may be able to test the mechanism behind neu-
trino masses. At the LHC, one typically expects multilepton

final states, often including missing energy carried away by
undetected neutrinos. In addition, the LFV signatures can be
as frequent as the flavor conserving ones. For an incomplete
list of references on the phenomenology of low-scale seesaw
models see [112–135]. This list includes phenomenological
studies on the production of right-handed neutrinos [112,
113, 117, 122–125, 128, 130, 133, 135] and related processes at
colliders [120, 121, 124, 125, 129], works where other low-scale
seesaw mediators are considered [112, 126, 132], sneutrino
dark matter studies in low-scale seesaw scenarios [118, 119,
123, 129], papers that explore the impact of light right-
handed neutrinos on the unitarity of the leptonic mixing
matrix [114], some works on the way the supersymmetric
spectrum is altered in the presence of light right-handed
neutrino superfields [115, 116, 120], and papers discussing
other phenomenological issues in extended frameworks [115,
131]. The phenomenology of light right-handed neutrinos is
also reviewed in detail in [127, 134]. In the case of a type-
I seesaw, the seesaw mediator is a fermionic gauge singlet.
This usually suppresses its production in hadronic colliders.
However, sizable right-handed neutrino production cross
sections are possible in some type-I seesaw realizations due
to the mixing with the left-handed neutrinos, which serves
as a portal to the gauge sector. Furthermore, when the type-I
seesaw is embedded in a left-right symmetric scenario [136–
138] new production mechanisms are possible thanks to the
new charged currents mediated by the 𝑊±

𝑅

gauge bosons.
This allows for further collider tests or the model, including
searches for lepton number violation; see, for example, [139–
145].

We now present the most popular representative of the
low-scale seesaw models: the inverse seesaw. For other low-
scale seesawmodels and their LFV phenomenology see [146–
151].

4.1.The Supersymmetric Inverse Seesaw. In the supersymmet-
ric inverse seesaw (ISS) [152–154], theMSSM particle content
is extended with 3 generations of right-handed neutrino
superfields �̂�𝑐 and 3 generations of singlet superfields 𝑋.
More minimal realizations of the ISS are possible [155–159].
However, for simplicity, we will stick to the most common
versionwith 3+3 singlet superfields.The superpotential takes
the form

𝑊 = 𝑊MSSM +𝑌]�̂�
𝑐

�̂��̂�
𝑢

+𝑀
𝑅

�̂�
𝑐

𝑋+
1
2
𝜇]𝑋𝑋, (16)

where we have omitted family indices. 𝑌] and𝑀𝑅 are general
3×3 complexmassmatrices and𝜇] is a complex symmetric 3×
3 matrix. One can easily check that the superpotential in (16)
violates lepton number by two units. In this case, all lepton
number assignments are arbitrary. However, they serve to
illustrate the violation of lepton number. For example, it is
common practice to assign lepton numbers −1 and +1 to the
�̂�
𝑐 and 𝑋 superfields, respectively. With this lepton number

assignment, while𝑀
𝑅

generates a lepton number conserving
Dirac mass term for the fermion singlets, 𝜇] violates lepton
number by two units. This Majorana mass term also leads
to a small mass splitting in the heavy neutrino sector,
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which is then composed by three quasi-Dirac neutrinos. The
corresponding soft SUSY breaking Lagrangian is given by

−L
soft
= −L

soft
MSSM + �̃�

𝑐

𝑚
2
̃

𝑁

�̃�
𝑐∗

+𝑋
∗

𝑚
2
̃

𝑋

𝑋

+(𝑇]�̃�
𝑐

�̃�𝐻
𝑢

+𝐵
𝑀𝑅
�̃�
𝑐

𝑋+
1
2
𝐵
𝜇]
𝑋𝑋

+𝑋
∗

𝑚
2
̃

𝑋

̃

𝑁

�̃�
𝑐

+ h.c.) ,

(17)

where 𝐵
𝑀𝑅

and 𝐵
𝜇]

are the new parameters involving the
scalar superpartners of the singlet neutrino states. Notice
that, with the previous lepton number assignment, while the
former conserves lepton number, the latter violates lepton
number by two units. Finally,Lsoft

MSSM contains the soft SUSY
breaking terms of the MSSM.

The scalar potential of the model is such that the neutral
components of the Higgs superfields get nonzero VEVs,

⟨𝐻
0
𝑑

⟩ =
V
𝑑

√2
,

⟨𝐻
0
𝑢

⟩ =
V
𝑢

√2
,

(18)

triggering electroweak symmetry breaking (EWSB). This
induces mixings in the neutrino sector. In the basis ] =

(]
𝐿

, 𝑁
𝑐

, 𝑋), the 9 × 9 neutrino mass matrix is given by

MISS = (

0 𝑚
𝑇

𝐷

0
𝑚
𝐷

0 𝑀
𝑅

0 𝑀
𝑇

𝑅

𝜇]

), (19)

where 𝑚
𝐷

= (1/√2)𝑌]V𝑢. Assuming the hierarchy 𝜇] ≪

𝑚
𝐷

≪ 𝑀
𝑅

, the mass matrix MISS can be approximately
block-diagonalized to give the effective mass matrix for the
light neutrinos [160]

𝑚light ≃ 𝑚
𝑇

𝐷

𝑀
𝑇

𝑅

−1
𝜇]𝑀

−1
𝑅

𝑚
𝐷

. (20)

On the other hand, the other neutrino states form three heavy
quasi-Dirac pairs, with masses corresponding approximately
to the entries of𝑀

𝑅

.
Equation (20) has the same form as (15), with𝑀SS ∼ 𝑀𝑅.

Therefore, by taking a small 𝜇] parameter, the model allows
for small neutrino masses, sizable 𝑌] Yukawa couplings, and
singlet neutrinos at the TeV scale (or below).

4.2. LFV in the Supersymmetric Inverse Seesaw. Thepresence
of light singlet neutrinos induces all sorts of effects. Here
we will concentrate on their contributions to LFV processes.
For some recent works on phenomenological aspects of light
singlet neutrinos see [124, 127, 130, 134, 135, 161–169].

There is a vast literature on LFV in models with light sin-
glet neutrinos. Potentially large enhancements, with respect
to the usual high-scale models, were already pointed out in
early studies [63, 77, 82, 154]. More recently, several works
have explored in detail the LFV anatomy of these models,
highlighting the relevance of (non-SUSY) box diagrams

induced by singlet neutrinos [149, 170–172], computingHiggs
penguin contributions [173], and showing enhancements in
the usual photon penguin contributions [163]. Regarding
purely supersymmetric contributions, the relevance of 𝑍
penguins with right sneutrinos was recently readdressed in
[174], solving an inconsistency in the analytical results of [65]
and [175]. Finally, [44] constitutes the first complete analysis
of LFV in the supersymmetric inverse seesaw, taking into
account all possible contributions, supersymmetric as well as
nonsupersymmetric.

We will now present the main results in [44]. These
were obtained using FlavorKit [176], a tool that combines
the analytical power of SARAH [177–181] with the numerical
routines of SPheno [182, 183] to obtain predictions in a
wide range of models, based on the automatic computation
of the lepton flavor violating observables. See [184] for a
comprehensive and pedagogical review of this set of tools.

In the following, we will discuss numerical results
obtained using universal boundary conditions at the gauge
coupling unification scale, 𝑚GUT ≃ 2 ⋅ 1016 GeV, setting
𝑀SUSY = 𝑚0 = 𝑀1/2 = −𝐴0. In addition, we fixed tan𝛽 = 10,
𝜇 > 0 and considered a degenerate singlet spectrum (𝑀𝑖

𝑅

≡

𝑀
𝑅

with 𝑖 = 1, 2, 3). We also fixed the 𝐵
𝜇]
and 𝐵

𝑀𝑅
bilinear

parameters to 𝐵
𝜇]
= 100𝜇] and 𝐵

𝑀𝑅
= 100𝑀

𝑅

, although
we explicitly checked that they have small impact on the
LFV phenomenology. Furthermore, we fixed the 𝑌] Yukawa
couplings using a modified Casas-Ibarra parameterization
[91], adapted for the inverse seesaw [161, 185]. With the
help of this parameterization, we were able to reproduce the
best-fit values for the neutrino squared mass differences and
mixing angles determined in the global fit [186] (see also
[7] for an update). For simplicity, we considered a Casas-
Ibarra matrix 𝑅 equal to the unit matrix, normal hierarchy
for the light neutrinos and a lightest neutrino mass 𝑚]1 =

10−4 eV.
A general conclusion one can draw from [44] is that the

LFV phenomenology strongly depends on 𝑀
𝑅

and 𝑀SUSY.
The first scale determines the mass of the singlet neutrinos,
whereas the second one sets the superparticle masses and
their relative size determines the phenomenology.This can be
seen in Figure 4, where BR(𝜇 → 𝑒𝛾) is shown as a function of
𝑀SUSY and𝑀

𝑅

. The results are displayed in three curves: the
full observable, the SUSY contributions, and the non-SUSY
ones. The latter consist of contributions from ]-𝑊± and ]-
𝐻
± loop diagrams, thus involving the singlet neutrinos in

combination with the𝑊 boson or a chargedHiggs. One finds
that the relative weight of SUSY and non-SUSY contributions
is given by the hierarchy between these two mass scales.
For𝑀SUSY ≫ 𝑀

𝑅

, non-SUSY contributions induced by the
singlet neutrinos dominate the 𝜇 → 𝑒𝛾 amplitude, whereas
for𝑀SUSY ≪ 𝑀

𝑅

, the usual MSSM contributions generated
by chargino/sneutrino and neutralino/slepton loops turn
out to be dominant. Moreover, we find that non-SUSY
contributions can have strong cancellations.

A similar behavior is found in case of the 3-body decays
ℓ
𝑖

→ 3ℓ
𝑗

. In Figure 5 we display numerical results for
BR(𝜇 → 3𝑒) as well as for various contributions to this
observable. The anatomy of this decay is more involved,
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Figure 4: BR(𝜇 → 𝑒𝛾) as a function of𝑀SUSY and𝑀𝑅. In (a)𝑀SUSY = 1 TeV is fixed, whereas in (b) we set𝑀
𝑅

= 2 TeV.The other parameters
are given in the text. The gray area roughly corresponds to the parameter space excluded by the LHC SUSY searches. Figure taken from [44].
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Figure 5: As Figure 4, but with BR(𝜇 → 3𝑒) as a function of𝑀SUSY and𝑀
𝑅

. Figure taken from [44].

since more types of Feynman diagrams contribute to the
amplitude: SUSY and non-SUSY photon, 𝑍 and Higgs pen-
guins, and box diagrams. As for ℓ

𝑖

→ ℓ
𝑗

𝛾, we observe that
non-SUSY contributions dominate for low 𝑀

𝑅

(<𝑀SUSY).
In particular, we see on the left-hand side of Figure 5 that
non-SUSY boxes become completely dominant as soon as
one goes to 𝑀

𝑅

values below ∼2 TeV. This generic feature
was already noted in [149, 170–172]. For higher values of𝑀

𝑅

SUSY contributions, and in particular the standard photon
dipole penguin, dominate. On the right-hand side we find
complementary information, with the different contributions
as a function of𝑀SUSY for a fixed𝑀𝑅. It is worth noticing that
supersymmetric 𝑍 penguins never dominate.

Analogous results are obtained for the 𝜇−𝑒 conversion in
nuclei rates. Interestingly, the large non-SUSY boxes found
at low 𝑀

𝑅

break the dipole dominance, leading to a clear
departure from (3). This is illustrated in Figure 6, where
BR(𝜇 → 𝑒𝛾), BR(𝜇 → 3𝑒), and the 𝜇 − 𝑒 conversion
rates in Ti and Al are shown as a function of𝑀

𝑅

. Indeed, for
𝑀
𝑅

≲ 500GeV, the rates for all LFV processes have similar
sizes. In this scenario, experiments looking for 𝜇 → 3𝑒 and

𝜇−𝑒 conversion in nuclei will soon provide themost stringent
constraints in this model.

Finally, although we have assumed a degenerate right-
handed neutrino spectrum in all the results presented in this
section, we note that the qualitative picture would be exactly
the same in scenarios with nondegenerate right-handed
neutrinos. Furthermore, we emphasize once more that low-
scale seesaw models have a rich collider phenomenology,
complementary to LFV searches. We refer to the beginning
of this section for a discussion and references.

5. 𝑅-Parity Violating Models

The particle content and symmetries of the MSSM allow for
the following superpotential terms

𝑊�𝑅𝑝 =
1
2
𝜆
𝑖𝑗𝑘

�̂�
𝑖

�̂�
𝑗

𝑒
𝑐

𝑘

+𝜆


𝑖𝑗𝑘

�̂�
𝑖

𝑄
𝑗

𝑑
𝑐

𝑘

+ 𝜖
𝑖

�̂�
𝑖

�̂�
𝑢

+
1
2
𝜆


𝑖𝑗𝑘

�̂�
𝑐

𝑖

𝑑
𝑐

𝑗

𝑑
𝑐

𝑘

,

(21)
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.𝑀SUSY is fixed to 1 TeV. The other
parameters are given in the text. Figure taken from [44].

where we have explicitly introduced family indices. Here �̂�𝑐
and 𝑒𝑐 are the right-handed up-quark and charged lepton
superfields, respectively, and the rest of the superfields have
been already defined. The first three terms in 𝑊�𝑅𝑝 break
lepton number (𝐿) whereas the last one breaks baryon
number (𝐵). In principle, these couplings are not welcome,
since they give rise to many lepton and baryon number
violating processes, never observed in nature. For example,
the simultaneous presence of the 𝜆 and 𝜆 couplings would
lead to proton decay [187, 188]. This phenomenological
problem is solved in the MSSM by introducing by hand a
new discrete symmetry that forbids all terms in 𝑊�𝑅𝑝 . This
symmetry is known as 𝑅-parity [3, 4] and is defined as

𝑅
𝑝

= (−1)3(𝐵−𝐿)+2𝑠 . (22)

Here 𝑠 is the spin of the particle. It is straightforward to
verify that all terms in (21) break 𝑅-parity and thus they
are forbidden once this symmetry is imposed. The MSSM is
defined as 𝑅-parity conserving.

However, several arguments can be raised against 𝑅-
parity:

(i) 𝑅-parity is imposed by hand. Unlike the SM, where 𝐿
and 𝐵 conservation is automatic, in the MSSM this
has to be forced by introducing a new symmetry, not
derived from first principles. This is clearly a step
back from the SM. However, it is worth pointing out
that in the absence of𝑅-parity somemechanismmust
be introduced in order to suppress the dangerous�𝑅

𝑝

parameters.
(ii) 𝑅-parity does not solve fast proton decay. It is well

known that 𝑅-parity does not forbid some dangerous
dimension-5 operators that lead to proton decay [189–
191]. For example, the operator O5 = (𝑓/𝑀)𝑄𝑄𝑄�̂�

has 𝑅
𝑝

(O5) = +1 and thus conserves 𝑅-parity. The
bounds obtained from the nonobservation of proton
decay imply that, even for 𝑀 = 𝑀Planck, 𝑓 must be
smaller than 10−7 [192]. In order to forbid O5 and

other similar dimension-5 operators, one may resort
to additional flavor symmetries [193].

(iii) There is no reason to forbid all the 𝐿 and 𝐵 violating
operators. Proton decay requires the simultaneous
presence of 𝐿 and 𝐵 violating couplings. Therefore,
it is sufficient to impose the conservation of just one
of these two symmetries in order to forbid proton
decay. This has led to the consideration of alternative
discrete symmetries which allow for either 𝐿 or 𝐵
violation while protecting the proton. An example of
such symmetries is baryon triality (𝑍𝐵3 ) [189, 194].

Furthermore, there are several good motivations to con-
sider 𝑅-parity violating (�𝑅

𝑝

) scenarios. The violation of
lepton number by any of the first three couplings in (21)
automatically leads to nonzero neutrino masses [195–197].
Moreover, the presence of�𝑅

𝑝

couplings leads to a rich collider
phenomenology due to the decay of the LSP. This can be
translated into longer decay chains, changing the expected
signatures at the LHC [198, 199]. In fact, �𝑅

𝑝

has also been
considered as a way to relax the stringent bounds on the
squark and gluino masses; see, for example, [5, 6, 200, 201].

Finally, in �𝑅
𝑝

the standard neutralino LSP is lost as
a dark matter candidate. Therefore, alternative candidates
must be considered. Examples in the literature include (i)
gravitinos [202–204], (ii) the axion [205, 206], or (iii) its
superpartner, the axino [207, 208]. For general reviews on
𝑅-parity violation and collections on bounds on the �𝑅

𝑝

couplings see [209–212].
We will now discuss separately the LFV phenomenology

of two very different supersymmetric scenarios with 𝑅-parity
violation: explicit 𝑅-parity violation (e-�𝑅

𝑝

) and spontaneous
𝑅-parity violation (s-�𝑅

𝑝

).

5.1. Explicit 𝑅-Parity Violation. The most characteristic sig-
natures of 𝑅-parity violating models are, of course, processes
with 𝐿 or 𝐵 violation. Nevertheless, processes that violate
lepton flavor can provide interesting signatures as well and,
in fact, they can be more attractive due to the large number
of upcoming LFV experiments.

5.1.1. Higgs LFV Decays. After the historical discovery of
the Higgs boson [1, 2], a lot of effort has been put into
the determination of its properties. In particular, the Higgs
boson decays may contain a lot of valuable information,
with potential indications of new physics. Recently, the CMS
collaboration reported on an intriguing 2.4𝜎 excess in the
ℎ → 𝜏𝜇 channel [32]. This hint, which translates into
BR(ℎ → 𝜏𝜇) = (0.84+0.39

−0.37), is based on the analysis of
the 2012 dataset, taken at √𝑠 = 8 TeV and an integrated
luminosity of 19.7 fb−1. This large Higgs LFV (For pioneer
works on Higgs LFV decays see [213, 214].) branching ratio is
quite challenging and most NPmodels cannot accommodate
it [215]. In fact, the flavor conserving Higgs decay ℎ → 𝜏𝜏

has a branching ratio of only ∼6%, not much higher than the
LFVone found byCMS.Although independent confirmation
by ATLAS, as well as additional statistics in CMS, would
be required in order to confirm that this hint is not just a
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Figure 7: Tree-level �𝑅𝑝 contributions to ℎ → 𝜏𝜇. (a) A 𝐵𝜆 contribution. (b) A 𝜖2
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in [45]) contribution. Figure borrowed from
[45].

fluctuation but an evidence of new physics, it is interesting
to explore different models in order to determine what type
of frameworks can accommodate this signal.

Regarding supersymmetric models, several scenarios
have been recently explored, some of them even before
the CMS hint was announced. In particular, the authors of
[45, 216] considered an extension of the MSSM including
all 𝐿 violating couplings in (21). The particles-sparticles
mixing due to the �𝑅

𝑝

couplings induce Higgs LFV decays
at tree-level, thus potentially being able to reach branching
ratios as high as the one found by the CMS collaboration.
Two specific examples are shown in Figure 7. However, the
existing experimental bounds on the relevant combinations
of �𝑅

𝑝

couplings contributing to ℎ → 𝜏𝜇 forbid such large
LFV branching ratios. For example, in the 𝐵𝜆 contribution
both �𝑅

𝑝

parameters are strongly constrained. In case of 𝐵
𝑖

,
the�𝑅

𝑝

mixings between the Higgs boson and the sneutrinos
(L ⊃ 𝐵

𝑖

�̃�
𝑖

𝐻
𝑢

), they have strong bounds since they induce
nonzero neutrino masses [217–219]. Moreover, the 𝜆 cou-
plings are constrained by charged current experiments [209].
Once these constraints are taken into account, the maximum
BR(ℎ → 𝜏𝜇) one can get is not very impressive. This is
illustrated in Figure 8, where BR(ℎ → 𝜏𝜇) contours are
drawn on the 𝐵2 −𝜆232 plane. From this figure one concludes
that BR(ℎ → 𝜏𝜇) can reach, at most, a few ×10−5, clearly
below the CMS hint. Similar conclusions are obtained when
other combinations of�𝑅

𝑝

parameters are considered.
The supersymmetric inverse seesaw has also been consid-

ered as a possible setup to reproduce a Higgs LFV branching
ratio into 𝜏𝜇 at the 1% level [220]. In this case, ℎ → 𝜏𝜇 takes
place at 1-loop, naturally suppressing the branching ratio. As a
result of this, as well as due to the constraints from other LFV
processes such as ℓ

𝑖

→ ℓ
𝑗

𝛾, one finds that the maximum
allowed BR(ℎ → 𝜏𝜇) is about ∼10−5. Therefore, this model
cannot account for a branching ratio as obtained by CMS
either. In order to conclude this discussion on ℎ → 𝜏𝜇

with a positive note, let us mention that known models that
can account for BR(ℎ → 𝜏𝜇) ∼ 1% exist in the literature.
They all involve extended Higgs sectors. In particular, it has
been shown that Two-Higgs-Doublet models of type-III, in
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Figure 8: BR(ℎ → 𝜇𝜏) contours on the 𝐵2 − 𝜆232 plane.
The continuous horizontal and vertical lines show approximate
limits due to neutrino masses (in case of 𝐵2) and charged current
experiments (in case of 𝜆232). Figure borrowed from [45].

which both Higgs doublets can couple to up- and down-type
fermions, can easily accommodate the CMS signal [215, 221–
225]. The MSSM, being Two-Higgs-Doublet models of type-
II in which one Higgs doublet couples to up- and the other
to down-type fermions, cannot. In fact, several studies have
shown that one cannot accommodate BR(ℎ → 𝜏𝜇) ∼ 1%
when the low-energy theory is the MSSM [226, 227]. The
same conclusion applies to heavy Higgs LFV decays [228].

5.1.2. Trilinear 𝑅-Parity Violation and LFV. In principle, the
usual LFV processes studied in 𝑅-parity conserving models
can be studied in the 𝑅-parity violating ones and, in some
cases, they get additional �𝑅

𝑝

contributions. This is the case
of ℓ
𝑖

→ 3ℓ
𝑗

,𝑀 → ℓ
𝑖

ℓ
𝑗

and 𝜏 → 𝑀ℓ
𝑖

, where𝑀 is a neutral
meson, which, in the presence of trilinear�𝑅

𝑝

couplings, can
be induced at tree-level [229].This is represented in Figure 9,
where two examples are shown: ℓ

𝑖

→ 3ℓ
𝑗

induced by 𝜆
couplings and sneutrino exchange and 𝜏 → 𝑀𝜇 induced
by 𝜆 couplings and squark exchange. This allows one to
derive a large collection of bounds on the size of the trilinear
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Figure 9: (a) ℓ
𝑖

→ 3ℓ
𝑗

induced by trilinear 𝜆 couplings and sneutrino exchange. (b) 𝜏 → 𝑀𝜇 induced by 𝜆 couplings and squark exchange.

couplings and the masses of the superparticles mediating the
LFV decays [230, 231].

Let us consider the right-hand side of Figure 9. After
dressing the quarks in the final state, this Feynman diagram
induces 𝜏 → 𝑀𝜇 at tree-level. Since the exchanged particle, a
down-type squark in this case, ismuch heavier than the rest of
particles, this process can be well described by the 4-fermion
effective Lagrangian

Leff = −
𝜆


3𝑖𝑗𝜆
∗

2𝑘𝑗

𝑚
2
̃

𝑑𝑗

(𝜏𝑐𝑃
𝐿

𝑢
𝑖

) (𝑢
𝑘

𝑃
𝑅

𝜇
𝑐

) , (23)

obtained after integrating out the heavy squark. One can
now use this Lagrangian and, together with the relevant
hadronic form factors, compute rates for processes such as
𝜏 → 𝜇𝜋

+

𝜋
−. The authors of [231] followed this method and

used Belle results on searches for 𝜏 LFV decays [232–234] to
obtain the limit

𝜆


31𝑗𝜆
∗

21𝑗 < 2.1 ⋅ 10−4 (
𝑚
̃

𝑑𝑗

100GeV
)

2

. (24)

One can exploit this idea using other LFV observables
involving mesons. We refer to [230, 231] for a more complete
list of constraints.

Similarly, trilinear �𝑅
𝑝

couplings can also trigger 𝜇 − 𝑒
conversion in nuclei, induced by diagrams very similar to
the one on the right-hand side of Figure 9. Interestingly, in
this case 𝜇 − 𝑒 conversion in nuclei would take place at tree-
level, while the more popular 𝜇 → 𝑒𝛾 would take place at
1-loop. This has been recently pointed out by the authors of
[235], who argue that experiments looking for𝜇−𝑒 conversion
in nuclei might be the first (and perhaps the only ones) to
observe a nonzero signal in the next round of experiments.

5.1.3. Other Results on LFV in�𝑅
𝑝

Scenarios. Before conclud-
ing, let us briefly comment on other aspects of LFV in �𝑅

𝑝

models. An interesting feature of �𝑅
𝑝

models is that some
lepton number violating processes at colliders might look
like lepton flavor violating ones. This is, for example, the

�i

𝜒r(𝜒
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r )

lj(�j)

lk(�k)

Figure 10: Sneutrino decay to ℓ
𝑘

ℓ
𝑗

in bilinear𝑅-parity violation.The
open circle with a cross indicates the �𝑅𝑝 induced mixing between
charginos and charged leptons. Figure taken from [46].

case of sneutrino decay in bilinear 𝑅-parity violation [46],
as shown in Figure 10. This process is possible thanks to
the mixing between the MSSM charginos and the standard
charged leptons and, being lepton number violating, it also
violates lepton flavor. However, at the LHC, if the sneutrinos
are directly produced, the process would look simply like a
LFV one.

Finally, for other recent works on LFV in�𝑅
𝑝

models see
[236–238].

5.2. Spontaneous 𝑅-Parity Violation. A very attractive sce-
nario for LFV is that of spontaneous 𝑅-parity violation.
When a scalar field oddly charged under 𝑅-parity gets a
VEV in a theory with 𝑅-parity conserving Lagrangian, 𝑅-
parity gets spontaneously broken. Here we will concentrate
on spontaneous 𝐿 and 𝑅

𝑝

violation. Although 𝑅-parity is
a discrete symmetry, its breaking comes along with the
breaking of the continuous global symmetry 𝑈(1)

𝐿

. This
implies the existence of a massless Goldstone boson, usually
called the majoron (𝐽) [239, 240].
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The nature of the majoron is crucial for the phenomeno-
logical success of the model. In fact, in the first model
with s-�𝑅

𝑝

[241], the breaking of 𝑅-parity was triggered by
the VEV of a left-handed sneutrino. This simple setup was
eventually excluded since the doublet nature of the majoron
leads to conflict with LEP bounds on the 𝑍 boson invisible
decay width and astrophysical data [206, 242]. However,
more refined models where the violation of lepton number
is induced by a gauge singlet are perfectly valid possibilities.
As a benchmark example of this family we will consider here
the model introduced in [243]. For alternative models with
gauged lepton number see, for example, [244–246].

In the model of [243], the particle content is extended
with three additional singlet superfields, namely, ]̂𝑐, 𝑆, and Φ̂,
with lepton number assignments of 𝐿 = −1, 1, 0, respectively.
By assumption, the Lagrangian of the theory conserves lepton
number. Therefore, the superpotential can be written as

𝑊SRPV = 𝑊MSSM +𝑌]�̂��̂�
𝑐

�̂�
𝑢

− ℎ0�̂�𝑑�̂�𝑢Φ̂ + ℎΦ̂�̂�
𝑐

𝑆

+
𝜆

3!
Φ̂

3
.

(25)

For simplicity, one can simply consider one generation of
�̂�
𝑐 and 𝑆 superfields. Several scalar fields acquire VEVs after

electroweak symmetry breaking. In addition to the usual
MSSMHiggs bosonVEVs, V

𝑑

and V
𝑢

, these are ⟨Φ⟩ = V
Φ

/√2,
⟨�̃�
𝑐

⟩ = V
𝑅

/√2, ⟨𝑆⟩ = V
𝑆

/√2, and ⟨]̃
𝐿
𝑖

⟩ = V
𝑖

/√2.This vacuum
configuration breaks lepton number and 𝑅-parity. In fact, we
notice that V

𝑅

̸= 0 generates the effective bilinear �𝑅
𝑝

terms
𝜖
𝑖

= 𝑌
𝑖

]V𝑅/√2. Furthermore, neglecting V
𝑖

≪ V
𝑅

, V
𝑆

, one finds
the resulting majoron profile

𝐽 ≃ Im(
V
𝑆

𝑉
𝑆−

V
𝑅

𝑉
�̃�
𝑐

) , (26)

where 𝑉 = √V2
𝑅

+ V2
𝑆

. Equation (26) shows that the majoron
inherits the singlet nature of the scalar fields that break lepton
number with their VEVs, thus suppressing the couplings to
the 𝑍 boson and evading the stringent LEP bound.

Here we are interested in novel LFV features due to
the presence of the majoron. Another interesting signature
present in majoron models is the invisible decay of the
Higgs boson, ℎ → 𝐽𝐽 [247, 248]. This new massless state
dramatically changes the phenomenology both at collider and
low-energy experiments [47, 249]. In particular, it leads to
new LFV processes, such as 𝜇 → 𝑒𝐽 or 𝜇 → 𝑒𝐽𝛾. The
exoticmuon decay𝜇 → 𝑒𝐽was first studied in [250] and later
revisited in [47], where the decay with an additional photon
was also considered. Furthermore, the impact of the majoron
on 𝜇 − 𝑒 conversion in nuclei was discussed in [251] (see also
[252] for similar LFV processes in the context of invisible
axions).

The rate of the 𝜇 → 𝑒𝐽 decay is determined by the 𝑒−𝜇−𝐽
coupling, 𝑂

𝑒𝜇𝐽

, which, in the model under consideration, is
of the form 𝑂

𝑒𝜇𝐽

∼ 1/V
𝑅

× RPV parameters. This makes us
conclude that, in general, one expects large partial muon
decay widths to majorons for low V

𝑅

. However, currently
there are no experiments looking for 𝜇 → 𝑒𝐽 and the current

best limit on the branching ratio, BR(𝜇 → 𝑒𝐽) ≲ 10−5, dates
back to 1986 [253]. Regarding the decay including a photon,
𝜇 → 𝑒𝐽𝛾, one can profit from the MEG experiment and its
search for the more popular channel 𝜇 → 𝑒𝛾.

The two branching ratios are related by

BR (𝜇 →𝑒𝐽𝛾) =
𝛼

2𝜋
I (𝑥min, 𝑦min)BR (𝜇 →𝑒𝐽) . (27)

Here I(𝑥min, 𝑦min) is a 3-body phase space integral defined
as

I (𝑥min, 𝑦min) = ∫𝑑𝑥𝑑𝑦
(𝑥 − 1) (2 − 𝑥𝑦 − 𝑦)
𝑦2 (1 − 𝑥 − 𝑦)

, (28)

the dimensionless parameters 𝑥, 𝑦 are defined as

𝑥 =
2𝐸
𝑒

𝑚
𝜇

,

𝑦 =

2𝐸
𝛾

𝑚
𝜇

,

(29)

and 𝑥min and 𝑦min are the minimal electron and photon
energies that a given experiment can measure. Indeed, the
integral in (28), which would contain infrared and collinear
divergences, is regularized by the specific choices made by an
experiment.

As explained above, the main advantage of 𝜇 → 𝑒𝐽𝛾 is
the existence of the MEG experiment. However, the question
is whether it is sensitive to this exotic LFV process or
not. Figure 11 shows the value of the phase space integral
I(𝑥min, 𝑦min) as a function of 𝑥min for three different values
of 𝑦min and for two choices of cos 𝜃

𝑒𝛾

(the relative angle
between the electron and photon directions). Unfortunately,
the MEG experiment is specifically designed for a single
search. In fact, the cuts used in the search for𝜇 → 𝑒𝛾 are very
restrictive:𝑥min ≥ 0.995,𝑦min ≥ 0.99, and |𝜋−𝜃

𝑒𝛾

| ≤ 8.4mrad.
For these exact values one finds a tiny phase space integral,
I ≃ 6 ⋅ 10−10. As a consequence of this, a limit for BR(𝜇 →
𝑒𝛾) of the order of ≤10−13 would translate into the useless
limit BR(𝜇 → 𝑒𝐽) < 0.14. To improve upon this bound, it
is necessary to relax the cuts. For example, by relaxing the
cut on the opening angle to cos 𝜃

𝑒𝛾

= −0.99. However, this
is prone to induce additional unwanted background events,
in particular, accidental background frommuon annihilation
in flight. Therefore, although one could in principle increase
the value of the phase space integral I(𝑥min, 𝑦min), the
background in that case would make the search for a positive
signal impossible. This discussion suggests that a better
timing resolution of the experiment would be welcome in
order to reduce the background and be sensitive to final states
including majorons.

6. Summary and Conclusions

In summary, we have reviewed the lepton flavor violat-
ing phenomenology of several nonminimal supersymmetric
models: high-scale and low-scale seesaw models as well
as models with explicit or spontaneous 𝑅-parity violation.
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Figure 11: The phase space integral for the decay 𝜇 → 𝑒𝐽𝛾 as a function of 𝑥min for three different values of 𝑦min = 0.95, 0.99, 0.995 from top
to bottom and for two different values of cos 𝜃

𝑒𝛾

. (a) cos 𝜃
𝑒𝛾

= −0.99, whereas (b) cos 𝜃
𝑒𝛾

= −0.99997. Figure taken from [47].

The main conclusion from this overview is that the lepton
flavor violating signatures can be very different from those
found in the MSSM. This translates into two important
messages:

(i) For the Theorists. Lepton flavor violation might be
much more intricate than what minimal models
predict.Therefore, we should be careful when extrap-
olating our expectations (derived from the MSSM) to
extended frameworks.

(ii) For the Experimentalists. Although minimal models
are of course well motivated, lepton flavor violation
might show up in nonstandard channels. We must be
ready to avoid missing a relevant signal.

The comparison between SUSY andnon-SUSYLFV is not
straightforward. In general, one can use LFV to distinguish
between twomodels, but it is often impossible to tell whether
the underlying physics is supersymmetric or not. There
are two main reasons for this. First, nonminimal SUSY
models typically contain non-SUSY contributions to LFV
observables, making hard a clear distinction. The discussion
in Section 4 is a clear example of this interplay. And second,
there are many non-SUSY models with LFV phenomenolo-
gies that resemble the standard phenomenology in SUSY
models (for instance, due to the dominance of dipole oper-
ators). Perhaps, the only scenario where a clear distinction
can be made is that of high-scale seesaw models: if they
are nonsupersymmetric no sizable LFV is induced at low
energies, whereas sizable LFV rates at low energies are in
principle expected if they are supersymmetric.

The connection between neutrino masses and lepton
flavor is one of the main motivations to search for LFV
processes. As we have seen in this review, different neutrino
mass models typically lead to different LFV phenomenolo-
gies. This can in principle be used to unravel the origin of
neutrino masses by exploring this link with LFV once one

or several positive discoveries are made in the next round
of LFV experiments. Although precise numerical predictions
are impossible due to the existence of many free parameters
in most neutrino mass models, correlations and patterns
can favor specific scenarios. For example, the discovery of a
clear departure from a dipole dominated scenario could point
towards the existence of light singlet neutrinos.

Nevertheless, it has been already emphasized in this
review that LFV can take place even in the absence of neu-
trino masses. Similarly, although all neutrino mass models
discussed in this review include Majorana neutrinos and
lepton number violation, this aspect is not particularly rel-
evant for our discussion on LFV. Indeed, Majorana neutrino
masses are related to the breaking of lepton number, which is
conceptually different to the breaking of lepton flavor.

To conclude, let us emphasize once more that properly
identifying the underlying physics will be crucial in case a
positive observation in one or several LFV experiments is
made. This problem might soon have to be addressed, given
the exciting projects that are currently going on or soon
starting their search for LFV. Hopefully, this review, as well
as the many phenomenological studies in the bibliography,
will help shedding some light on this matter.
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production of the right-handed charged gauge boson,” Physical
Review Letters, vol. 50, no. 19, pp. 1427–1430, 1983.

[140] J. A. Aguilar-Saavedra, F. Deppisch, O. Kittel, and J. W. F.
Valle, “Flavour in heavy neutrino searches at the LHC,” Physical
Review D, vol. 85, Article ID 091301, 2012.

[141] S. P. Das, F. F. Deppisch, O. Kittel, and J. W. F. Valle, “Heavy
neutrinos and lepton flavor violation in left-right symmetric
models at the LHC,” Physical Review D—Particles, Fields,
Gravitation and Cosmology, vol. 86, no. 5, Article ID 055006,
2012.

[142] C.-Y. Chen, P. S. B. Dev, and R. Mohapatra, “Probing heavy-
light neutrino mixing in left-right seesaw models at the LHC,”
Physical ReviewD, vol. 88, no. 3, Article ID 033014, 7 pages, 2013.

[143] A. Maiezza and M. Nemevšek, “Strong P invariance, neutron
electric dipole moment, and minimal left-right parity at LHC,”
Physical Review D—Particles, Fields, Gravitation and Cosmol-
ogy, vol. 90, no. 9, Article ID 095002, 2014.

[144] S. Bertolini, A. Maiezza, and F. Nesti, “Present and future K and
B meson mixing constraints on TeV scale left-right symmetry,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 89, no. 9, Article ID 095028, 2014.

[145] A. Maiezza, M. Nemevsek, and F. Nesti, “Lepton number
violation in Higgs decay,” http://arxiv.org/abs/1503.06834.

[146] A. Abada, C. Biggio, F. Bonnet, M. B. Gavela, and T. Hambye,
“Low energy effects of neutrino masses,” Journal of High Energy
Physics, vol. 2007, no. 12, article 061, 2007.

[147] A. Abada, C. Biggio, F. Bonnet, M. Gavela, and T. Hambye,
“𝜇 → 𝑒𝛾 and 𝜏 → 𝑙𝛾 decays in the fermion triplet seesaw
model,” Physical Review D, vol. 78, Article ID 033007, 2008.

[148] A. Ibarra, E. Molinaro, and S. T. Petcov, “Low energy signatures
of the TeV scale seesawmechanism,” Physical Review D, vol. 84,
Article ID 013005, 2011.



20 Advances in High Energy Physics

[149] D. N. Dinh, A. Ibarra, E. Molinaro, and S. T. Petcov, “The 𝜇 − 𝑒
conversion in nuclei, 𝜇 → 𝑒𝛾, 𝜇 → 3𝑒 decays and TeV scale
see-saw scenarios of neutrino mass generation,” Journal of High
Energy Physics, vol. 2012, article 125, 2012.

[150] C. G. Cely, A. Ibarra, E. Molinaro, and S. T. Petcov, “Higgs
decays in the low scale type I see-saw model,” Physics Letters,
Section B: Nuclear, Elementary Particle andHigh-Energy Physics,
vol. 718, no. 3, pp. 957–964, 2013.

[151] D. N. Dinh and S. T. Petcov, “Lepton flavor violating 𝜏 decays
in TeV scale type i see-saw and Higgs triplet models,” Journal of
High Energy Physics, vol. 2013, no. 9, article 86, 2013.

[152] R. N. Mohapatra, “Mechanism for understanding small neu-
trino mass in superstring theories,” Physical Review Letters, vol.
56, no. 6, pp. 561–563, 1986.

[153] R. N. Mohapatra and J. W. F. Valle, “Neutrino mass and
baryon-number nonconservation in superstring models,” Phys-
ical Review D, vol. 34, no. 5, pp. 1642–1645, 1986.
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[189] L. E. Ibáñez and G. G. Ross, “Discrete gauge symmetries
and the origin of baryon and lepton number conservation
in supersymmetric versions of the standard model,” Nuclear
Physics. B, vol. 368, no. 1, pp. 3–37, 1992.

[190] N. Sakai and T. Yanagida, “Proton decay in a class of supersym-
metric grand unified models,” Nuclear Physics, Section B, vol.
197, no. 3, pp. 533–542, 1982.

[191] S. Weinberg, “Supersymmetry at ordinary energies. Masses and
conservation laws,”Physical ReviewD, vol. 26, no. 1, pp. 287–302,
1982.

[192] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, and K. Tamvakis,
“Observable gravitationally induced baryon decay,” Physics
Letters B, vol. 124, no. 6, pp. 484–490, 1983.

[193] S.Morisi, E. Peinado, andA. Vicente, “Flavor origin of R-parity,”
Journal of Physics G, vol. 40, Article ID 085004, 2013.

[194] H. K. Dreiner, C. Luhn, andM.Thormeier, “What is the discrete
gauge symmetry of the minimal supersymmetric standard
model,” Physical Review D, vol. 73, no. 7, Article ID 075007, 16
pages, 2006.

[195] L. J. Hall and M. Suzuki, “Explicit R-parity breaking in super-
symmetric models,” Nuclear Physics, Section B, vol. 231, no. 3,
pp. 419–444, 1984.

[196] G. G. Ross and J. W. F. Valle, “Supersymmetric models without
R-parity,” Physics Letters B, vol. 151, no. 5-6, pp. 375–381, 1985.

[197] M.Hirsch and J.W. F.Valle, “Supersymmetric origin of neutrino
mass,” New Journal of Physics, vol. 6, article 76, 2004.

[198] H. K. Dreiner, F. Staub, A. Vicente, and W. Porod, “General
MSSM signatures at the LHC with and without R-parity,”
Physical Review D, vol. 86, no. 3, Article ID 035021, 2012.

[199] H. Dreiner, F. Staub, and A. Vicente, “General NMSSM signa-
tures at the LHC,” Physical Review D, vol. 87, no. 3, Article ID
035009, 2013.

[200] P. W. Graham, D. E. Kaplan, S. Rajendran, and P. Saraswat,
“Displaced supersymmetry,” Journal of High Energy Physics, vol.
2012, no. 7, article 149, 2012.

[201] M. Hanussek and J. S. Kim, “Testing neutrino masses in the R-
parity violating minimal supersymmetric standard model with
LHC results,”Physical ReviewD, vol. 85, no. 11, Article ID 115021,
2012.

[202] S. Borgani, A. Masiero, and M. Yamaguchi, “Light gravitinos as
mixed darkmatter,” Physics Letters B, vol. 386, pp. 189–197, 1996.

[203] F. Takayama andM.Yamaguchi, “Gravitino darkmatter without
R-parity,” Physics Letters B, vol. 485, no. 4, pp. 388–392, 2000.

[204] M. Hirsch, W. Porod, and D. Restrepo, “Collider signals of
gravitino dark matter in bilinearly broken R-parity,” Journal of
High Energy Physics, vol. 2005, no. 3, article 062, 2005.

[205] J. E. Kim, “Light pseudoscalars, particle physics and cosmology,”
Physics Reports, vol. 150, no. 1-2, pp. 1–177, 1987.

[206] G. Raffelt, Stars as Laboratories for Fundamental Physics, Uni-
versity of Chicago Press, 1996.

[207] E. J. Chun and H. B. Kim, “Nonthermal axino as cool dark
matter in the supersymmetric standardmodel withoutR parity,”
Physical Review D, vol. 60, Article ID 095006, 1999.

[208] E. J. Chun andH. B. Kim, “Axino light darkmatter and neutrino
masses with R-parity violation,” Journal of High Energy Physics,
vol. 2006, no. 10, article 082, 2006.
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In this contribution we briefly review the status of current searches for supersymmetry at the Large Hadron Collider, focusing
especially on viable sub-TeV colored superpartners which can appear in nonstandard scenarios. The presented material covers
mostly signals that do not crucially rely on the presence of large missing transverse momentum, with special emphasis on R-parity
violating supersymmetry. For some scenarios the prospects for the next run of the Large Hadron Collider and future machines are
also presented.

1. Missing Transverse Momentum,
Missing Supersymmetry

Supersymmetry is the leading candidate for physics beyond
the Standard Model of particle physics. It is currently subject
to a very long list of experimental searches that try to use the
high-energy collisions of the LHC beams to identify the pro-
duction of new supersymmetric particles. So far the search for
SUSY has generated a statistically [1] large number of papers
in which any evidence of new physics has not been shown.
Generically, searches for SUSY give bounds on the mass of
colored superpartners [2]. Consider

𝑀SUSY > 1TeV. (1)

In this contribution, we review the qualitative aspects of the
searches that have been carried out by the experiments and
the possible consequences of these results for our picture of
supersymmetry as the theory for physics at the TeV scale.

Searches for new physics are usually conducted by search-
ing for final states containing some combination of

jets, leptons, photons, and mET. (2)

Jets, leptons, and photons are, roughly speaking, the mea-
surable objects that are devised to capture the concepts of
an energetic quark or gluon, an isolated electron or muon,
and a nonvirtual photon that are used to describe high-
energy scattering in terms of a Lagrangian. mET is, instead,

a nonmeasurable object that is defined “by contrast” as the
imbalance of momentum in the plane orthogonal to the col-
liding beams. Since momentum is known to be conserved to
very high accuracy, we think thatmET is a consequence of the
production of particles that do not interact with the detector
materials. One example of a source of mET is indeed the neu-
trino, whichwas originally observed as a violation ofmomen-
tum conservation in radioactive decays. As the neutrino his-
tory demonstrates, the presence of mET above the expected
level due to detector imperfections is quite noticeable and
immediately suggests the production of particles experienc-
ing onlyweak interactions [3]. In the StandardModel the only
noninstrumental source of mET is the production of neu-
trinos, which is not very abundant when compared to most
other processes, especially when involving strong interac-
tions. For this reason a signal with mET is quite easy to spot
over backgrounds, which is why mET is in bold typeface
in (2). Because of this experimentally striking nature, most
experiments looking for SUSY at particle colliders search for
large mET signals. Furthermore, these large mET signals are
also predicted by most supersymmetric models, especially
those that can provide a Dark Matter candidate. Building on
these experimental and theoretical arguments, all large mET
searches build their strength (and their weakness at the same
time) on the fact that in the production of supersymmetric
particles one forcedly produces also purely weakly interacting
stable particles that give rise to mET. For these reasons we
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can (somewhat provocatively) dub the present searches for
supersymmetry as “searches for supersymmetric Dark Matter
in the decay of colored superpartners.”

While this summary of the scope of the present searches
might be a bit too hasty, it renders well the actual reach of
the present results from the LHC. In fact for most searches
if one considers signal cross sections lower than those of
colored particles themass reach quickly vanishes. Similarly as
one reduces the amount of missing transverse momentum in
the signal events the mass reach quickly drops as well. These
two axes, reduction of cross section and reduction of missing
transverse momentum, are the two main handles that are
typically involved when light supersymmetric particles evade
present bounds.

2. Sub-TeV Colored Superpartners

The stringent bounds that emerge from the experimental
results of the first run of the LHC are certainly a motivation,
and a valuable chance, to reconsider ourmotivation for SUSY
at the TeV scale as well as our approach to the search of its
signals.

A common element of the vast majority of searches is the
fact that in each new physics event containing supersymmet-
ric particles the scattering reaction has to be of the type

𝑝𝑝 → SUSY → 𝜒𝜒 + SM, (3)

where 𝜒 denotes a generic weakly interactingmassive particle
that gives rise to mET. Of course if the intermediate super-
symmetric states that mediate reaction equation (3) have
reduced cross section, their search will be more difficult and
the constraints from present searches would be looser. In this
contribution we do not consider this type of ways out of the
current bounds from the LHC.These situations with reduced
cross section for the new physics colored states are typical in
models with Dirac Gauginos, which are covered elsewhere in
this volume. Instead, we want to consider the possibility of
different types of SUSY models where the typical signal does
not feature sources of mET beyond those of the SM, that is,
in reactions of the type

𝑝𝑝 → SUSY → SM. (4)

These two scatterings in (3) and (4) differ most impor-
tantly in the amount of mET that they generate. In fact in
the case of scatterings of type equation (4) no sources of
mET beyond the StandardModel are expected. At the level of
theoretical description, the difference between SUSY models
giving rise to reactions of type equations (3) and (4) is in
the amount of discrete symmetries that one imposes on the
model. Therefore the exploration of both types of signals is
needed as it is very informative about the symmetries of the
new physics. The symmetry structure of the two classes of
models differs in the aspects outlined in what follows. Taking
the Lagrangian of the Standard Model and extending it to
respect SUSY one would obtain the following gauge invariant
superpotential interactions in addition to the usual MSSM
superpotential:

𝑊RPV = 𝜆

𝑢
𝑐
𝑑
𝑐
𝑑
𝑐
+ 𝜆

𝐿𝑄𝑑
𝑐
+ 𝜆𝐿𝐿𝑒

𝑐
+ 𝜇

𝐿𝐻
𝑢
. (5)

These interactions violate baryon number (𝜆) or lepton
number (𝜆, 𝜆, and 𝜇

). Without advocating a specific origin
of these couplings one expects that, once R-parity is broken,
all the interactions are generated and both baryon number
and lepton number are violated, which is very dangerous
in view of the stringent bounds on the conservation of
these quantities [21]. The extension of the Standard Model
to respect supersymmetry ends up altering the acciden-
tal symmetries of the Standard Model through these new
Yukawa interactions andmassmixings. In the past, these new
interactions havemostly been regarded as a source of trouble,
as they make it hard for the model to not be in contrast with
experiments. For this reason, a symmetry called R-parity has
been put by hand in the model that we usually call Minimal
Supersymmetric Standard Model (MSSM). R-parity, killing
the interactions in (5), forbids the lightest superpartner to
decay and hence provides a stable particle which, if weakly
interacting, might be a Dark Matter candidate. (Although
a weakly interacting particle of mass around the Fermi
scale is no longer available as a Dark Matter candidate in
RPV models, it is worth mentioning that other Dark Matter
candidates exist in thesemodels. One example is the decaying
gravitino found in bilinear RPV scenarios, where 𝜇

 is the
only nonzero RPV coupling [22, 23]. One other example is
a stable gravitino in models of baryonic RPV, where only 𝜆



is nonzero.This gravitino would follow the same dynamics of
the usual R-parity conserving gravitino [24] and might easily
be heavy enough to suppress proton decay below the current
limits [25, 26]. Furthermore axions and particles related to it
through supersymmetry could be Dark Matter candidates as
well.)This particle is𝜒 in the above equation and is the source
of mET around which the vast experimental program for
SUSY searches has been built.

Taking a step back in the path that leads from SUSY to
mET and Dark Matter we can choose to cope with the new
interactions in (5) in a different way. In Section 2.2.1, we
discuss which theoretical ideas could provide an approximate
symmetry that puts these interactions under theoretical con-
trol, still not putting them to zero. In Section 2.2 we explore
the observable consequences that a nonvanishing coupling
in (5) would have at the LHC experiments.

2.1. Stealth and Compressed SUSY. In some cases reactions
equations (3) and (4) might be very hard to distinguish,
because of the elusive nature of the 𝜒 particles. As invisible
particles they can only be observed by “contrast” looking at
the entire set of particles produced in the reaction and impos-
ing on them some kind of momentum conservation law.This
means that every time that 𝜒 does not carry large momentum
it might be very difficult to observe the effects of its produc-
tion.

A typical case where 𝜒 gives less observable signals than
the ones targeted in standard searches is “stealth” supersym-
metry. To understand what it is, we look at the kinematics of
a two-body decay. Consider

𝐴 → 𝑏𝑐. (6)
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Conservation of 4-momentum implies that in the rest frame
of the parent particle

𝐸
𝑏
=

𝑚
2

𝐴
− 𝑚
2

𝑐
+ 𝑚
2

𝑏

2𝑚
𝐴

,

𝐸
𝑐
=

𝑚
2

𝐴
+ 𝑚
2

𝑐
− 𝑚
2

𝑏

2𝑚
𝐴

,

(7)

which is the usual monochromatic energy of a two-body
decay product in the rest frame of the decaying particle. The
same conservation of 4-momentum can also be rewritten in
the form of two opposite 3-momenta �⃗�

𝑏
= −�⃗�

𝑐
with equal

magnitudes. One has

𝑝
𝑐
= 𝑝
𝑏
=

𝑀
𝐴

2

√𝜆(1,
𝑚
2

𝑏

𝑚
2

𝐴

,
𝑚
2

𝑐

𝑚
2

𝐴

), (8)

where 𝜆(𝑥, 𝑦, 𝑧) = 𝑥
2
+ 𝑦
2
+ 𝑧
2
− 2𝑥𝑦 − 2𝑥𝑧 − 2𝑦𝑧 is a

measure of the available phase-space of the decay. As can be
seen from these simple kinematical considerations, when the
decay happens close to a degeneracy 𝑚

𝐴
≃ 𝑚
𝑏
+ 𝑚
𝑐
the 3-

momenta of the particles 𝑏 and 𝑐 are suppressed. Consider

𝑝
𝑏
≃ (𝑀
𝑏
, 0)

𝑝
𝑐
≃ (𝑀
𝑐
, 0) .

(9)

This situation arises when the spectrum is “compressed”; that
is, the masses are almost too heavy to close the phase-space
of the decay. In general this situation gives rise to small 3-
momenta particle 𝐴 rest frame, but 3-momenta may be large
once the decay is observed in a frame with a large enough
boost from the𝐴 rest frame.This means that if a new physics
signal generically gives little mET because of “compression”
of the spectrum, one can in principle try to observe events
with larger boosts in order to increase the amount of mET
observed in the events. However, there are cases in which
changing frame does not help. In fact, if one of the two parti-
cles ismoremassive than the other all the energy of the decay-
ing particle 𝐴 is transferred to the mass of the heavy particle,
whereas the momenta of the decay products are comparably
smaller. Consider

𝑝heavy = {𝑀 + 𝑂 (𝜖) , 𝜖}

𝑝light = {𝜖, 𝜖} .

(10)

In this situation, the emission of the light particle in the decay
can be pictured as almost unnoticeable soft emission in the
conversion of the decaying particle into the heavy daughter
particle. Although we derived the kinematics of this decay in
the rest frame of 𝐴, the latter statement holds as well in the
laboratory frame, as the Lorentz transformation of 𝑝light will
again give a vector of negligible momentum compared to the
Lorentz transformation of 𝑝heavy.

The presence of a light invisible particle in the spectrum
canbe achieved relatively easily [27], for instance, in scenarios
of gauge mediated supersymmetry breaking or any scenario

with low scale of mediation of supersymmetry breaking
where the gravitino can be much lighter than the other
superpartners or in scenarios in which the lightest neutralino
is nearlymassless. In these circumstances, due to its lightness,
it is very hard to tell apart eventswhere𝜒 is present from those
where it is not. For this reason, it is very difficult to reject Stan-
dardModel events and retain new physics ones on the basis of
the measured missing transverse momentum. In these cases,
it is also difficult to understand whether the new physics
reaction belongs to type equations (3) and (4). However, as
we discuss in the next section, (4) can be identified thanks to
other distinctive features, such as the presence of new directly
measurable resonances in the new physics event.

2.2. R-Parity Violation. As explained above, mET is a very
powerful discriminator of physics beyond the Standard
Model, due to the relatively low rates of events produced by
StandardModel physics with largemET. A similarly powerful
discriminator of new physics events is electrons and muons
that are at the same time relatively infrequent final states in
Standard Model physics and are also very clean to measure.
This implies that when one or more among the couplings
𝜆, 𝜆, 𝜇 in (5) are nonzero, the lightest superpartner can
decay through these interactions. In general, the decay of
the lightest superpartner through these interactions will sys-
tematically produce charged leptons as these couplings break
lepton number. The result is that when the lepton number
violating couplings are important for the decay of the lightest
superpartner, new physics events give rise to processes of the
type

𝑝𝑝 → SUSY → many leptons + 𝑋. (11)

For these processes we have very stringent bounds [2] and
generically the masses of the superpartners end up being
constrained to be at the TeV scale or higher. In view of these
bounds from leptonic final states, lepton number violating
couplings are of no help if one is trying to explain why sub-
TeV SUSY has not been observed in experiments at the TeV
scale (see, e.g., [28] for possible exceptions).

A more intriguing possibility is given by the baryon
number violating coupling

𝜆


𝑖𝑗𝑘
⋅ 𝑢
𝑐

𝑖
𝑑
𝑐

𝑗
𝑑
𝑐

𝑘
, (12)

which breaks baryon number but conserves leptons number
and per se does notmediate proton decay.When this coupling
dominates the decay of the lightest superpartner, we expect
purely hadronic final states to appear from the production of
new supersymmetric states. One has

𝑝𝑝 → SUSY → hadrons. (13)

These final states are very frequent in Standard Model scat-
terings, owing to the hadronic nature of the initial state of the
LHC collisions and to the strength of hadronic interactions.
Therefore the discovery of new physics in this type of final
states is considerably more challenging than in most other
final states.This is true even after taking into account that the
absence of sources of mET from physics beyond the Standard
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Model opens the possibility of searching for new states
through resonance searches. A nice example that displays this
fact is squark production. Consider

𝑝𝑝 → 𝑞𝑞 → 𝑞𝑞𝜒𝜒 (R-parity Conserving)

versus 𝑝𝑝 → 𝑞𝑞 → 𝑞𝑞𝑞𝑞 (R-parity Violating) .
(14)

Despite the possibility of reconstructing a resonance from the
decay 𝑞 → 𝑞𝑞, the RPV scenario is very loosely bounded,
especially for the most interesting mass range𝑚

𝑞
∼ 100GeV

[5, 29]. If one is interested in just heavy flavor squark states,
as a naturalness argument would want them to be the lightest
squarks, then no bound exists for 𝑚

�̃�
> 100GeV. The stop

squark example shows very clearly that sub-TeV superpart-
ners are still allowed when R-parity is not imposed on the
MSSM.However it must be stressed that baryonic RPV SUSY
has some interesting bounds from the LHC. For instance,
the searches for objects such as the gluino can exploit the
richer and more structured final state that originates from
the gluino decay, which produces a multijet resonance. This
search has been the subject of several interesting experimen-
tal and theoretical developments in the recent times. For
instance, the possibility to use jet-substructure techniques
to deal with multijet signals that appear in a final state of
unknown (and in general not fixed) multiplicity from the
gluino decay has been explored in [15]. These techniques
might also be useful to reach the very faint signals that would
originate from squark decay as in (14) [30]. Another front of
recent progress has to do with the use of heavy flavor tagging
inmultijet searches. In fact,most theories that explain the ori-
gin of the RPV couplings predict peculiar dependences of the
couplings on the flavor of the quark. These predictions [25,
31–34] (see also [25] for exceptions to the MFV prediction)
tend to favor heavy flavor final states and certain searches
for RPV SUSY are already covering the space of possible
flavor signatures of the different models [11]. In this case the
information about the presence of heavy flavor final states in
the decay of new physics particles can make the difference
between attaining a discovery and a boundon the faint signals
of light RPV stops [35].

2.2.1. Origin of the RPV Couplings. When R-parity is not
imposed, one needs to find a dynamical mechanism that
makes the RPV couplings small enough to avoid excessive
baryon or lepton number violation. Barring the option of just
assuming that these couplings are small by accident (although
this “feature” would be preserved by nonrenormalization of
the superpotential), one interesting possibility to control the
size of the RPV couplings is to associate themwith the break-
ing of the flavor symmetries of the Standard Model. In fact if
one takes the masses of the fermions of the Standard Model
and put them to zero, then the Standard Model Lagrangian
acquires a large flavor symmetry that redefines, for instance,
the flavor up, charm, and top of the right handed up-type
quark fields. Similar symmetries exist for all the fermions of
the Standard Model and overall there is a

𝑆𝑈 (3)
6
= 𝑆𝑈 (3)

𝑄
⊗ 𝑆𝑈 (3)

𝑢
⊗ 𝑆𝑈 (3)

𝑑
⊗ 𝑆𝑈 (3)

𝐿

⊗ 𝑆𝑈 (3)
𝑒
⊗ 𝑆𝑈 (3)]

(15)

symmetry that one can impose on the supersymmetric
extensions of the Standard Model and that would make all
the interactions of (5) [31, 32] vanish. In this way, the size of
the RPV couplings is connected to the breaking of the flavor
symmetry and hence to the masses of the fermions that are
involved in the interaction. The generic prediction of com-
plete models is

𝜆


𝑖𝑗𝑘
∼ 𝑓CKM ⋅ (

𝑚
𝑢𝑖
𝑚
𝑑𝑗
𝑚
𝑑𝑘

𝑚
3

𝑡

)

𝛼

, (16)

where 𝑓CKM is a factor from the CKM matrix that tends to
suppress couplings involving different generations of quarks
and 𝛼 = 1 in the most simple models but 𝛼 < 1 is attainable
as well [25]. The predictions of these models, especially the
minimal models where 𝛼 = 1, tend to favor the production of
heavy quark jets. In light of these predictions the experimen-
tal exploration [11, 35] of flavored final states from the decay
of RPV SUSY states is certainly very motivated.

3. Current Searches and Prospects for
the LHC 14 TeV Run and Beyond

Thepresence of a stable invisible particle at the bottomof each
decay chain of supersymmetric particles is the very reason for
large mET signals expected in supersymmetric models. The
large mET is usually a powerful discriminator to reject back-
grounds; however, in some occasions other features of the sig-
nal can be helpful as well. For instance, in some cases we can
derive from first principles an approximate shape of the dis-
tribution of some observable. A classic example is the shape
of a Breit-Wigner resonancewhich can be effectively searched
over a smoothly falling background. This has been the case,
for instance, of the observation of the Higgs boson decay into
two photons (up to the fact that due to resolution effects the
shape is actually closer to a gaussian than to a Breit-Wigner).

Supersymmetric models with stable invisible particles
unfortunately donot usually benefit from this type of searches
because the invisible particles carry away momentum and it
is not possible to use them in the reconstruction of the Breit-
Wigner resonance. In presence of invisible particles, it is still
possible to exploit features of multiparticles invariant masses
[36–38] or single particle properties [39, 40]. However, such
methods are useful only in searches for specific scenarios [41,
42] and are in generalmore suited to probe themass spectrum
of the model rather than to isolate a signal from the back-
grounds. Amore systematic use of resonant features in super-
symmetric model requires no invisible particles in the final
state of the decays.

As discussed above, invisible supersymmetric particle
arises only as a consequence of having imposed R-parity in
the MSSM. Without this feature of the model, new interac-
tions are present; they are Yukawa couplings of the type in (5)
and in general they canmediate the decay of any superpartner
into a set of states of the Standard Model; for instance,

𝑞 → 𝑗𝑗

or 𝑔 → 𝑞𝑞 → 𝑞𝑞𝑞.

(17)
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Figure 1: Limits on paired dijet production confronted with the production cross section of a single stop quark at the TeVatron [4] (a) and at
the LHC [5] (b). As indicated in the legend, the black solid line represents the excluded cross section for the new physics reaction as a function
of the mass of the new state. The green and yellow bands are the total 1𝜎 and 2𝜎 uncertainties on the exclusion. The predicted cross section
for the new state is indicated by a solid line per each specific new physics model. The model is excluded for each mass choice for which the
predicted cross section is above the exclusion.

These couplings in general have to be small because they
can mediate baryon number or lepton number violating
process such as proton decay or oscillation between neutron
and antineutron or mediate flavor changing neutral currents
processes. Despite their smallness they are crucial to avoid
invisible stable particles in the model. In fact, RPV coupling
of order 10−5 would still be large enough to give a decay 𝜒 →

𝑞𝑞𝑞 with average decay path below 10
−6 meters. In what fol-

lows we discuss several simplifiedmodels for RPV supersym-
metry that give rise to resonances, roughly in the order from
lowest multiplicity to higher multiplicity. We concentrate on
baryonic RPV signals, as leptonic RPV is usually very tightly
bounded by the presence of hard leptons in the final states
[43, 44] (scenarios of leptonic RPV where this statement
might not be true have been studied in [28]).

3.1. The (Heavy Flavor) RPV Squark Simplified Model. In this
simplified model, the only light supersymmetric particle that
can be produced viaQCD interaction is a squark (see Table 1).

For this simplified model, the signal consists of 4 jets in
which one can find a resonance from 𝑞 → 𝑗𝑗. This search
is quite challenging as it faces a large QCD background from
multijet events.The 2010 run of the LHC at low instantaneous
luminosity has been very helpful to probe this type of
simplified models as it has provided data with lower trigger
thresholds and lower QCD background rates. Together with
recent CDF results [4], the ATLAS search [45] provides the
best limits of this type of processes at low mass. Recent
bounds from high instantaneous luminosity data have been
put and constrain squarks from 200GeV to 350GeV [5]. The
full collection of limits from this search is reported in Figure 1.

Table 1

BSM particles Production Decay
𝑞 𝑝𝑝 → 𝑞𝑞

∗
𝑞 → 𝑗𝑗

For a single squark the limits so far exclude masses up to
100GeV.

The projection for the exclusion of this simplified model
at the LHC Run 2 and High Luminosity LHC have been
studied in [6], which finds thatmasses from 300GeV to about
1 TeV can be excluded at the end of High Luminosity Run.
For a reliable exclusion at low mass, special care is needed
as the backgrounds become larger and more uncertain. In
[30], the possibility to exploit the lightness of the squarks to
search for the production of highly boosted squarks using
jet-substructure techniques has been studied. The result is
reported in Figure 2 for the expected exclusion if such analysis
would be run on 8TeV LHC data. The estimated exclusion
extends up to 150GeV. Given the nature of this search it is
expected to improve as higher energy machines are available,
as the production of boosted stops will become more abun-
dant.

If the squark is a heavy flavor, more special signals are
expected to arise; for instance,

�̃� → 𝑏𝑗

or �̃� → 𝑡𝑗.

(18)

The presence of bottom or top quarks in the final state is
a powerful handle to discriminate these signals from the
background and recently bounds have been obtained [5]



6 Advances in High Energy Physics

Stop mass (GeV)
400 600 800 1000 1200

1

10

10−1

10−2

10−3

Delphes simulation
√s = 14 TeV

1% JES uncertainty, nominal Bkg, 3 ab−1

1% JES uncertainty, high Bkg, 3 ab−1

3% JES uncertainty, nominal Bkg, 3 ab−1

3% JES uncertainty, high Bkg, 3 ab−1

5% JES uncertainty, nominal Bkg, 3 ab−1

5% JES uncertainty, high Bkg, 3 ab−1

1% JES uncertainty, nominal Bkg, 0.3 ab−1

1% JES uncertainty, high Bkg, 0.3 ab−1

3% JES uncertainty, nominal Bkg, 0.3 ab−1

3% JES uncertainty, high Bkg, 0.3 ab−1

5% JES uncertainty, nominal Bkg, 0.3 ab−1

5% JES uncertainty, high Bkg, 0.3 ab−1
RPV t̃̃t NLO 𝜎

Ex
pe

ct
ed

 li
m

it
×

BR
(̃t̃
t
→
jj
jj

10
0%

)
(p

b)

Figure 2: Projected exclusion reach for the LHC Run 2 and
beyond [6] for the RPV squark simplified model. In this picture the
many colored lines represent the expected exclusion under a given
assumption of Jet Energy Scale (JES) uncertainty and background
systematics. For more details on this assumption, we refer to the
original work [6].

exploiting the presence of heavy flavors in the final state.
The bounds are reported in Figure 3 and show an exclusion
between 200GeV and 385GeV. The region between 100GeV
and 200GeV is presently not probed by LHC, due to the
large thresholds needed for trigger and for QCD background
rejection. With an analysis targeted to this region, discovery
should be possible from the CDF bound at 100GeV up to
masses around 200GeV using LHC Run 1 data [30, 35].
Higher energy colliders will be able to extend the discovery
reach beyond 200GeV, as the limitations in this channel arise
mainly from the stop production cross section and not from
the poor knowledge of the background.

3.2. The (Heavy Flavor) RPV Gluino Simplified Model. In
this simplified model, only the gluino is light enough to be
produced in 𝑝𝑝 collisions.The gluino can decay only through
a three-body decay into three fermions, mediated by a virtual
squark. Depending on the mass of the virtual squark, this
might give rise to displaced vertexes, but herewewill consider
the case of prompt decay, which is usually the case for squarks
masses below 1 TeV (see Table 2).

Searches for resonances decaying into 3 light flavor jets
have been conducted at both ATLAS and CMS. For the case
inwhich the 3 jets are resolved, limits are reported in Figure 4,
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Figure 3: Exclusions on the RPV heavy flavor squark simplified
model from the 8 TeV run of the LHC [5]. Color codes are the same
as in Figure 1.

Table 2

BSM particles Production Decay
𝑔 𝑝𝑝 → 𝑔𝑔 𝑔 → 𝑗𝑗𝑗

Table 3

BSM particles Production Decay

𝑔 𝑝𝑝 → 𝑔𝑔
𝑔 → 𝐽

𝑢
𝐽
𝑑
𝐽
𝑑
,

where 𝐽
𝑢
= {𝑡, 𝑐, 𝑗} and 𝐽

𝑑
= {𝑏, 𝑗}

which shows a bound up to about 150GeV [7] and from 200
to about 800GeV [8–10].

If one of the virtual squarks thatmediates the gluino decay
has a preference for coupling to a certain flavor of quarks
the previous simplified model will not capture this feature,
which, as a matter of fact, is rather well justified in concrete
models of RPV supersymmetry. To capture this possibility,
a slightly different simplified model can be considered with
gluino decays to heavy flavors, in suitable flavor combinations
𝑔 → 𝐽

𝑢
𝐽
𝑑
𝐽
𝑑
, where 𝐽

𝑢
= {𝑡, 𝑐, 𝑗} and 𝐽

𝑑
= {𝑏, 𝑗} (see Table 3).

For example, ATLAS puts a bound [46] from 500GeV to
about 1 TeV on the flavor combination 𝑔 → 𝑡𝑏𝑗. A more
extensive exploration of the flavor structure of the 𝐽

𝑢
𝐽
𝑑
𝐽
𝑑
final

state is carried out in [11]. The highest excluded mass varies
depending on the flavor combination assumed for the 𝐽

𝑢
𝐽
𝑑
𝐽
𝑑

final state. In Figure 5, we report the result for zero charm
quarks in the plane of bottom and top branching fraction.

Also for this simplified model, as it was the case for
the RPV squark simplified model, it is particularly tough
to put bounds on light particles. For instance, in [10], the
lowest mass for which it is possible to put a limit is about
400GeV, because of the trigger thresholds. The limitations
arise because the searches try to identify a bump from the
𝑗𝑗𝑗 resonance over a smooth background fromQCDmultijet
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Figure 4: Limits on the gluino RPV simplified model for the resolved jet final state [7–10]. Color codes are the same as in Figure 1.

production. To overcome this restriction, searches that com-
pare counted events with theory of Monte Carlo predictions
have been performed. These “cut and count” searches are in
general not requiring to see a bump or any feature in the
spectrum of multijets events. To improve the robustness of
the search, they normally use data to normalize the expected
number of events in presence of pure background. Neverthe-
less, they rely more than bump searches on the theoretical
prediction of the backgrounds, which makes it more chal-
lenging to obtain reliable bounds. Results from this cut and
count search [15] are reported in Figure 9, where exclusions
from 100GeV upwards are shown. It is remarkable that light
gluinos cross sections are excluded by a large factor, which
should guarantee the exclusion even in presence of large
uncertainties.

It has been pointed out that for RPV Majorana gluino
decaying into heavy flavors it is possible to have a signal with

two hard leptons of equal electric charge [47]. Limits from
this signal have been obtained from the 8 TeV run of the
LHC and exclude masses up to 900GeV [12]. Estimates for
the 14 TeV LHC have been presented in [13] and are reported
in Figure 6. From this analysis, the High Luminosity LHC
should be able to discover a gluino of mass up to 1.6 TeV.

3.3. High-Multiplicity Resonances Simplified Models. Spectra
just slightly richer than those considered above usually give
rise to several jets in the final state of the RPV supersymmet-
ric event. A simple andmotivated variation of the abovemod-
els is the addition of a light neutralino in the simplifiedmodel.
The stop simplified model, for which the search is so difficult
at hadronic machines (see Figure 1), now decays via ordinary
MSSM couplings into a neutralino, which in turn decays to
three jets (see Table 4).
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Table 4

BSM particles Production Decay
�̃�, 𝜒 𝑝𝑝 → �̃��̃�

∗
�̃� → 𝑡𝜒, 𝜒 → 𝑗𝑗𝑗
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Figure 5: Highest mass excluded at 95% CL in the search for
heavy flavor three-body decay of gluino in RPV supersymmetry [11].
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Considering this high-multiplicity final state, the dis-
covery reach is much improved. We report in Figure 7 the
estimated discovery and exclusion reach at the High Lumi-
nosity LHC for this simplified model. Masses up to 1.5 TeV
will be excluded by the High Luminosity LHC and discovery
up to 1 TeV will be possible.

Considering in full generality the possible signals that
arise in RPV simplified model one is immediately led to
consider a large number of possible final states. Some example
of spectra that gives rise to large multiplicity is shown in
Figure 8. The spectra in the figure are particularly difficult to
discover because of the heaviness of third generation squarks,
which gives no top quark final states. Explicit searches have
been conducted up 8-jet final state [48] at CMS and up to 7
jets at ATLAS [11]. For highermultiplicities, the typical search
for nonperturbative phenomena such as black-hole forma-
tion [49] is able to capture signal from complex RPV spectra.
The interpretation of these searches in terms of RPV simpli-
fiedmodels has been studied in [14].The result of this recast of
ATLAS [11] and CMS [49] analyses gives exclusions of gluino
masses up to 1 TeV.

In [6], the reach for these more complex simplified
models for 𝑝𝑝 colliders up to 33 TeV has been explored. The
summary of these studies is reported in Table 5.

For these more general final states, it becomes harder
to have reliable predictions for many jets backgrounds. Fur-
thermore when a light supersymmetric particle decays into
many partons it might be hard to resolve each single parton

into a jet. When jets are lost, it also becomes harder to recon-
struct resonances as somemomentum is notmeasured. Addi-
tionally, if one insists on getting a large number of jets from
light particles, then search for a signal in a scarcely populated
region of its ownphase-spacemight be needed, that is, in a tail
of the signals kinematic distributions. In this case, it is usually
harder to have a reliable theoretical prediction of the cross
section of the signal in this particular region of phase-space.
To overcome these difficulties, the use of jet-substructure
techniques has been considered to try to reconstruct reso-
nances in a large radius jet [50–52]. ATLAS has applied this
type of ideas to the search of gluinos decaying into three
jets 𝑔 → 𝑗𝑗𝑗 and has probed mass as low as 100GeV both
with a “skinny” jet analysis and with a “fat” jet analysis.
The results are reported in Figure 9. At the 7 TeV LHC, the
performance of the boosted strategy is comparable to the
traditional search for low gluino mass. However, this search
serves as a first step to validate the fat jet technique, which is
expected to become more and more relevant as machines of
higher energy become available.

3.4. Displaced RPV Supersymmetry. The RPV couplings are
often bounded to be very small to avoid limits on proton
decay, neutron-antineutron oscillations, and other limits [21].
For this reason, it is expected that these couplings must be so
small that they can result in metastable particles whose decay
length can be observed in the detectors, which is usually
possible for average decay paths in the range from 0.01 cm to
10m.

A variety of signals can arise in this scenario [53]. Most of
them would easily escape standard searches for new physics,
which focus on prompt production and decay of the new
particles.

Among the many possible signals explicit bounds from
the experiments exist for the squark-neutralino simplified
model and for the squark LSP simplified model. In some
scenarios, recast bounds [19] are available as well; however,
most of them rely on delicate secondary vertex reconstruc-
tion, whose efficiency is nontrivial to carry from one model
to another. Nevertheless, these recasts fill an important gap
in the current searches. Therefore, they are an important
element for the current status of searches for displaced signals
from RPV supersymmetry.

3.4.1.The Displaced RPV Squark-Neutralino SimplifiedModel.
In the squark-neutralino simplified model, squarks are pro-
duced and then decay to a neutralino, whose decay is dis-
placed, and give rise to jets or leptons, or both, depending on
the RPV couplings that are assumed (see Table 6).

At present, only bounds for LQD [16, 17] and LLE [18]
R-parity violating interactions are given in this simplified
model.The bounds are reported in Figure 10 and they usually
rule out squarks below about 1 TeV for a large range of
detector-size displaced vertexes.

3.4.2. The Displaced RPV Neutralino Simplified Model. This
simplified model is obtained from the previous squark-
neutralino simplifiedmodel when squarks are decoupled (see
Table 7).
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Table 5: The exclusion reach of several RPV SUSY simplified models beyond those discussed in the main text [6].

Coupling Production Final states Search 300fb−1 3 ab−1 33 TeV

LLE122 𝑔/𝑞 → 𝐵 𝑗𝑗 + ℓ
+
ℓ
−
𝜇
+
𝜇
−
+ �𝐸𝑇 Multi-ℓ 3550 4000 8500

�̃� ℓ
+
ℓ
−
𝜇
+
𝜇
−
+ �𝐸𝑇 Multi-ℓ 1800 2300 4400

LLE233 �̃� → �̃� 𝑏𝑏𝜏
+
𝜏
−
ℓ
+
ℓ
−
+ �𝐸𝑇 Multi-ℓ 1650 1950 3750

�̃� 𝜏
+
𝜏
−
ℓ
+
ℓ
−
+ �𝐸𝑇 Multi-ℓ 950 1300 2900

LQD232 𝑔 → �̃� 𝑡𝑡{𝜇
+
𝑗}{𝜇
−
𝑗} Multi-ℓ 2500 2800 6300

LQD333 �̃� {𝜏
+
𝑏}{𝜏
−
𝑏} 3G LQ 1300 1650 —

UDD212 �̃� → 𝐵 𝑡𝑡{𝑗𝑗𝑗}{𝑗𝑗𝑗} ℓ + 𝑛 jets 1200 1650 —
UDD312 �̃� {𝑗𝑗}{𝑗𝑗} Dijet pairs 750 1070 —
LH3 �̃� 𝑊

+
𝑊
−
𝜏
+
𝜏
− Multi-ℓ 530 610 2800

Table 6

BSM particles Production Decay

𝑞, 𝜒 𝑝𝑝 → 𝑞𝑞

𝑞 →
prompt

𝑞𝜒, 𝜒
LQd𝑐

→
displaced

ℓ𝑗𝑗,

𝜒
LLe𝑐

→
displaced

ℓℓ], 𝜒
𝑢
𝑐
𝑑
𝑐
𝑑
𝑐

→
displaced

𝑗𝑗𝑗

Table 7

BSM
particles Production Decay

𝜒 𝑝𝑝 → 𝜒𝜒 𝜒
LQd𝑐

→
displaced

ℓ𝑗𝑗, 𝜒
LLe𝑐

→
displaced

ℓℓ], 𝜒
𝑢
𝑐
𝑑
𝑐
𝑑
𝑐

→
displaced

𝑗𝑗𝑗

In this simplified model, there is only pure electroweak
production of 𝜒, which gives rise to essentially the same
displaced objects as in the case of Section 3.4.1 above. How-
ever, the cross sections are usually very small, which prevents
obtaining any useful bound.

Despite these difficulties, it has been shown that the
analysis [16] might have a sensitivity to this simplified model.
The analysis of [16] searches for a pair of jets coming from a
common displaced vertex. This signature might be relevant
for 𝐿𝑄𝑑

𝑐 and 𝑢
𝑐
𝑑
𝑐
𝑑
𝑐 mediated decays of the neutralino.

However an interpretation of the cross section limits on these
scenarios is not provided. In Figure 11, we report a recast of
[16] done in [19] formodels that have a long-lived particle that
decays into three partons. The recast crucially depends on an
accurate reproduction of the vertexing performances of CMS;
therefore an interpretation from the CMS experiment would
still be the preferred way to put limits on these scenarios.
Nevertheless, the message from [19] is clear, and bounds up
to almost 800GeV for Higgsinos are expected when they give
rise to a displaced jet pair. Strikingly, these bounds might
be the only bounds from the LHC on RPV Higgsino LSP
scenario.

It should be remarked that this search for displaced jets is
also sensitive to displaced decays of gluinos, which, despite
hadronizing before decaying, should give rise to jets that
are very similar to the ones from the electroweak neutralino
considered here. Limits for the gluino scenario are reported
in Figure 11. The figure also reports recast limits from [19]
for large lifetimes, of the order 0.1/m, where the displaced
jets search is replaced by a search for Heavy Charged Stable

Table 8

BSM particles Production Decay

�̃� 𝑝𝑝 → �̃��̃�
∗

�̃�
LQd𝑐

→
displaced

𝑏ℓ, �̃�
𝑢
𝑐
𝑑
𝑐
𝑑
𝑐

→
displaced

𝑗𝑗

m
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eV
)
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Figure 8: Possible RPV spectra that give rise to large jet multiplicity
signals with little or no mET, leptons, or photons [14].

Particles [54, 55], which would be the R-hadron that forms
from the long-lived gluinos.

In case of pure electroweak production, the very clean
𝐿𝐿𝑒
𝑐 decay into leptons might give a signal in the analysis for

displaced same-flavor lepton pairs [18], but at present there is
no such interpretation.

3.4.3. The Displaced RPV Squark Simplified Model. For this
simplified model, it is assumed that only squarks are light
enough to be produced (see Table 8).

A search by CMS [20] has used this model to put bounds
on final states where two different flavors leptons from 𝐿𝑄𝑑

𝑐

interaction emerge both with large impact parameter. The
results are given in Figure 12 and bounds up to about 800GeV
for one stop squark are obtained.

The selection of the analysis [20] is very inclusive, as it
targets a final state 𝑒𝜇 + 𝑋 and no special requirements are
imposed on𝑋. For this reason, one could expect that signifi-
cant bounds can be extracted for light flavor squarks instead
of stops decaying to 𝑏 quarks, 𝑝𝑝 → 𝑞𝑞 → 𝑞𝜇𝑞𝑒, and for
more complex signatures such as those from the displaced
neutralino studied in previous Sections 3.4.1 and 3.4.2.
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Figure 9: Exclusion of a search in multijet final state (a) and a boosted resonance search with fat jets (b) on the same 7 TeV data set of ATLAS
[15]. Color codes as in Figure 1.

For hadronic final states that emerge from squark decay
mediated by the 𝑢𝑐𝑑𝑐𝑑𝑐 interaction, there is no explicit inter-
pretation from the experiments searching for displaced jets;
however, as in the cases discussed above, bounds are expected
from a displaced jet search such as [16]. The recast of this
search proposed by [19] is shown in Figure 13 (together with a
typical event display of two largely displaced jets).The results
of the recast show clear potential of exclusion formasses up to
1 TeV.

When the RPV couplings are small enough, the squarks
will decay only after they have formed hadrons. If the squark
is sufficiently long-lived it is best to search for the hadrons
produced in its hadronization. In fact, among the hadrons
formed, one should be very massive compared to ordinary
hadrons and might also be electrically charged. The search
for massive stable charged particles has been carried out at
the LHC [54, 55] and these limits have also been recast [19]
for the scenario of R-hadrons from squark hadronization.The
result of this recast is shown in Figure 13, which suggests that
squarkmasses up to 900GeV should be ruled out by this type
of searches.

4. Conclusions

After the first run of the LHC, the most striking signatures of
TeV-scale supersymmetric particles have not been observed.
The bounds on colored superparticles are particularly strin-
gent and start to seriously challenge the paradigm ofminimal
models of supersymmetry at the weak scale.

Several mechanisms to avoid LHC bounds have been
identified as a reaction to the results of the first run of
the experiments. Among the possible ideas to alleviate this
tension between supersymmetry and experiments, the pos-
sibility of a violation of R-parity emerges as a conceptually
very simple and motivated option. Furthermore in recent
times a new wave of works on the origin of R-parity breaking
couplings [31, 32, 56] has provided new ways to formulate
predictive and realistic supersymmetric model without R-
parity.

In addition to the results coming from the direct explo-
ration of the TeV scale at particle colliders, the results from
DarkMatter searches are also shedding new light on the con-
servation of R-parity in supersymmetricmodels. In fact direct
searches for weakly interactingmassive particles have already
excluded large portions of the parameter space of theminimal
models with conserved R-parity. This motivates alternative
scenarios for Dark Matter, which could easily fit in R-parity
violating models, where light and very weakly interacting
particles naturally emerge as Dark Matter candidates.

The new directions suggested by the results of the LHC
experiments and Dark Matter searches both make super-
symmetric models with broken R-parity a very motivated
scenario for new physics at the TeV scale.

On top of these motivations from experimental and the-
oretical considerations, it is remarkable that the breaking of
R-parity significantly enlarges the set of experimental signa-
tures of new physics.Therefore one can add amore pragmatic
motivation to study R-parity violating models as “signatures
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generators,” whose investigation further widens the scope of
the search for new physics at the LHC.

In this work, we have presented the large body of results
available on the searches for new physics that has been inter-
preted (or can be relevant) for R-parity violating scenarios.
In this large set of results, two examples of the extended
coverage for signals of new physics that has been brought
to the attention of the experiments by the study of R-parity
violating models are multijet resonant signatures and dis-
placed signatures. The latter are a rather interesting example.

In fact, the presence of displaced objects (tracks, leptons, jets,
etc.) in an event is difficult to deal with at the experimental
level. Nevertheless, the experimental difficulties have been
overcome and these signatures in many cases provide the
most stringent mass bounds on the existence of certain
types of new particles. In other cases, such as new particles
that decay promptly to many jets, large improvement has
been obtained thanks to the input from the phenomenology
of R-parity violating models. For instance, the presence of
heavy flavor tags has gained importance in resonant multijet
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searches. Furthermore, the study of these signals has been
useful because it has shown the difficulties that LHC experi-
ments encounterwhen searching for such signals, thus calling
for the development of new strategies to search for new
physics.

The large amount of possible hierarchies of RPV cou-
plings and the several motivated spectra of the new particles
produce a large set of possible signals, some of which is yet to
be captured by the analyses of the LHC experiments, which
leaves more work to be done in the future both in including
new signatures in LHC searches and in developing more
refined ways to highlight new physics signals from the data.
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[26] C.Csáki, Y.Grossman, andB.Heidenreich, “Minimal flavor vio-
lation supersymmetry: a natural theory for R-parity violation,”
Physical Review D, vol. 85, no. 9, Article ID 095009, 2012.

[27] J. Fan, M. Reece, and J. T. Ruderman, “A stealth supersymmetry
sampler,” Journal of High Energy Physics, vol. 2012, no. 7, article
196, 2012.

[28] P. Graham, S. Rajendran, and P. Saraswat, “Supersymmetric
crevices: missing signatures of 𝑅-parity violation at the LHC,”
Physical Review D, vol. 90, Article ID 075005, 2014.

[29] ATLAS Collaboration, “Search for pair-produced massive
coloured scalars in four-jet final states with the ATLAS detector
in proton-proton collisions at √𝑠 = 7TeV,” The European
Physical Journal C, vol. 73, article 2263, 2013.

[30] Y. Bai, A. Katz, and B. Tweedie, “Pulling out all the stops:
searching for RPV SUSY with stop-jets,” Journal of High Energy
Physics, vol. 2014, no. 1, article 040, 2014.

[31] C. Smith, “Minimal flavor violation as an alternative to R-
parity,” in Proceedings of the 34th International Conference on
High Energy Physics (ICHEP ’08), Philadelphia, Pa, USA, 2008.

[32] C. Csaki, Y. Grossman, and B. Heidenreich, “MFV SUSY: a
natural theory for R-parity violation,” Physical Review D, vol.
85, no. 9, Article ID 095009, 22 pages, 2012.

[33] G. Krnjaic and D. Stolarski, “Gauging the way to MFV,” Journal
of High Energy Physics, vol. 2013, article 64, 2013.
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We use string theory constructions towards the generalisation of the supersymmetric standard model of strong and electroweak
interactions. Properties of the models depend crucially on the location of fields in extradimensional compact space. This allows
us to extract some generic lessons for the phenomenological properties of the low energy effective action. Within this scheme we
present a compelling model based on local grand unification and mirage mediation of supersymmetry breakdown. We analyse the
properties of the specific model towards its possible tests at the LHC and the complementarity to direct dark matter searches.

1. Introduction

There are many arguments for physics beyond the 𝑆𝑈(3) ×
𝑆𝑈(2)×𝑈(1) standardmodel (SM) of strong and electroweak
interaction. Unfortunately we have not seen any sign of it
yet. One could hope that in the near future particle physics
experiments at the LHC aswell as direct (or indirect) searches
for dark matter (DM) might reveal signs of physics beyond
the standard model (BSM). We have to rely on theoretical
prejudice in the discussion of BSM phenomena. In this paper
we want to discuss the possible phenomenology of string
motivated models. This is a so-called top-down approach
to obtain a unified description of all interactions includ-
ing gravity. It starts with a universal scheme where many
things can come together: supersymmetry, extra dimensions,
axions, grand unification additional singlets, additional 𝑈(1)
gauge bosons, and maybe much more. This is in contrast to
bottom-up approaches that start with a very specific idea (e.g.,
supersymmetry) and work out the consequences within a
minimal scheme (e.g., the minimal supersymmetric standard
model (MSSM)). In the top-down approach we are not
necessarily driven to such minimal schemes; the structure
could be much richer.

String theories require 𝐷 = 10 (or 𝐷 = 11) space-time
dimensions and supersymmetry for consistency.The connec-
tion to our world in 𝐷 = 4 requires the compactification of

extra spatial dimensions and this leads to potentially many
solutions: sometimes called the “String Landscape.” While in
𝐷 = 10 the picture is simple, this is no longer true in 𝐷 = 4.
This implies that many of the properties of the low energy
effective action depend on details of the compactification
scheme. This reduces the predictive power of string theory
substantially. “String phenomenology” explores properties of
the Landscape and tries to relate low energy phenomena
with specific features of the fields in compactified extra
dimensions.One looks for possibilities to incorporate particle
physics models in a consistent way and tries to identify
common properties of suchmodels. A central aspect of string
theory is supersymmetry. It is a necessity for the ultraviolet
(UV) consistency of the theory.However, supersymmetry has
to be partially broken in the process of compactification, but
there remains the option of a𝑁 = 1 supersymmetry down to
energies as low as a TeV. This is the assumption we make in
the present work. It requires new BSM physics that might be
detected experimentally within the near future.

The paperwill be structured as follows. In the next section
we will discuss the motivation to consider supersymmetric
extensions of the standard model from both the bottom-
up and the top-down perspective. In Section 3 we will then
present string theory constructions and analyse possible
lessons for SUSY model building. This will be followed by
an analysis of the possible reach of experimental searches at
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the LHC given present results of the first LHC run. We will
then present a specific string-inspired scenario in Section 5
and analyse its properties and possible signals for LHC
as well as dark matter. We will, in particular, discuss the
complementarity of collider searches and direct dark matter
detection. If dark matter has its origin in supersymmetric
particles we might be able to obtain an upper limit on
the lightest supersymmetric particle and this might give us
important hints for LHC searches. Section 6 will be devoted
to conclusions and outlook.

2. The Quest for Supersymmetry

Supersymmetry is a necessary ingredient for any consistent
string theory. However, it has to be broken in the process of
compactification and a priori we do not know the breakdown
scale. In models of particle physics we are confronted with
the appearance of mass scales which are widely separated,
as, for example, the Planck scale of 1018 GeV and the weak
scale in the TeV region. In usual quantum field theories
these hierarchies of scales might be unstable because of the
appearance of quantum corrections. In the standard model
this concerns the stability of the mass of the fundamental
scalar Higgs boson. A protection of the Higgs mass can
be achieved within a supersymmetric scheme; the main
motivation for supersymmetry [4, 5] is the stability of the
weak scale: this mechanism requires new particles at the
weak scale, partners of quarks, leptons, and gauge bosons
that could be discovered at LHC. These new particles have
influence on the evolution of the gauge coupling constants.
Remarkably they lead to a situation that (within the MSSM)
the gauge couplings of 𝑆𝑈(3), 𝑆𝑈(2), and 𝑈(1) meet at the
grand unification scale of order of a few times 1016 GeV;
a second strong motivation for supersymmetry is gauge
coupling unification: supersymmetric model requires special
care with proton stability. A solution is the postulate of a new
(discrete) symmetry, matter parity in the simplest case. Such
a symmetry predicts the existence of a new stable particle
and this is further motivation for SUSY as it provides dark
matter candidates that seem to be required by astroparticle
and cosmological observations. Good candidates are neutral,
weakly interacting particles, known as WIMPs. They could
be subject to detection at the LHC as well as dedicated dark
matter search experiments.

A further attractive property of supersymmetry from the
bottom-up approach is the fact that local (gauged) supersym-
metry automatically includes gravitational interactions in the
form of supergravity = gauged supersymmetry: from the top-
down approach this is, of course, obvious as a cornerstone
of the unification of all interactions in the framework of
string theory. All these arguments make lower energy (TeV)
scale supersymmetry a very attractive framework for physics
beyond the standard model. In this paper we will therefore
assume the presence of low energy supersymmetry.

3. String Model Building

To learn some lessons from string theory we need to
proceed to explicit model building towards the MSSM and

generalisations thereof. The properties of the low energy
effective action depend strongly on the process of com-
pactification. It is not enough to know the nature of the
compact manifold but we also need to know the location
of the various fields on this manifold. Some of the fields
might reside in the full 6-dimensional manifold (called bulk
fields) while others are localized on submanifolds (so-called
brane fields). We thus need knowledge about the geography
of fields in extra dimensions [6].The localized fields might be
subject to different amounts of symmetry both for gauge and
supersymmetry. This leads to a scheme known as local grand
unification that has enhanced grand unified gauge symmetry
for certain brane fields.

While there have been many attempts to construct
particle physics models from string theory [7, 8] only few
of them are realistic and explicit enough to analyse the
questions under consideration.We therefore will concentrate
on a set of models based on the so-called MiniLandscape
[9–12] and its generalisations [13–23]. These constructions
are based on the heterotic 𝐸8 × 𝐸8 string compactified on
6-dimensional orbifolds: the so-called heterotic braneworld
[24]. The 𝑆𝑈(3) × 𝑆𝑈(2) × 𝑈(1) gauge group of the stan-
dard model is a subgroup of one of the 𝐸8 groups with a
hidden intermediate 𝑆𝑂(10) local GUT structure to admit 16-
dimensional spinor representations for the families of quarks
and leptons (along the rules of [25]).

These models have the following space-time structure:
bulk fields that live in the full 10 space-time dimensions
(6 dimensions in compactified space), fixed tori (fields that
live in 6-dimensional space-time, i.e., two dimensions in
compact space), and fixed points in compact dimensions
(fields live in 4-space-time dimensions). In heterotic string
theory the gauge fields are bulk fields, while matter or Higgs
fields can live either in the bulk, on fixed tori, or on fixed
points. Localized fields can experience different amounts of
gauge symmetry depending on which point or torus they are
localized on (this is the concept of local grand unification
(like 𝑆𝑂(10) enhancement at some of the fixed points [11])).
The relative location of matter and Higgs fields is important
for the properties of the low energy effective action as it
determines size of couplings and mixings in the Yukawa
sector.

With the large number of realisticMSSM and generalized
MSSM candidates in the MiniLandscape we can now analyse
the properties of the successful models. The models typically
contain additional singlets and 𝑈(1) gauge symmetries.

3.1. Lessons from theMiniLandscape. There are some amazing
universal properties. The first one concerns the Higgs fields:
they are bulk fields, and this seems to be a generic property
of the successful models. This implies that the Higgs bosons
descend from gauge fields in higher dimensions and thus
exhibit so-called gauge-Higgs unification. In fact, it is in
general nontrivial to keep a massless Higgs pair 𝐻, 𝐻 in
the low energy theory as this pair is vector-like and could
become heavy through a 𝜇-term, 𝜇𝐻𝐻 in the superpotential.
TheMiniLandscape provides a solution to the𝜇-problem.The
𝜇-term is forbidden by (approximate) discrete 𝑅-symmetry
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[11, 26], and the supersymmetric vacua are of Minkowski
type. This is reminiscent of an earlier suggestion of Casas
and Muñoz [27]. A 𝜇-term can be generated with broken
supersymmetry and its size is therefore related to soft SUSY
breaking parameters. The 𝑅-symmetry treats bosons and
fermions differently. It descends from the Lorentz groups
𝑆𝑂(6) (subgroup of 𝑆𝑂(9, 1)) of compactified space. This is
the reason why the light Higgs fields have to live in the
bulk. These 𝑅-symmetries have to be studied in detail to
understand the size of the 𝜇-term also in relation to the
gravitino mass [28, 29].

Let us now turn to quarks and leptons. The top-quark
is special as it has a mass comparable to the gauge bosons
and thus a Yukawa coupling of order of the gauge coupling:
so-called gauge-top unification. In the models of the Mini-
Landscape the top-quark has (in contrast to most of the other
quarks and leptons) a nontrivial trilinear (tree level) coupling
to the Higgs field. This gives us the second amazing property
of the MiniLandscape.The top-quark is a bulk field as well! It
is the large spatial overlap with the Higgs field that provides
the large top-quark Yukawa coupling. The location of the
other fields of the third family is rather model dependent. In
most cases none of the additional fields has trilinear Yukawa
couplings.

In contrast to the third family, the first two families
live at fixed points. At these special points one typically
has enhanced gauge and discrete symmetries. In the models
discussed here we find a discrete 𝐷4 family symmetry [11] (a
discrete subgroup of an 𝑆𝑈(2) flavour symmetry [30]). This
alleviates possible problems with flavour changing neutral
currents. The first two families are (in models of the Mini-
Landscape) subject to an 𝑆𝑂(10) local subgroup enhance-
ment (at leading order) at the representative fixed point. We
thus see that all the important aspects of particle physics
find a convincing geometrical and geographical explanation
within the framework of the heterotic MiniLandscape. Basic
ingredients are the gauge symmetry structure and the action
of discrete symmetries [31], as the 𝑅-symmetry in the Higgs
sector and the𝐷4 flavour symmetry. So far our discussion on
the structure of supersymmetric models.Themodels contain
possibly additional singlets and 𝑈(1) gauge symmetries. The
lessons described here are important hints formodel building
and should therefore be incorporated in bottom-up schemes
as well.

3.2. Pattern of Supersymmetry Breakdown. In absence of
a convincing alternative one would suggest some kind of
gravity (modulus) mediation in the framework of string
theory. Analysis ofmoduli stabilization and SUSYbreakdown
in type II [32–34] and heterotic theory [35] reveal the
important fact that the strength of gravity mediation might
even be reduced. Radiative corrections could then become
important, leading to contributions that are reminiscent
of anomaly mediation. Quite generically this leads to a
scheme of so-called mirage mediation, a scheme of mixed
modulus (gravity) mediation and anomaly mediation. Con-
tributions of modulus mediation are typically suppressed by
a factor log(𝑀Planck/𝑚3/2) where 𝑚3/2 denotes the gravitino
mass. Radiative contributions become competitive leading to

the specific pattern ofmiragemediation as explained in detail
in [33].This, in particular, leads to a rather interesting pattern
of gaugino masses [36].

Geographical properties of fields in compactified space
are important for the discussion of SUSY breakdown as
well. In 𝐷 = 4 space-time dimensions we obtain 𝑁 =

1 supersymmetry through the process of compactification.
Various subsectors, however, might experience a higher
degree of supersymmetry. Bulk fields, for example, live on
the six-dimensional torus (underlying the (flat) orbifold).
Torus compactification would lead to 𝑁 = 4 extended
supersymmetry in𝐷 = 4.The suppression of the contribution
ofmodulusmediation for bulk fields as described above could
be attributed to the presence of this extended supersymmetry
(at leading order). Fields on a fixed torus might experience
an approximate 𝑁 = 2 supersymmetry while fields at fixed
points feel only𝑁 = 1 at leading order. Therefore the SUSY-
protection depends on the location of the fields. We would
thus expect a hierarchy of soft mass terms. They would be
large for the masses of the first two generations and relatively
suppressed for fields of the third generation as well as the
gauginos. Less is known concerning the discussion of the
𝜇-term as this is allowed by supersymmetry. Of course, we
have a protection with an 𝑅-symmetry at the level of the
soft SUSY breaking terms [11, 26], but generically we do not
know whether this corresponds to the values of the gaugino
masses or the (larger) masses of the scalars of the first two
generations. As 𝜇 determines the mass of the higgsinos (a
potential dark matter candidate) it is important to spend
more efforts on that issue (see, e.g., [29]). Apart from the 𝜇-
term we have, however, a pretty convincing pattern of SUSY
breakdown relevant for the phenomenological properties of
the models to confront LHC data. It should be stressed that
these discussions took place before LHC came into operation
and have not been influenced by LHC results. Of course, now
we have to analyse whether the scheme is compatible with
the experimental results and find out what we can learn from
there. We are still in the dark and need some hints from
experiment.

4. Experimental Situation after
the First LHC Run

Unfortunately there is no sign for either supersymmetry or
any physics beyond the standard model. Still we have some
results from LHC searches that have to be taken into account.
The Higgs boson has been found with a mass of 125GeV
[37, 38]. This is compatible with the MSSM but rather close
to the upper limit of, let us say, 130GeV. A higher Higgs
mass would have ruled out SUSY (or the MSSM) and so
LHC failed to rule out SUSY. Within the MSSM this large
mass of 𝑚Higgs requires SUSY partners at a high scale. In
this regime the MSSM Higgs is rather similar to the Higgs
in the standard model and SUSY partners are heavy. This is
not necessarily true for models beyond theMSSM. In models
with additional singlets we might have a nontrivial mixing
of the Higgs bosons. If we would have known the mass of
the Higgs boson before LHC came into operation we would
have probably been less optimistic about SUSY searches there.
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In that sense, the absence of any sign of SUSY particles at
the LHC is not yet incompatible even within the MSSM. The
question is as follows: Will the LHC with its energy reach
be able to answer the question of any (TeV-scale) physics
beyond the standard model?We do not really know. Answers
are highly model dependent. So let us go through the basic
arguments for SUSY. First there is the stability of the weak
scale that requires new states in its vicinity. Typically we could
thus look at the question of the amount of fine-tuning needed
to explain the absence of light SUSY states. But these fine-
tuning arguments have to be taken with care, especially in
absence of any other reason for the stability of the weak scale
that requires new states in its vicinity.

A second argument is the question of gauge coupling
unification present in the MSSM but absent in the SM. This
requires new states and we will discuss this issue later in
detail. So there remains, as third argument, the solution of
the dark matter problem via a SUSY-WIMP. If we consider a
WIMP with standard thermal abundance we should be able
to get an upper limit on the mass of such a particle. There
remains the question of whether the LHC will cover the full
range of these possibilities. In that sense there is hope that
searches at the next LHC run as well as direct and indirect
detection experiments for dark matter might cover the full
range of these possibilities (including precision experiments
of phenomena like𝑔−2, flavour violations, or precisionHiggs
physics).

Still, the absence of any experimental signal for physics
beyond the standard model restricts the parameter space
of supersymmetric models considerably. Naive expectations
for large missing energy signals have not been seen yet.
Simple models are not ruled out at the cost of shifting the
SUSY masses (e.g., the gluino mass) to rather high values
beyond a TeV. Further restrictions arise when one considers
the energy content of the universe. Many models lead to an
overabundance of WIMP (e.g., bino) dark matter and need
modifications. So we are stuck with our theoretical ideas.
We urgently need further impact from experiment. Let us
hope that the next run of the LHC provides information of
physics beyond the standard model. Still there remains the
question of whether LHC has the energy reach to discover
supersymmetry.We have to wait and see. Meanwhile we have
to work out specific examples in detail that might be testable
with the next run.

5. A Representative Scheme

It is impossible to make general predictions based on TeV-
scale supersymmetry. Let us therefore discuss a specific
example which is motivated from the string-inspired discus-
sion presented earlier. Even therewe need tomake somemore
assumptions to narrow down the various possibilities.

We make three explicit assumptions:

(i) We assume a supersymmetric model with new parti-
cles connected to the weak scale.

(ii) Dark matter should be given by a supersymmetric
WIMP (as, e.g., a neutralino). This might lead to

an upper limit on themass of some of the SUSY parti-
cles if we require the correct dark matter abundance.

(iii) We assume (precision) gauge coupling unification.
Again this might require new states beyond the
standard model within the energy reach of LHC.

We should stress that these are ad hoc assumptions which
are not necessarily predicted from the general theoretical
perspective, but they seem to be a reasonable starting point
to analyse the properties of these string-inspired models.

5.1. The SUSY Mass Scale. The assumption made above
can tell us indirectly something about the mass scale of
supersymmetric particles [39]. This is pretty obvious for the
SUSY-WIMP-interpretation of dark matter which we discuss
later in detail. But it is also true for the assumption of
grand unification. Within our scheme, SUSY partners of
standard model particles (in the TeV range) have to provide
the necessary thresholds. Let us parametrize the SUSY scale
by a single effective mass scale𝑀SUSY. The threshold for the
evolution of the gauge coupling constants is then given by

1
𝑔
2
𝑖,Thr

=
𝑏
MSSM
𝑖 − 𝑏

SM
𝑖

8𝜋2 ln(
𝑀SUSY
𝑀𝑍

) , (1)

where 𝑏SM𝑖 (𝑏
MSSM
𝑖 ) stand for the beta function coefficients of

the (supersymmetric) standard model. If all supersymmetric
partners have a common mass 𝑀, then 𝑀SUSY = 𝑀. We
define𝑀GUT as the scale where the coupling constants 𝑔1 and
𝑔2 meet.The precision of gauge coupling unification can then
be parametrized by
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𝑔
2
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2
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𝑔
2
1,2 (𝑀GUT)
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The value of 𝜖3 as a function of𝑀SUSY is shown in Figure 1.
It shows that precision unification gives a SUSY scale of 2-
3 TeV. This appears to be rather large, given the energy reach
of LHC. Of course, there might be other thresholds at higher
mass scales that might modify this result to lower values of
𝑀SUSY, but there is no a priori reason to assume this. Does
this mean that all SUSY partners have to be above this scale?
(Un)fortunately not. Different particles affect the evolution
of coupling constants differently and we have to compute
the effective scale 𝑀SUSY explicitly for a given model. Let us
assume that squark and slepton masses for a given family
are universal (in complete grand unified multiplets). Only
“split” multiplets have a nontrivial effect and we obtain for
the effective scale [40]

𝑀SUSY =
𝑚

32/19
�̃�

𝑚
12/19
ℎ̃

𝑚
3/19
𝐻

𝑚
28/19
𝑔

, (3)

with 𝑚𝑔, 𝑚𝑤, 𝑚ℎ̃, and 𝑚𝐻 as the mass for the gluino, wino,
higgsino, and heavy Higgs, respectively. From this formula
we see that we cannot deduce an upper limit for the mass of
the lightest supersymmetric partner. Increasing the mass of
the gluino leads to a smaller value of 𝑀SUSY. On the other
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Figure 1: The prediction of grand unification for the effective scale
𝑀SUSY. The width of the band represents the 1𝜎 experimental error
in 𝛼𝑠(𝑀𝑍).

hand we also see that a large value of 𝑀SUSY might still be
compatible with rather smallmasses of some supersymmetric
particles in the few-hundred GeV range.

5.2. MirageMediation. Explicit discussion of supersymmetry
breakdown in type IIB and heterotic string theory have
revealed a specific scheme known as mirage mediation [41].
It is a combination ofmodulusmediation and anomalymedi-
ation. The scheme is explained in detail, for example, in [33,
42].The contribution of modulus mediation is suppressed by
a factor log(𝑀𝑝𝑙/𝑚3/2) ∼ 4𝜋2 so that radiative corrections
become competitive. One of the specific properties of the
scheme is a compressed spectrum of gaugino masses [36].
This has several important consequences:

(i) Gluinos produced at LHC will predominantly decay
in neutralinos with a missing energy signal. This
signal will be suppressed when the mass splitting of
the gauginos is small. LHC search for missing energy
will thus be less efficient than previously expected.

(ii) The usual fine-tuning problem of the weak scale is
suppressed (compared to other scenarios) because
the gluino mass is suppressed with respect to other
neutralinos [43].

(iii) It allows the implementation of precision gauge uni-
fication in a natural way [39].

(iv) With an ultracompressed spectrum of (nearly degen-
erate) gauginos potential problems of the thermal
relic abundance can be solved via coannihilations
[39].

Mirage mediation leads to a specific spectrum: scalar
partners of quarks and leptons with masses of order 𝑚3/2 in
the multi-TeV range, 𝐴-parameters, gaugino, and Higgsino
masses in the TeV range and a compressed gaugino spectrum.
These properties and the influence of precision gauge uni-
fication (PGU) have been discussed explicitly in [39] where
we constructed a large sample of models and compared it to
results of LHC search. We recall some of the results here and
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Figure 2: Parameter scan in the (𝜇, )-plane for fixed 𝑚3/2 =

50 TeV. The regions where the gauge couplings unify within the
experimental error on the strong coupling are shown in green. In
the upper region, the lightest neutralino is predominantly of bino-
type, where the lower one corresponds to a wino-like LSP. The red
region exhibits a gluino LSP.The dotted contour indicates where the
mass ratio between gluino and LSP becomes two.

discuss the question of darkmatter candidates in more detail.
We define the gaugino masses as

𝑀𝑖 =
𝑚3/2

16𝜋2 ( + 𝑏
MSSM
𝑖 𝑔

2
) , (4)

such that  parametrizes the contribution from modulus
mediation. This leads to

𝑀1 : 𝑀2 : 𝑀3 = ( + 3.3) : 2 ( + 0.5) : 6 ( − 1.5) . (5)

Pure modulus mediation would lead to𝑀1 : 𝑀2 : 𝑀3 = 1 :
2 : 6 at a low scale. To reach an effective SUSY scale𝑀SUSY ≈
2 TeV would then lead to a higgsino mass

𝑚
ℎ̃
≃ 20TeV(

TeV
𝑚1/2

)

1/3

(
TeV
𝑚𝐻

)

1/4
(6)

and thus a large value for𝜇 ∼ 𝑚
ℎ̃
.This requires a large amount

of fine-tuning to obtain a low value of the mass of the Higgs
boson. The large value of 𝜇 can be directly understood from
formula (3). If the mass of the gluino is much larger than the
mass of the wino, this discrepancy has to be compensated
by a large value of 𝑚

ℎ̃
. In the case of mirage mediation

with a compressed spectrum the situation is quite different.
The contributions from gluino and wino essentially cancel in
formula (3) and gauge unification requires a smaller value
of the higgsino mass and thus 𝜇. This is nicely illustrated
in Figure 2. The two green regions are consistent with the
requirement of (precision) gauge coupling unification. In the
upper region (larger ) the bino is the lightest SUSY particle
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(LSP), whereas in the lower one we predominantly have a
winoWIMP.The red region has a gluino LSP and is therefore
disfavoured.We see from Figure 2 that a SUSY scale𝑀SUSY ≈
2 TeV can be obtained with a 𝜇-parameter in the TeV range.
Thus the fine-tuning of the weak scale is less severe than in
the case of uncompressed gaugino mass spectra.

5.3. Constraints from LHC. To confront the scheme with
present LHC results we have generated a large data sample
of models within the favoured regions of Figure 2. Details
are explained in [39]. As input we have chosen parameters
randomly in the intervals

𝜇 = 0.1–2 TeV,

 = 0.5–30,

𝑚3/2 =
40–200 TeV


,

tan𝛽 = 10–50.

(7)

The ranges of  and 𝑚3/2 are correlated and yield a
gravity mediated contribution to the gauging masses of 0.25–
1.25 TeV. A scatter plot with successful gauge unification
models in the gluino and LSPmass plane is shown in Figure 3.
The grey dots represent the individual models. To guide the
eye we have included representative limits on the gluino
mass from LHC searches by ATLAS [1] and CMS [2]. Both
limits are not strictly applicable at this point and should be
replaced by results of dedicated searches for themodels under
consideration. More than 90% of the benchmark points fulfil
𝑚𝜒1

> 0.5𝑚𝑔. The strong compression of gaugino masses
makes it more difficult to detect the gluino here than in
ordinary SUSY schemes as, for example, the CMSSM. Still
with the next run of the LHC it should be possible to cover
the full range of small gluino masses up to “kinematic limit,”
depending on beam energy and collected luminosity [44].

5.4. Constraints from Dark Matter Relic Abundance. More
constraints on the models could come from the requirement
of the correct thermal relic abundance of the LSP as a
candidate for darkmatter. Prime contenders are the wino, the
bino, and the higgsino. Due to its small annihilation cross
section, the bino density from thermal production typically
exceeds the observed dark matter density by far. Higgsinos,
on the other hand, undergo efficient annihilations into gauge
bosons or third-generation quarks, and coannihilations with
the charged higgsino further enhance their cross section.
Thus, the relic density of the higgsino LSP might typically be
below the required dark matter density. In mirage mediation,
the gaugino masses, while nonuniversal at the large scale,
lead to a highly compressed spectrum at the weak scale
as a consequence of the requirement of gauge coupling
unification. This nearly degenerate spectrum enhances the
possibility for coannihilation favourable to reduce the bino
mass density in this mixed scheme. Figure 4 illustrates
possible restrictions from the correct relic density. For a given
value of the gravitino mass (here 50 TeV) the constraint is
fulfilled in the blue region. We can identify two specific
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Figure 3: Parameter points with successful gauge coupling unifica-
tion (gray). Also shown are representative constraints on the gluino
mass for the decay modes 𝑔 → 𝑞𝑞+𝜒1 and 𝑔 → 𝑏𝑏+𝜒1 by ATLAS
[1] and CMS [2]. The yellow region features a gluino LSP which is
constrained by the ATLAS search for stable 𝑅-hadrons.
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Figure 4: Parameter scan in the (𝜇, )-plane for fixed 𝑚3/2 =

50 TeV, as described earlier in Figure 2. The blue region identifies
the parameters that are compatible with the correct dark matter
abundance. The vertical region around 𝜇 ∼ 1 corresponds to a
higgsino LSP, while the horizontal strip corresponds to (mixed) bino
LSP, here at a gluino mass around 1 TeV. The gluino mass scales
proportional to the gravitino mass.

cases: higgsino dark matter (vertical strip) with 𝜇 ∼ 1 TeV
and a coannihilation strip (horizontal) for a fixed gluino
mass (which, however, varies with the gravitino mass). The
consequences of this constraint on our model sample are
shown in Figure 5. Grey dots do not give the correct relic
abundance, black dots refer to the bino coannihilation strip,
and the purple ones refer to a higgsino LSP. There are, in
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Figure 5: This is the same as Figure 3 but with the information on
the dark matter candidates and abundance. The grey dots do not
provide the correct relic density. Black dots correspond to an LSP
that is predominantly bino, while purple (orange) dots correspond
to higgsino (wino) LSP. The black dots are approximately aligned in
a “coannihilation strip.”

addition, a few dots (in orange) corresponding to a wino LSP
(in case that mirage mediation is dominated by the anomaly
contribution corresponding to the lower green region in
Figure 2). Most of the favoured models should be within the
range of the next LHC run. Particularly the black dots in
the coannihilation strip should be testable in the near future,
while higgsino and wino LSPs might be out of reach in some
of the cases.

5.5. Complementarity of Searches. Fortunately there are other
observations that can help in clarifying the situation: exper-
iments for direct dark matter detection. WIMP candidates
can be found through their interaction with nucleons. The
cross sections of binos, winos, and higgsinos differ quite
significantly. In the scheme discussed here, the cross section
of the lightest neutralino with nucleons is dominated by the
exchange of the light Higgs boson (as the other scalars are
in the multi-TeV range). The coupling of the LSP to the
Higgs boson is proportional to the gaugino-higgsino mixing
angle; it vanishes in the limit of a pure state. The neutralino-
proton cross section 𝜎𝑝 for our benchmark points is shown
in Figure 6. We find a cross section between 10−43 cm2 and
10−48 cm2. Direct detection experiments as, for example, LUX
[3] have just started to probe this regime of cross sections.
Experiments of the next generation should be able to test a
significant fraction of the benchmark points.

For the specific scheme under consideration we observe
a complementarily of direct searches for dark matter with
those of the LHC. This is (also in more general cases [45]) a
rather fortunate situation. The black dots ((mixed) bino LSP
(when we denote the states by wino, bino, and higgsino LSP
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Figure 6:Neutralino-proton cross section for the benchmark points
with successful gauge coupling unification. The colour coding is the
same as in Figure 5. Models denoted by grey dots do not give the
correct relic abundance for dark matter. Black, purple, and orange
dots correspond to WIMP candidates that are predominantly bino,
higgsino, or wino.The current limit from the LUXdirect darkmatter
search [3] is also shown. The latter is valid if the lightest neutralino
accounts for all dark matter in the universe.

we identify the dominant component, as the candidates that
satisfy the constraints are usually mixed states)) are difficult
to detect directly, but according to Figure 5 they might be
within the reach of the upcoming run of the LHC. On the
other hand, the wino and higgsino WIMP candidates are
easier to see in direct detection experiments. If we look at
Figure 6, we observe that many of the purple and orange dots
are already ruled out. So this region of the parameter space
that is possibly beyond the reach of LHC can be tested by
direct dark matter detection experiments. In that sense it is
likely that our benchmark scheme can be tested within the
not so distant future.

6. Conclusions

As we have seen it is a long way from string theory via
supersymmetric extensions of the standard model to LHC
physics. To test these ideas we need consistent string theory
constructions that allow explicit determination of spectrum
and interactions to be confronted with the data. At this
point only the models of the heterotic MiniLandscape satisfy
both criteria. Given these models we can try to extract
some generic properties from the successful supersymmetric
candidate models. The origin of these lessons comes from
the geographic localization of fields in compactified extradi-
mensional space. A coherent picture emerges; Higgs and top
multiplets live in the bulk. This provides a solution to the 𝜇-
problem with an 𝑅-symmetry as well as a large value for the
Yukawa coupling of the top-quark (to be consistent with so-
called gauge-Yukawa unification). The multiplets of the first
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two families are located at fixed points in extradimensional
space. They enjoy enhanced gauge and discrete symmetries
that alleviate the flavour problem.A slight breakdownof these
symmetries provides a small parameter (originated from a
Fayet-Iliopoulos term) that could explain the hierarchies of
quark and lepton masses as well as the 𝜇-parameter. We
expect these properties (derived from the heterotic string
theory) to be of more general validity and should also
manifest themselves in constructions based on type I, type
II, M-, or F-theory.

In the discussion of SUSY breakdown we can identify a
rather generic scheme: mirage mediation. It has been found
in both type IIB and heterotic theory and is a consequence
of the mechanism to obtain a small value of the vacuum
energy (compared to the scale of the gravitino mass). The
scheme is characterized by two scales for the soft terms
separated by a factor log(𝑀Planck/𝑚3/2). Gaugino masses and
𝐴-parameters tend to be at the TeV scale, while gravitino
mass and scalar masses are generically at a higher scale.
A second characteristic property of the mirage scheme is
the possibility of a compressed spectrum of the gaugino
masses. It leads to hidden SUSY at the LHC and allows
for the correct thermal relic density of the LSP dark matter
candidate. Within this scheme we could identify another
important result concerning scalar masses, determined by
the localization properties of the corresponding fields with
a potential protection through extended supersymmetry.
Localized fields as, for example, the scalar partners of quarks
and leptons of the first two families only feel 𝑁 = 1 SUSY
and would be as heavy as the gravitino. Fields at fixed tori
or the bulk feel a hidden 𝑁 = 2 or 𝑁 = 4 SUSY and
have suppressed masses comparable to those of the gaugino
masses. It is this interplay of symmetries that leads to very
specific properties of the spectrum of superpartners. The
scheme is still consistent with all known experimental data.
A large part of the parameter space is within the kinematical
reach of the LHC at 13 TeV.This is partially due to the fact that
those models that are beyond the reach of the LHC might be
ruled out through direct dark matter detection experiments.
The next run of the LHC will hopefully be able to test
these ideas. Independent of the discussion here, it is obvious
that we urgently need new experimental data to clarify
the nature of potential physics beyond the standard model.
Theoretically we have tried all we could do. There are many
well-motivated models that have been analysed, but there are
no real predictions. We need help from experimental data.
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