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The collisions of the high-energy LHC beams with fixed
targets, including polarized and nuclei targets, can greatly
expand the range of fundamental physics phenomena acces-
sible at CERN. The fixed-target mode allows for an intensive
study of rare processes, novel spin-correlations, high xp
dynamics, diftractive physics, and nuclear phenomena as well
as the novel spectroscopy of hadrons carrying multiple heavy
quarks.

The extraordinary energy of the LHC beams would make
such a LHC fixed-target physics program, referred to as
AFTER@LHC thereafter, unique. We believe that such a
facility is of much interest to a wide range of hadron, nuclear,
and particle physicists and we are glad that this volume
gathers fifteen state-of-the-art contributions supporting such
an endeavour.

The contributions to this volume are of different kinds,
ranging from theoretical articles reviewing the theory of
some effects to be studied with such a facility to experimental
contributions detailing the techniques and the performances
of specific targets and feasibility studies of key measurements.
We briefly outline them below topic by topic.

On the theory side, the volume gathers two very impor-
tant reviews. The first one entitled “A Review of the Intrinsic
Heavy Quark Content of the Nucleon” by S. J. Brodsky
et al. summarizes the current knowledge on the charm
content in the proton. This is a hot topic which has direct
implications, for instance, with neutrino astrophysics. The

second theory review by D. Boer et al. entitled “The Gluon
Sivers Distribution: Status and Future Prospects” focuses on
the gluon Sivers effect which encapsulates the connection
between the gluon angular momentum and the proton spin.

The nucleon-spin-structure topic is complemented by
two theoretical predictions for the transverse single-spin
asymmetries for pions, jets, and photons, one by M.
Anselmino et al. entitled “Transverse Single-Spin Asym-
metries in Proton-Proton Collisions at the AFTER@LHC
Experiment in a TMD Factorisation Scheme” and the other
by K. Kanazawa et al. entitled “Transverse Single-Spin Asym-
metries in Proton-Proton Collisions at the AFTER@LHC
Experiment.”

This sets the context for measurements using polarised
gas targets which is precisely the scope of the contribution
of C. Barschel et al. entitled “A Gas Target Internal to the
LHC for the Study of pp Single-Spin Asymmetries and Heavy
Ion Collisions” which paves the way for a polarised internal
gas target in the LHC complex. Such a proposal follows from
the successful target system of the HERMES experiment at
DESY. In this contribution, the luminosities expected for
unpolarised and polarised hydrogen and nuclear gas targets
are estimated.

Continuing with contributions dealing with the hadron
structure and the perturbative regime of Quantum Chro-
modynamics, the contribution by F. A. Ceccopieri entitled
“Studies of Backward Particle Production with a Fixed-Target
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Experiment Using the LHC Beams” explores the possibility
of studying in hadronic collisions with AFTER@LHC the
fracture functions using the production of a hard dilepton,
just as in the Drell-Yan process, but in association with an
observed final-state hadron.

Quarkonium production is also known to be an ideal
probe of Quantum Chromodynamics at the interface between
its perturbative and nonperturbative domain. The contribu-
tion of Y. Feng and J.-X. Wang entitled “Next-to-Leading
Order Differential Cross Sections for J/y, w(2S), and Y
Production in Proton-Proton Collisions at a Fixed-Target
Experiment Using the LHC Beams” presents a next-to-
leading order analysis of the quarkonium yields at the
energies reached by AFTER@LHC and demonstrates how
such measurements in a new energy domain would constrain
the long-distance physics parameters needed to predict the
quarkonium yields even at collider energies.

The use of nuclear targets with the LHC lead beam
provides a new window to study nuclear phenomena, such
as the quark-gluon plasma in the target rest frame (or over
a large rapidity range). The contribution of K. Zhou et al.
entitled “Antishadowing Effect on Charmonium Production
at a Fixed-Target Experiment Using LHC Beams” analyses
the impact of the antishadowing of gluons in heavy nuclei
on the production of charmonia at AFTER@LHC. This work
clearly demonstrates that the study of heavy-ion collisions in
an energy domain between SPS and RHIC, never explored
before with high luminosities, can perfectly complement the
RHIC and LHC heavy-ion program and provide measure-
ments of phenomena inaccessible otherwise.

Along these lines, one of the superior advantages of the
fixed-target mode is to provide extremely precise analyses of
proton-nucleus collisions. These are mandatory baselines to
interpret nucleus-nucleus results and are extremely useful to
learn more about the nuclear phenomena in the subfemtome-
ter domain. The contribution of E Arleo and S. Peigné entitled
“Quarkonium Suppression from Coherent Energy Loss in
Fixed-Target Experiments Using LHC Beams” studies the
impact of a coherent energy loss on charmonium production
in proton-lead collisions whereas the contribution of R. Vogt
entitled “Gluon Shadowing Effects on J/y and Y Production
in p+Pb Collisions at /sy = 115 GeV and Pb+ p Collisions
at \/syy = 72GeV at AFTER@LHC” studies in detail the
impact of the nuclear modification of the gluon densities on
the quarkonium yields.

These studies are nicely complemented by a paper entitled
“Feasibility Studies for Quarkonium Production at a Fixed-
Target Experiment Using the LHC Proton and Lead Beams
(AFTER@LHC)” by L. Massacrier et al. which is the first
of its kind and which paves the way for the elaboration
of a number of figures-of-merit which would support a
forthcoming Expression of Interest for AFTER@LHC. In
addition to these detailed feasibility studies, D. Kikota in
his contribution entitled “Prospects for Open Heavy Flavor
Measurements in Heavy Ion and p + A Collisions in a Fixed-
Target Experiment at the LHC” looks at the feasibility to
perform state-of-the-art studies of open charm and beauty
production in proton-nucleus and nucleus-nucleus collisions
at AFTER@LHC. Finally, A. B. Kurepin and N. S. Topilskaya
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review in their contribution entitled “Quarkonium Produc-
tion and Proposal of the New Experiments on Fixed Target
at the LHC” the current knowledge of quarkonium studies in
heavy-ion collisions and discuss the opportunities offered by
an internal solid target at the ALICE experiment interaction
point.

The list of studies linked to heavy-ion collisions is
completed by the contribution of R. E. Mikkelsen et al.
entitled “Bremsstrahlung from Relativistic Heavy Ions in a
Fixed Target Experiment at the LHC” which focuses on the
emission process of high-energy photon in ultraperipheral
heavy-nucleus collisions. Such measurements would enable
us to extract the charge distributions of nuclei with a lifetime
down to femtoseconds.

The last contribution by J. P. Lansberg et al. entitled
“Near-Threshold Production of W*, Z°, and H at a Fixed-
Target Experiment at the Future Ultrahigh-Energy Proton
Colliders” is to our knowledge the first work ever dealing with
the possibility offered by a possible fixed-target experiment
at the future ultrahigh-energy hadron facilities such as HE-
LHC, FCC-hbh, and SppC.

Overall, we are very hopeful that the contributions
gathered in the present volume will give a new impetus to
initiatives in favour of a fixed-target program at the LHC. In
particular, they will certainly serve as a solid background for
the writing of a forthcoming Expression of Interest for such a
facility.

Jean-Philippe Lansberg
Gianluca Cavoto
Cynthia Hadjidakis
Jibo He

Cédric Lorcé

Barbara Trzeciak
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Using nonrelativistic QCD (NRQCD) factorization, we calculate the yields for ]/, w(2S), and Y(1S) hadroproduction at /s =
72 GeV and 115 GeV including the next-to-leading order QCD corrections. Both these center-of-mass energies correspond to those
obtained with 7 TeV and 2.76 TeV nucleon beam impinging a fixed target. We study the cross section integrated in p, as a function
of the (center-of-mass) rapidity as well as the p, differential cross section in the central rapidity region. Using different NLO fit
results of the NRQCD long-distance matrix elements, we evaluate a theoretical uncertainty which is certainly much larger than the
projected experimental uncertainties with the expected 20 fb™" to be collected per year with AFTER@LHC for pp collision at the

center of mass energy /s = 115 GeV.

1. Introduction

Nonrelativistic quantum chromodynamics (NRQCD) [1] is
the most systematic factorization scheme to describe the
decay and production of heavy quarkonia. It allows one to
organize the theoretical calculations as double expansions in
both the coupling constant «, and the heavy-quark relative
velocity v. In the past few years, significant progress has
been made in next-to-leading order (NLO) QCD calculations
based on NRQCD. Calculations and fits of NRQCD long-
distance matrix elements (LDMEs) for both the J/y yield and
polarization in hadroproduction have been carried out [2-6]
as well as for Y hadroproduction [7, 8]. Using these LMDEs,
one can in principle predict the transverse momentum p,
differential cross section at any energies. In addition, in a
recent study [9], we have discussed the implication of these
fits on the energy dependence of the cross sections integrated
in p;.

In this paper, we predict these differential cross sections
for the kinematics of a fixed-target experiment using the
LHC beams (AFTER@LHC) [10]. In practice, 7 TeV protons
on targets yield to a c.m.s energy close to 115GeV and
72 GeV for 2.76 TeV nucleons (as in the case of a Pb beam).

This corresponds to a range very seldom explored so far,
significantly higher than that at CERN-SPS and not far from
BNL-RHIC. With the typical luminosity of the fixed-target
mode, which allows for yearly luminosities as large as 20 fb™"
in pp collision at /s = 115GeV, AFTER@LHC is expected
to be a quarkonium and heavy-flavor observatory [10, 11]. In
general, the opportunities of a fixed-target experiment using
the LHC beam for spin and heavy-ion physics are discussed
in [10, 12-14]. With the calculation at \/s = 72 GeV, which is
supposed to be a baseline rate where nuclear effects would be
added, we confirm that charmonium yields can easily reach
10° per year and 10° for bottomonium at /s = 115 GeV.

2. Next-to-Leading Order Calculation

Following the NRQCD factorization formalism [1], the cross
section for quarkonium hadroproduction H can be expressed
as

do [pp— H+ X]

- Y [ anaxciclaa [ij— (@@), x] (of), "

i,j,n
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where p is either a proton or an antiproton, G;E] is the parton
distribution function (PDF) of p, the indices 7, j run over
all possible partonic species, and n denotes the color, spin,
and angular momentum states of the intermediate QQ pair.
For y and Y, namely, the °S, quarkonium sates, their leading
CO states of relative order G(v*) are 'S[f!, 3S!¥), and * PI[8].

Along with the CS transition 3551], we call the total CS + CO
contributions as direct production. The short-distance coef-
ficient (SDC) dd will be calculated perturbatively, while the
long-distance matrix elements (LDMEs) (@nH ) are governed
by nonperturbative QCD effects.

Now let us take a look at the parton level processes
relevant to this work. As it is well known, the CO contribu-
tions to hadroproduction appear at &’ [15] and their Born
contributions are

a+3— Q@['s"], @
2

— 1 [8] [8]
g+9— QQ|'Sy »*Pry, ]

where q(g) denotes the light quarks (antiquarks).

Up to ocf, QCD corrections include real and virtual
corrections. One inevitably encounters ultra-violet (UV),
infrared (IR), and Coulomb divergences when dealing with
the virtual corrections. UV divergences from self-energy and
triangle diagrams are canceled upon the renormalization
procedure. For the real emission corrections, three kinds of
processes should be considered:

1] 1 [8] 3 [8] 3 [8]

— [
g+ —QQ[’S, 'Sy 578, Py, | + 6

_ — [8] [8] [8] —
g+a@ — QQ['sy .’ Py, +a@. O

_ — 1 [8] 3 [8] 3 _[8]
q+q—>QQ[ So S » P]=0,1,2}+g,

some of which involve IR singularities in phase space integra-
tion and we adopt the two-cutoff phase space slicing method
[16] to isolate these singularities by introducing two small
cutoffs, §, and §,. For technical details, we refer readers to
17, 18].

One has to note that in (3), the 3551] production in gg
fusion is not really correction. Strictly speaking, it is only the
Born-order contribution for hadroproduction with a jet. In
fact, all the real emission processes in (3) will be taken as
Born-order contributions of quarkonium-jet production.

As regards to the p, dependent differential cross section,
and the QCD NLO corrections in this case are up to !, which
involves the real emission processes

9+9— (QQ) +g+9
9+9— (QQ) +q+3

9+4(q) — (QQ),+9+4(@).

Advances in High Energy Physics

(4)

where g, g denote light quarks with different flavors and

— 1 8 8 8
(QQ),, can be either 38[1 ], 1S([J ], 38[1 ], or 3P5 ]. One can find

the details of such computations at this order in [18, 19] and
some examples in [2, 3, 6-8].

All of these calculations are made with the newly updated
Feynman Diagram Calculation package [20].

3. Constrains on the LDMEs

The color-singlet (CS) LDMEs are estimated from the wave

functions at the origin by (6"”(S.)) = (3N,/27m)|R(0)[2,
where the wave functions are obtained via potential model
calculation [21]. This gives IRI/V,(O)I2 = 0.81GeV?,
IR, (25 (0)* = 0.53GeV?, and [Ry(;5)(0)[* = 6.5GeV*. In the
following, we will refer to this contribution as the CSM results
when performed separately.

The color-octet (CO) LDMEs can only be extracted from
data. As for now, SDC are known up to NLO accuracy and
the fits of LDMEs can be thus performed at NLO. However,
different results are obtained when different dataset is used.
We made a selection of these fits in order to assess the
theoretical uncertainty induced by the LDMEs. We briefly
discuss below these different fit results.

In the J/y case, seven groups of LDME:s [2, 5, 6, 22-25]
are collected in Table 1. They are extracted by fitting the data
of hadroproduction yield [2] or combined with polarization
[5, 6] on pp collisions. The first one [22] was based on a wider
set of data including ep and yy system with p, > 1GeV. In
[5, 6], the data with p, < 7 GeV are excluded in their fit.
The fit in [23, 24] took the 7. measurement (p, > 6 GeV)
into consideration. Only one of them is used [24] since their
results are almost the same. The last one incorporates the
leading-power fragmentation corrections together with the
QCD NLO corrections, which results in a different SDC and
may result in different LDMEs. In [2], Ma et al. fit the data
with p, > 7 GeV by two linear combinations of LDMEs:

Mé,/r‘: = <@f/w (15([)8])> + % <@1/w (3P([)8])> ’
M{,/r'f’ = <@I/w (35[18])> . % <@I/w (3P([)8])>,

from which we extract the value of LDMEs by restricting
<@]/V’(IS([)8])) and (@]/"’(3558])) to be positive to get a loose

8
constraint on the (0’ 1"(SP([) ])) range, from which we choose

(5)
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TaBLE 1: The values of LDME:s for J/y hadroproduction (in units of GeV?).

References (0" sy (0" (s CATET)) (" CPPY) fm,
Butenschoen and Kniehl (2011) [22] 1.32 3.0 x 107 1.7%x107° -40%x107°
Chao et al. (2012) [5] 1.16 8.9x 1072 3.0x107° 5.6x107°
Ma et al. (2011) [2] 116 3.9%x 107 5.6x107° 89x107°
Gong et al. (2013) [6] 1.16 9.7 x 107 -46x107° -95x%x107°
Zhang et al. (2014) [23] 0.24~0.90 (0.4~1.1) x 107> 1.0x107° 1.7x107°
Han et al. (2015) [24] 116 0.7%x1072 1.0x1072 1.7x107°
Bodwin et al. (2014) [25] 0 9.9x 107> 1.1x 107 49%x107°
TaBLE 2: The values of LDMEs for y(2S) and Y(1S) hadroproduction (in units of GeV?).
H References (o"Csy) (o"('siEhy) (oMCsthy) (O"CPM) mg,
v(29) Gong et al. (2013) [6] 0.76 -12x10™* 34x107° 42x107°
Ma et al. (2011) [2] 0.76 1.4x 1072 20x107° 1.6 x 1073
Gong et al. (2014) [8] 9.28 11.2x 107> -41x107 -6.7x107°
Y(1S) Han et al. (2014) [26] 9.28 3.5%x107° 5.8 x 107 3.6 %107
Feng et al. (2015) [27] 9.28 13.6 x 1072 6.1x107° -93x107°

the center value in order to obtain the three LDMEs (Ma et
al. (2011) in Table 1).

As regards the y(2S), only two NLO analyses have been
done (see [2, 6]), both of which excluded the data with p, <
7 GeV in their fit. To extract the LDME values from the fit
results of Ma et al., the same method is used as for the J/y.
For Y(1S), we use three groups of LDMEs [8, 26, 27]. Both
of them have exactly accounted for the direct production and
the feed-down contributions. In the fit of [26], only the data in
D: > 15GeV region are used, while in [8, 27] the region is p, >
8 GeV. They all describe the high p, yield data at Tevatron and
LHC very well. We gather the LDMEs of y(2S) and Y(1S) in
Table 2.

4. Numerical Results

The differential cross sections as a function of (center-of-
mass) rapidity and transverse momentum are considered in
this section. In both cases, the CTEQ6M parton distribution
functions [28] and the corresponding two-loop QCD cou-
pling constants «, are used. The charm quark mass is set to
be m, = 1.5 GeV, while the bottom quark mass is taken to be
my, = 4.75 GeV. The renormalization and factorization scales
are chosen as y, = iy = 2my, for rapidity distribution plots,
while for the plots of transverse momentum distribution they

are y, =y = prp, with pp = /(2mg)® + p?. The NRQCD

scale is chosen as py = mgq. It is important to note that
different choices of these scales may be adopted which can
bring some additional uncertainties in our predictions. We
show these uncertainties from the scales combined to those
from the quark masses for the plot of the rapidity distribution
of the yield (and only for the CO contributions). The scale
dependence is estimated by varying y,, yi5, by a factor of 1/2
and 2 with respect to their central values and quark masses
varying 0.1 GeV up and down for J/y, as well as 0.25 GeV
for Y. Branching ratios are taken from PDG [29], which give

By — pul = 0.0596, Bly(2S) — wpul = 0.0079, and
BIY(1S) — upl = 0.0248, respectively. The two phase
space cutoffs 5, = 10° and 8, = §8,/50 are chosen and
the insensitivity of the results on different choices for these
cutoffs has been checked.

4.1. do/dy up to o. First, we study the p,-integrated cross
section (where the whole p, region is integrated) as a function
of rapidity. The QCD NLO corrections are up to ¢ in this
case. In Figures 1 and 2, we show the rapidity distribution of
direct /vy, w(2S), and Y(1S) production cross section at cen-
ter of mass energy +/s = 72 GeV and 115 GeV, respectively. We
first discuss the “unnormalized” CO channel contributions
shown in Figure 1, where the CO LDME:s are set to unity for
all three production channels. For y(2S), the CSM is different
from J/y only by a factor, we therefore do not perform it
separately. Obviously, the CSM results (red lines) for both J /v
and Y(1S) are small compared with the CO channels. The

dominant CO channel for J/y is 3 PSS] transition, while for

Y(1S) itis IS([)B] . Besides, these “unnormalized” contributions
for J/y display a clear hierarchy, but for Y(1S), little difference

between 38[18] and’ PES] contributions shows up.

Adopting the LDMEs in Tables 1 and 2, we present the
rapidity distribution of cross section for various cases in
Figure 2. The lines are the central values with different groups
of LDMEs, while the colored areas are the uncertainties from
scales and quark masses. Only the boundary lines are shown
with scales and mass uncertainties. For the J/y, six groups
of NRQCD results are shown as a band, the boundaries of
which has a distance within factor 10. The values of the
cross sections are roughly in the region of 10* ~10° pb. The
CSM results are systematically below the full NRQCD band,
again by a factor 10. Without a surprise, the CSM seems
to be negligible for total NRQCD results. However, some
words of cautious are in order here. In fact, as we have
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FIGURE 1: The “unnormalized” CO channel contributions for direct J/y (a) and Y(1S) (b) hadroproduction at the c.m.s energy 72 GeV (dot
lines) and 115 GeV (dashed lines), respectively. The CO LDME:s for all the channels are set to unity.

discussed in [9], the LO CSM contribution explains the data
very well from the RHIC to LHC energies, while the CO
LDME: extracted from p,-differential NLO correction would
lead to p,-integrated cross sections overshooting the data.
Only the fit from Butenschoen and Kniehl [22], including
rather low p, data, provides an acceptable description of
the pt-integrated cross section. In other words, most of the
predictions in Figure 2 may overshoot the data. One should
indeed stress that most of the fits which we used are based
on large p, data, while this rapidity distribution bears on
the whole p, region. We suppose the band from the LDMEs
of Butenschoen and Kniehl [22]; namely, the lowest band
(red dashed line) would probably give the best prediction of
the J/y yields, although their LDMEs clearly face difficulty
to describe the polarization data. To be complete, let us
mention that, following an observations also done in [9],
the CSM yield may underestimate the measurements below
RHIC energy.

As regards the w(2S), two groups of LDMEs lead to
a consistent predictions which give a cross section around
10° pb at both /s = 72 GeV and 115 GeV. Accounting for the
uncertainties of the scales and quark masses, the cross sec-
tions reach 10* pb in the central rapidity region. Nevertheless,
these results overestimated the data as discussed in [9].

In the Y(1S) case, two curves are close and a third one is
slightly different. Yet, their difference is only in pb units. At
RHIC energies and below [9], this reproduces quite well the
Y(1S) data. This should thus also be the case at the energies
considered here.

4.2. do/dp, up to af. Now let us discuss the differential
cross sections in the transverse momentum p,. In Fig-
ure 3, the p, distributions of direct J/y, y(2S), and Y(1S)

hadroproduction are presented. For ] /y and y(2S), the yields
are dominated by the CO contributions, which is larger
than that of the CSM at NLO by at least one order of
magnitude. The various groups of LDMEs predict J/y and
y(2S) differential yields which are much less spread than for
the p, integrated yields; this is expected since the fits are based
on a similar distribution but at different energies. Only the
one from [25] (the light blue dot-dashed line) seems to depart
from the other ones, being from 2 to 10 times larger in J/y
case. This may be understood by the fact that the fits in [25]
have a different SDC compared with others, which would be
the source of the difference.

For Y(1S), the red dashed and blue dot-dashed lines are
almost parallel with a tiny difference, while the green dot
line is obviously lower at low p, region and crosses the other
ones as p, increases. This explains the behavior of do/dy in
Figure 2 with a visible difference between the green curve and
the other two.

5. Summary

We evaluated the NLO QCD corrections for the direct J /v,
¥(2S), and Y(1S) production at fixed-target LHC energies.
We studied the cross section integrated in p, as a function
of the rapidity as well as the p, differential cross section
in the central rapidity region, including QCD corrections
up to ocs3 and ocf contributions, respectively. To perform a
reliable prediction, various sets of NRQCD long-distance
matrix elements obtained from different fitting methods are
considered as well as the uncertainties from the scales and
quark masses. With the typical luminosity of the fixed-
target mode, which allows for yearly luminosities as large as
20fb™! with 7 TeV proton beams, our predictions confirm
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that charmonium yields can easily reach 10° per year and 10°
for bottomonium at the center of mass energy /s = 115 GeV
in pp collision.
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We review what is currently known about the gluon Sivers distribution and what are the opportunities to learn more about it.
Because single transverse spin asymmetries in p' p — 72X provide only indirect information about the gluon Sivers function
through the relation with the quark-gluon and tri-gluon Qiu-Sterman functions, current data from hadronic collisions at RHIC
have not yet been translated into a solid constraint on the gluon Sivers function. SIDIS data, including the COMPASS deuteron
data, allow for a gluon Sivers contribution of natural size expected from large N, arguments, which is ©(1/N,) times the nonsinglet
quark Sivers contribution. Several very promising processes to measure the gluon Sivers effect directly have been suggested, which
besides RHIC investigations, would strongly favor experiments at AFTER@LHC and a possible future Electron-Ion Collider. Due to
the inherent process dependence of TMDs, the gluon Sivers TMD probed in the various processes are different linear combinations
of two universal gluon Sivers functions that have different behavior under charge conjugation and that therefore satisfy different
theoretical constraints. For this reason both hadronic and DIS type of collisions are essential in the study of the role of gluons in

transversely polarized protons.

1. The Sivers Function and Its Definition

The distribution of quarks and gluons in a proton (or
any other spin-1/2 hadron) that is polarized transversely
to its momentum need not be left-right symmetric with
respect to the plane spanned by the momentum and spin
directions. This asymmetry is called the Sivers effect [1]. It
results in angular asymmetries of produced particles in high
energy scattering processes involving a transversely polarized
hadron. Experimental data in support for such a left-right
asymmetry in the quark distribution was first obtained from
semi-inclusive DIS process by the HERMES collaboration
[2]. This review is about what is currently known about the
gluonic Sivers effect distribution. The Sivers effect is of great
interest theoretically as it is very sensitive to the color flow in
the scattering process and to the multitude of color exchanges
among initial and final states. It is the first quantity for which
this has been recognized and for which color flow sensitivity

can be tested unambiguously [3]. Verification of its unusual
properties will provide a strong test of the formalism of
Transverse-Momentum-Dependent parton distributions. It is
an important quantity of nonperturbative QCD to consider
both qualitatively and quantitatively. This review discusses
these aspects for the gluon Sivers distribution specifically. We
first start with its proper definition.

The number density in momentum space of a generic
parton (quark, antiquark, and gluon) inside a hadron with
mass M, transverse polarization S;, and momentum P can
be written as

(f)xkl)'gT n

I (). O

Flok;Sr) = fi (k) -
where f,(x, k%) is the unpolarized Transverse-Momentum-
Dependent (TMD) parton distribution, S; = S;/|S;|, and
P = P/|P|. The function fllT(x, ki) describing the distortion
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in the distribution of unpolarized partons with light-front
momentum fraction x and transverse momentum k, due to
the transverse polarization of the hadron is called the Sivers
function. The notation used here comes from [4], but also
the notation AY fgmt from [5, 6] is sometimes used, where

ANfg/hr = =2 (k. |/M) f,+ -9 (analogous to the quark case
[7]).

The Sivers function satisfies the following positivity
bound [8]:

kJ_ 1
|M—| \fir (x13)| < £ (K1) )

In [8] the operator definition of the gluon Sivers function,
which was called Gy = —f;; "9 [9], was first given with-
out gauge links. The definition including gauge links then
appeared in [10, 11]

(Pxk,)- STng

(1)

M 3)
1~ ~
E[f(x>k¢;ST) f( 15 ST)]
with
5Jl dz d*z,
kS L C 21 ke (ps,|2
f (o kusS) = I 7 © (RS (4)
-Tr [F”

where U|,,; is a Wilson line connecting the points a and
b along a contour determined by the physical process and
k™ = xP" is the fraction of parton light-front momentum.
For a proper definition that is free from rapidity divergences
associated with gauge links with paths (partly) along the
light front, a redefinition involving the so-called soft factor
is necessary [12-15]. This will however not play a significant
role here and can simply be considered as implicit.

2. Sivers Effect, A, and Qiu-Sterman Effect

The Sivers effect (for both quarks and gluons) was first
suggested in [1] as an explanation for the large left-right single
transverse spin asymmetries (A ) observed in p'p — 71X
[16-23] (and similar asymmetries in K [22], in # [24], and
tentatively in J/y [25] production). The Sivers effect was first
studied phenomenologically in [5]. However, extraction of
the Sivers TMD presumes all-order TMD factorization. A
factorized description of the process pp — X only applies
for large transverse momentum pr of the produced pions
(say for pr = 1GeV), where in fact collinear factorization
is appropriate [26], rather than TMD factorization. Although
TMDs do appear in the phenomenological description of
Ay in [5] and subsequent studies (see [27]), that description
is thus not based on a TMD factorization theorem. Rather
it should be considered as an effective model description,
now commonly referred to as the Generalized Parton Model
(GPM). As a phenomenological approach it has proven
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useful in the quest to disentangle the possible underlying
mechanisms of the spin asymmetries; see [27, 28] for more
discussion, but the extracted “effective” TMDs may differ
from the TMDs extracted from TMD-factorizing processes.
What is known about the effective gluon Sivers TMD will be
discussed below.

In collinear factorization the single spin asymmetry (SSA)
will arise at the twist-3 level [29]. In this description Ay
probes the (quark-gluon) Qiu-Sterman function (sometimes
one factor of the coupling constant g is included in the
definition of Qiu-Sterman functions, because one always
encounters them multiplied by g) [30, 31]

S sV
M [dedn g (PXSr)
Ty (i) = 3 | S22 (SIT ) 5

' FY (z) y (2) |P.S)

zt=|z,]=0"

and its trigluon correlation analogues T(Gf )(x, x) = Tg) (x, x)
and T (x, x) = TS (x, x) [32-35]

it (45 (0]

(+) _
TG (x, x) = x(P+)2 2T M (6)

-CEF(0) B (n2) B (2) |P, S)

zt=lz,|=0 ’

where C% = if ™ and C** = d and where the light-front
gauge A" = 0 has been considered for convenience.

In [36] the quark-gluon Qiu-Sterman function has been
related to the first transverse moment of the quark Sivers

function, that is, L(l 1(x) o< TqF(x,x)/M where

2
FLoa )_J L fi (1), )

However, that relation was only established at tree level
(beyond tree level the relation will be affected by the consid-
ered regularized definition of the Sivers TMD including its
dependence on the soft factor). A similar tree level relation

can be established in the gluon sector as well: f| L(1)g (x) o
To(x,x)/M (where T that appears in this relation depends
on the gauge links; see the discussion in Section 5).

Another relation has been established in [37]:

) E>M* M

4 (x K Sk‘*

i (KoT)@, @
which means that the quark-gluon Qiu-Sterman function
determines the large transverse momentum tail of the quark
Sivers function. Here it should be emphasized that the
function (K ® T, r)(x) consists not only of a convolution
of Tq,F(x, x) but also of its derivative xaTq,F(x, x)/0x and
of the more general T, r(x, y) with y # x. It corresponds
to the fact that the evolution of T,  is nonautonomous and
inhomogeneous; see [38]. Note that here we have discussed
the nonsinglet contributions only that apply to combinations
like 4 minus d quarks; otherwise also gluonic contributions
need to be taken into account.
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Similarly, the tail of the gluon Sivers function is deter-
mined by several Qiu-Sterman functions [39]. It receives
contributions from the quark-gluon Qiu-Sterman functions
T, r(x,x) and T, p(x, y) with y # x and from the trigluon

functions T(Gf d) (x, x) (Whose contribution to the gluon Sivers

function depends on the gauge links; see Section 5). At small
x the situation simplifies: the contributions from T, p(x, x)
and T, p(x, y) with y # x to the tail of the gluon Sivers
function cancel each other [39], leaving only the trigluon

correlators. Moreover, Tgi ) (x, x) evolves with the same 1/x
behavior at small x as the unpolarized gluon distribution
and is therefore not necessarily suppressed at high energies

and small values of x, whereas T(Gf )(x, x) lacks this 1/x
enhancement [35]. As the large p; Ay data from RHIC are
generally not in the small-x region of the polarized proton,
except for negative xj, any simplifications at small x should
of course first be tested for validity.

Information from A \; measurements at sufficiently large
pr (in order to consider a collinear factorization description
in the first place) can thus in principle reflect some informa-
tion on Sivers functions (i.e., on the tails and perhaps also
on first transverse moments), but in practice other twist-3
contributions beside the mentioned Qiu-Sterman functions,
namely, chiral-odd and fragmentation function analogues,
contribute to A, [28, 40-42]. From the smallness of Ay
in the midrapidity and backward (negative xj) regions,
one would generally conclude that gluonic and sea quark
contributions to the transverse single spin asymmetry are not
large, but a detailed analysis is required to determine precisely
the size of the various contributions.

A, for 7° production at midrapidity has been measured
by the PHENIX experiment in polarized pp collisions at
RHIC and was found to be consistent with zero, for p values
below 5 GeV at the permille level and for higher p; values (up
to 11 GeV) at the few percent level [21, 43]. These data taken at
/s = 200 GeV probe x values only down to x ~ 0.006, where
still a combination of Qiu-Sterman functions is expected to
contribute. In [44] these 7° data were discussed, using two
models for the trigluon Qiu-Sterman functions that were
constrained from A in D-meson production [45, 46]. The

midrapidity 7° data are shown to mostly constrain Tg )(x, x)
(their N(x)) at low pr. The authors conclude that “both
models give tiny asymmetry due to the small partonic cross
sections, so the form of the three-gluon correlation functions
is not much constrained by the data in this region.” From this
limited model study of both 7z° and D production one would

conclude that Tg )(x, x) and T((;d>(x, x) are in any case small,
a permille fraction of x times the unpolarized gluon distribu-
tion. This should be investigated further with more general
model forms that adhere to the correct small-x behavior and
with more precise data. The experimental precision of A ; can
be improved much further both at RHIC and especially at the
AFTER@LHC experiment [47], which would have a luminos-
ity factor of 10-100 times higher, if not more. Such improve-
ment and the measurements of asymmetries for many differ-
ent types of produced particles are required to separately con-
strain or determine the various Qiu-Sterman contributions.

In the GPM the smallness of Ay, at midrapidity puts
strong constraints on the effective gluon Sivers function. As
explained, this gluon Sivers function captures the combined
effect from several Qiu-Sterman contributions and may thus
differ from the actual gluon Sivers function obtained from
TMD-factorizing processes. In a recent GPM analysis [48],
which is an updated analysis of [49], the best fits to the
PHENIX midrapidity 7°A , data indeed correspond to a
small effective gluon Sivers function with respect to its
theoretical bound determined by the unpolarized gluon. For
example, for x < 0.1 it is at most only a few percent of
the bound. However, the maximally allowed effective gluon
Sivers function is still sizable though. Its first transverse
moment is still found to be around 30% of the up quark Sivers
function in the region 0.06 < x < 0.3, which is consistent with
findings from semi-inclusive DIS for the actual gluon Sivers
function and also with theoretical expectations, as discussed
in the next section. In addition, it should be mentioned that
this GPM analysis assumes a Gaussian k, dependence, which
corresponds neither to the correct power-law tail of the Sivers
function, (8), nor to the unpolarized gluon distribution.
Given all the caveats that come with these results, one should
be careful to draw a definite conclusion about the size of the
actual gluon Sivers TMD from A ; data.

One should also specify clearly what one calls a small
gluon Sivers function. It will depend on what one compares
to, that is, whether that is to the unpolarized gluon that grows
very rapidly at small x or to the up or down quark Sivers
function for not too small x. At small x it becomes very
important whether one discusses the f or d type contribution
(see Section 5), which is an issue not addressed in the GPM
studies of A .

3. Sivers Asymmetry in SIDIS

The Sivers effect leads to a sin(¢, — ¢g) asymmetry in
semi-inclusive DIS (SIDIS) [4], which has been observed
in experiments using a proton target by HERMES [2, 50]
and COMPASS [51] and using *He target by Jefferson Lab
Hall A [52, 53]. The data follow to quite a good extent the
expectations of a valence quark picture in the target and of
favored fragmentation. In the proton case, 7" thus shows
the largest asymmetry (for large z values, the asymmetry is
around 4-5% or even somewhat larger when a lower cut of
Q* > 4GeV? is implemented instead of Q% > 1GeV? [50)).
The 7~ asymmetries are smaller and still compatible with
zero. The K* asymmetries are similar to the 77 asymmetries,
but with larger errors. Sivers asymmetries on a deuteron
target [54] are all consistent with zero. Fits to all these
HERMES and COMPASS data, including the deuteron data
using isospin symmetry, indicate that the Sivers function
(fi7) for u quarks in a proton is negative and for a d quark
in a proton is positive and approximately equal in absolute
value [55]. This fits the expectations from the limit of a large
number of colors N, [56, 57]:

i (6 K]) = - ;Td(x,ki)Jr@(Ni). ©)

c



The flavor singlet combination of u and d is of the same order
as the gluon contribution in N, counting [58]. The latter is
thus 1/N, suppressed with respect to the flavor nonsinglet
quark Sivers effect at not too small x (x ~ 1/N,) [59].

Within the current accuracy, the SIDIS data do not
require any sea quark or gluon contributions, which among
other considerations (see Section 6) led Brodsky and Gardner
to conclude that the gluon Sivers function is small or even
zero (“absence of gluon orbital angular momentum”) [60].
The SIDIS data from HERMES, COMPASS, and Jefferson Lab
Hall A are of course at rather modest Q* and not too small-x
values, that is, in the valence region. One cannot yet draw any
conclusions about the gluon Sivers function at higher Q* and
smaller values of x. Moreover, the data certainly still allow
for gluon Sivers contributions of the order of 1/N, times the
valence quark Sivers functions. This is evident from the fits
by Anselmino et al. [55], where the first transverse moment
of the u and d Sivers functions has error bands that are at least
around 30% of the central values.

Note that the SSA in the “inclusive” process ep — hX,
where the back-scattered lepton is not observed [61, 62], does
not allow for an interpretation in terms of TMDs, as the data
are dominated by Q* = 0. Even for large p; the appropriate
factorization would be collinear factorization and the Sivers
type of asymmetry would probe the Qiu-Sterman functions
instead [63], which as discussed above have some relation
to the Sivers TMDs, but only via the tail or possibly via the
first transverse moment. The asymmetries for p; > 1GeV
are found to be at the level of 5-10% for positive hadrons.
Fits will need to make clear how much room there is for a
gluon Qiu-Sterman effect. Given the fact that the gluon Qiu-
Sterman function does not enter at leading order in « in this
process, this room may be considerable.

4. Sivers Asymmetry in Other Processes

Several other pp scattering processes to access the gluon
Sivers function have been suggested over the past years:
p'p — jetjetX [64], p'p — DX [34,44,65],p'p — yX
[66], p'p — yjetX [66, 671, p'p — y'X — upuX
[66], p'p — jetX (single transverse spin asymmetries in jet
production measured at RHIC [68, 69] at forward rapidities
(the valence region) show very small asymmetries, which
is probably due to a cancellation among u and d quark
contributions [70]), p'p — mjetX [71],and p'p — N X
[39]. Several of these processes are like Ay in (high-pp)
pion production, which means that they deal with twist-3
collinear factorization and only provide indirect or limited
information about the gluon Sivers TMD. Several other
processes run into the problem of TMD factorization break-
ing contributions [72] and hence are not safe. In principle
they do probe TMDs but as a result of TMD factorization
breaking contributions, conclusions about the gluon Sivers
function from their measurements cannot be drawn safely.
This applies, for instance, to the process p'p — jetjetX
(measured at RHIC to be small at the few percent level [73]),
which moreover suffers from cancellations between u and d
contributions and between the effects of initial and final state
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interactions [74-76]. TMD factorization breaking would also
apply to open heavy quark production: p'p — QQX, such

asp'p — D'D’X; compare, for example, [77]. Whether the
problem also applies to double heavy quarkonium produc-
tion remains to be seen, because in practice the color singlet
contributions may give the dominant contribution in that
case. Among the hadronic collisions the processes having one
or two color singlets in the final state would in any case be
the safest. One very promising example is p'p — pjetX
[67], where it depends on the rapidity of the photon and
the jet, that is, on the x fraction of the parton in polarized
proton, whether the gluon Sivers function dominates over the
quark one or vice versa. Another very promising example is
p'p — J/wyX, which is predominantly initiated by gluon-
gluon scattering (which is an order in «, higher than the
gluon contribution in p'p — pjetX) and for which the color
singlet contribution dominates over the color octet one to a
large extent [78, 79]. The same applies to p'p — J/wJ/yX
(see the contribution by Lansberg and Shao in this special
issue). AFTER@LHC would be very well-suited for studying
these processes.

SSA experiments could be done at AFTER@LHC where
the beam of protons or lead ions of the LHC would collide
with a fixed target that is transversely polarized. Such pp' and
Pbp' collisions would have a center-of-mass energy \SNN
of 115 and 72 GeV, respectively, and have high luminosity
and good coverage in the rapidity region of the transversely
polarized target (mid and large x;) [47]. Polarized Drell-
Yan and prompt photon production studies could be done
to measure the quark Sivers function very precisely, perhaps
to the level that the gluon Sivers function becomes relevant,
despite the large values of x in the polarized target. As
mentioned yjet and J/yy production could be used to study
the gluon Sivers effect directly, where the former would
need specific selection of the rapidities. In addition, the
comparison of Pbp! — ypjetX and pp! — ypjetX would
give a further handle on determining the relative sizes of
quark and gluon Sivers functions. Other processes, such as
D-meson or J/y production, would allow a similar study of
Qiu-Sterman functions, including the trigluon ones, which
are of course interesting in their own right. See [28] for a
more detailed and quantitative study of twist-3 transverse
single spin asymmetries in proton-proton collisions at the
AFTER@LHC experiment. All these possibilities offer a very
interesting complementary opportunity or even a compet-
itive alternative to the other existing high-energy particle
physics spin projects aiming at studying the role of gluons in
transversely polarized protons.

In electron-proton scattering one of the most promising
processes to directly probe the gluon Sivers function is open
charm production, ep! — ¢'ccX, which could ideally be
studied with an Electron-Ion Collider (EIC). By selecting
the charm (or bottom) quark, one effectively eliminates the
subprocesses y*q — ggandy*q — g and becomes essen-
tially (this assumes that intrinsic charm contributions are
suppressed by selecting sufficiently small-x values) sensitive
toy*g — cc and thus to the gluon Sivers function (a similar
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argument is used in the study of high-p; hadron pairs in
muon-deuteron and muon-proton scattering [80, 81], where
photon-gluon fusion is expected to dominate. The relevant
asymmetry A%‘}wzw%) is found to be —0.14 + 0.15(stat.) +
0.06(syst.) at (x5) = 0.13 for the deuteron and —0.26 +
0.09(stat.) = 0.08(syst.) at (x5) = 0.15 for the proton. For
the intergretation of the data in terms of the gluon Sivers
effect, Q° and p; of each hadron need to be sufficiently
large to trust factorization). Here the transverse momenta
of the heavy quarks are considered to be almost back-to-
back. There is no problem with TMD factorization breaking
contributions of the type discussed in [72], but that does not
mean that the process is as straightforward as SIDIS. Even in
the case where one considers charm jets, one has to include a
description of the transverse momentum distribution inside

such a jet. It may be easier to consider DD’ measurements
(for a study of the twist-3 SSA in large p;-D meson production
in SIDIS, that is, epT — ¢/ DX, see [33, 82]). In either case
one deals with 3 TMDs. Such processes involve a different
soft factor (in this case a vacuum correlator of 6 Wilson
lines) compared to processes involving 2 TMDs as in SIDIS,
affecting the predictability. This has been discussed at the

one-loop level in [83]. The SSA in epT — e'DOBOX has
been studied for some models of the gluon Sivers function
in [84]; compare Section 2.3.1 of [84]. This may be the
“smoking gun” process for the gluonic Sivers effect at an
EIC. It should be mentioned though that it actually probes
a different gluon Sivers TMD than the hadronic processes
discussed above. This is discussed in the next section. It
shows that hadronic processes are complementary to DIS
processes.

For completeness we mention that when comparing
extractions of the gluon Sivers TMD from different processes,
one has to take care not only of the process dependence but
also of the different energy scales. Under TMD evolution
from one scale to another, the transverse momentum distri-
bution changes. For details we refer to [85-90].

5. Process Dependence of
the Gluon Sivers Function

Once a set of processes that in principle allow probing the
gluon Sivers TMD has been obtained, one still has to take
into account the fact that such TMD is process-dependent.
For quarks the famous overall sign change between the Sivers
TMD probed in SIDIS and the one probed in Drell-Yan
is expected [3, 91-93] and is currently under experimental
investigation. For gluons the situation is more complicated
as each gluon TMD depends on two gauge links (in the
fundamental representation), so there are more possibilities
(11, 94, 95]. The gauge link structure of the gluon distributions

inep — ¢/D'D'X differs from the one in, for instance,
pp — vyjetX (cf. [96] for the comparison at small x).
Clearly, this will complicate the analysis of gluon Sivers effect
which will involve more than one gluon Sivers function.
In [11] it was demonstrated that any gluon Sivers function

can be expressed in terms of two “universal” gluon Sivers
functions:

2
O (1) = YA 29 (), 0)
c=1

where the coeflicients CE;UC] are calculable for each partonic
subprocess. The first transverse moments of the two distinct
gluon Sivers functions are related (at least at tree level) to the

two distinct trigluon Qiu-Sterman functions Tg ' There-
fore, we will refer to the universal gluon Sivers functions as

o " and fi? “ The two functions have different behavior
under charge conjugation, just like Tg ) is a matrix element of
a C-even operator and Téd) of a C-odd operator.

The process ep! — ¢'D°D’X is dominated by just one
partonic subprocess yg — ¢gq and thus probes the gluon

Sivers function with two future-pointing (+) links [97], which
L

is ng(f) [11]. The process p'p — yjetX probes the sub-
processes qg — yqand gqq@ — yg. If one selects kinematics
such that one probes small-x values in the polarized proton,
such that gqg — pq dominates, then this process accesses
the gluon Sivers with a future- and past-pointing link,

which corresponds to flng @ The theoretical expectations are
different for these two cases.

6. Theoretical Constraints on Sivers Function

Constraints on the unintegrated gluon Sivers TMD flLTg (x,
k) from fits have to take into account that it is theoretically
possible that both the quark and the gluon Sivers TMD can
have nodes in x and/or k, [98, 99]. The possibility of a node
in x is supported by the observation [35] that the splitting

function for Tg ! is negative at small x, in analogy to the
Ag case. Fits to SIDIS data (studied with a rather restrictive
parameterization and in a restricted kinematic range) do not
appear to require a node [100], but that does not exclude this
possibility. Especially when comparing data from different
kinematic regions and different processes, this option should
be kept in mind. Nodes can of course have a large effect
on integrals of Sivers functions, such as the first transverse
moment (7) and its first Mellin moment (for parton a)

(k) = —M(§Tx§)def#1)“ (x), )

which is the average transverse momentum inside a trans-
versely polarized target. The notation (k, ,) comes from [101].
This quantity is related to the Sivers shift [102], the average
transverse momentum shift orthogonal to the transverse
spin direction, which is normalized to the zeroth transverse

moment of the unpolarized TMD fl(o)(x) = f d’k filx, ki):

), = AT 580
L UT,

1 (sm)

Here only the y-component perpendicular to the transverse
spin direction x is nonzero and therefore considered. Note

(12)



that the Sivers shift depends in principle on the renormal-
ization scale y and a rapidity variable { but also depends
on the path of the gauge link (see below). Furthermore,
there is the theoretical issue whether the transverse moments
converge. For that reason a regularized version using Bessel
moments has been suggested in [102], which for quarks has
been evaluated on the lattice in [103]. The lattice calculation
of the Sivers shift for u — d is consistent with negative u and
positive d Sivers functions in SIDIS, which are expectations
that follow from general arguments on final state interactions
[104], from a model-dependent relation to GPDs [105, 106]
(see below) and from fits [107, 108].

As said above, fllT(l)q(x) has a (process-dependent!) rela-
tion to the Qiu-Sterman function T, r(x, x), which so far only
has been established at tree level and for quarks. In addition,
Burkardt has suggested a model-dependent relation between

the integrated quantity fliT(l) (x) and an integral over the GPD

E(x, &, A?) at zero skewness £ = 0 (and only for quarks) [105]:
— 0
Fid? (x) o J &b, 7 (b)) FT (x,b1), (13)
y

for a nucleon polarized in the transverse x direction. Here
&(x,b2) = [(@*A,/2m)")e ™A E(x,0,-A%) and F (b, ) is
called the lensing function. This relation has been obtained
in models [9, 105, 106, 109]. It allows relating (k) to the
anomalous magnetic moment x, associated with thle quark

q.
| ax [ b5, (xb2) =, (14)

albeit in a model-dependent and (due to the different integrals
involved) only qualitative way. This relation does confirm the
expectations for the relative signs between the « and d Sivers
functions and has been used in [110] to fit SIDIS data for the
Sivers effect with the integral constrained by the anomalous
magnetic moments. Interestingly, this led to a new estimation
of the quark total angular momentum which turned out to
be in agreement with most common GPD extractions [111-
115]. The relation between (k Lq) and Kq 18 also at the heart of
the argument by Brodsky and Gardner of why a gluon Sivers
function is expected to be small. Using that k¥ = 2k, + x,, =

1.673 and Kg = 2k, +k, = —2.033, one sees the opposite signs
reflected, but since |(KP +x,)/2| = 0.06 < Kpm =~ 1.8-1.9 this
suggests that there is little room for gluon contributions [60].
If (P + KS )/2 is taken as a measure for Kg , the latter is about
10% smaller than Kg . This would suggest that Kg is of order

1/N? rather than 1/N,, which in turn would suggest a similar
additional 1/N, suppression for the gluon Sivers function.
Clearly there are various (strong!) assumptions going into
this type of argument, such that the conclusion can certainly
not be taken at face value. Apart from the assumptions on
the relation to the gluon Sivers function, it is not clear that
one can use very low-energy quantities to deduce something
about the size of the gluon contributions at energies around
or above 1 GeV to begin with.

Burkardt derived a further constraint on the fully inte-
grated quantity (k, ), nowadays referred to as the Burkardt
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sum rule (BSR) [101], stating that the total transverse momen-
tum of all partons in a transversely polarized proton must
vanish [116]:

(k) = Z (ky4) =0. (15)

a=4,q,g

In terms of the Sivers function, the BSR takes the form [59]

Y jdxf#““ (x) = 0. (16)

a=q,4,9

Its validity has been checked explicitly in a diquark spectator
model in [117]. The fits to SIDIS data from [108] at the scale
Q* = 2.4 GeV? almost saturate the BSR already with the « and
d quark contributions alone:
(kp.) = 9673 MeV,
17)
(ky4) = — 11373 MeV.

The contributions of the sea quarks are all small and together
allow the following range for the gluon contribution:

~10 < (k,,) <48 MeV. (18)

This means there is certainly still room for a 30% contribution
from gluons with respect to the valence quarks. Of course, it
should be emphasized that these values were obtained under
assumptions on the k, dependence, the absence of nodes, and
extrapolations outside the kinematic region accessed by the
SIDIS experiments.

The derivation of the BSR by Burkardt [101] considers
gauge links as they appear in SIDIS and involves a gluon
correlator containing the antisymmetric f,,. structure con-
stant of SU(3). As shown in [94, 95], there is also a gluon
correlator with the symmetric d,,, structure constant. As
a consequence, inclusion of gauge links in the operator
definition of TMD distributions gives rise to two distinct

gluon Sivers functions, flLTg ) and flLTfi @ (corresponding to
the (Ac) label used in [11]). However, the BSR essentially
expresses transverse momentum conservation. Since the

momentum operator in QCD is C-even, only the gluon Sivers

g (f)

function f;,? " which is associated with a C-even operator

is constrained by the BSR. The gluon Sivers function flng @,
which is associated with a C-odd operator, is not expected
to satisfy a BSR where quark and gluon contributions cancel
each other. Judging from the small-x behavior of Téd)(x, x)

expected from its evolution equation, the integral of flng @

over x may even not converge.

7. Conclusions

In summary, no hard constraints on the size of the gluon
Sivers function exist apart from the positivity bound,
although the theoretical expectation from large N, con-
siderations (expected to hold approximately for not too
small x) favors a 30% gluon to quark Sivers ratio, which
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is still completely allowed by all SIDIS data, including the
COMPASS deuteron data. It may turn out that the ratio
is smaller, but much smaller than 10% may in turn be
considered unnaturally small. Strictly speaking, no direct
conclusion about the size of the gluon Sivers function can be
drawn from A , data. Like p' p — 77X, many other processes
suggested in the literature to probe the gluon Sivers function
actually deal with collinear factorization and as such they
are sensitive to complicated linear combinations of quark-
gluon and trigluon Qiu-Sterman functions (and chiral-odd
and fragmentation function versions of them) rather than to
Sivers functions directly. Inferring constraints on the gluon
Sivers function, even on its large transverse momentum tail,
must therefore be done with much care. In the Generalized
Parton Model description of A 5, at midrapidity, the effective
gluon Sivers function is currently still allowed to be 30%
of the up quark Sivers function, despite the smallness of
the asymmetry. Other suggested processes that in principle
probe TMDs may suffer from TMD factorization breaking
contributions and any results on the gluon Sivers function
from measurements of such processes cannot be trusted. This
applies, for instance, to the process p'p — jetjetX.

The most promising processes that directly give access to
the gluon Sivers effect are p'p — yjetX, p'p — J/yyX,
and ep! — e/ccX. The first process can be studied at
RHIC and at a polarized fixed-target experiment at LHC
(AFTER@LHC), the second process also at AFTER@LHC,
and the third process at a possible future Electron-Ion
Collider. Due to the inherent process dependence of TMDs,
the gluon Sivers TMD probed is in principle different in
these processes. They can be expressed in terms of two
universal gluon Sivers functions that appear in different
linear combinations in different processes. Extracting and
comparing these universal functions is very interesting from
a theoretical point of view. The fact that a difference can exist
is a consequence of the non-Abelian nature of QCD. Both
functions satisty different theoretical constraints. Although
TMD factorization is expected to hold for these processes,
that has not been demonstrated yet to all orders. Apart from
the process dependence, there is also the issue of modified
soft factors to contend with still. Nevertheless, as far as exper-
imentally demonstrating and measuring a gluon Sivers effect
in transversely polarized protons, several complementary
future possibilities exist, in which AFTER@LHC can play a
very important role.
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The foreseen capability to cover the far backward region at a Fixed-Target Experiment using the LHC beams allows one to explore the
dynamics of the target fragmentation in hadronic collisions. In this report we briefly outline the required theoretical framework and
discuss a number of studies of forward and backward particle production. By comparing this knowledge with the one accumulated
in Deep Inelastic Scattering on target fragmentation, the basic concept of QCD factorisation could be investigated in detail.

1. Introduction

In hadronic collisions a portion of the produced particle
spectrum is characterised by hadrons carrying a sizeable
fraction of the available centre-of-mass energy, the so-called
leading particle effect. It is phenomenologically observed that
for such hadrons their valence-parton composition is almost
or totally conserved with respect to the one of initial-state
hadrons [1]. In pp collisions, for example, protons, neutrons,
and lambdas show a significant leading particle effect. For
such processes, the production cross section peaks at very
small transverse momenta with respect to the collision axis,
a regime where perturbative techniques cannot be applied,
giving insight into nonperturbative aspects of QCD dynamics
in high energy collisions.

Quite interestingly, the leading particle effect has been
observed in Semi-Inclusive Deep Inelastic Scattering (SIDIS).
At variance with the hadronic processes mentioned above,
such a process naturally involves a large momentum transfer.
The presence of a hard scale enables the derivation of a
dedicated factorisation theorem [2-5] which ensures that
QCD factorisation holds for backward particle production in
DIS. The relevant cross sections can then be factorised into
perturbatively calculable short distance cross sections and
new distributions, fracture functions, which simultaneously
encode information both on the interacting parton and on the
spectator fragmentation into the observed hadron. Despite of

being nonperturbative in nature, their scale dependence can
be calculated within perturbative QCD [6]. The factorisation
theorem [2-5] guarantees that fracture functions are univer-
sal distributions, at least in the context of SIDIS.

Detailed experimental studies of hard diffraction at
HERA have shown to support the hypothesis of QCD
factorisation and evolution inherent the fracture function
formalism. Furthermore, they led to a quite accurate knowl-
edge of diffractive parton distributions [7-11], a special case
of fracture functions in the very backward kinematic limit.
For particles other than protons, proton-to-neutron fracture
functions have been extracted from a pQCD analysis of for-
ward neutron production in DIS in [12]. A set of proton-to-
lambda fracture functions has been obtained by performing a
combined pQCD fit to a variety of semi-inclusive DIS lambda
production data in [13].

As theoretically anticipated in [2-4, 14, 15] and exper-
imentally observed in hard diffraction in pp collisions at
Tevatron [16, 17], QCD factorisation is violated for fracture
functions in hadronic collisions. On general grounds, it might
be expected, in fact, that the dynamics of target-remnants
hadronisation is affected by the coloured environment result-
ing from the scattering in a rather different way with respect
to the Deep Inelastic Scattering case.

Nonetheless, the tools mentioned above allow us to
investigate quantitatively particle production mechanisms in
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the very backward and forward regions, to test the concept
of factorisation at the heart of QCD, and to study the
dependencies of factorisation breaking upon the species and
the kinematics of the selected final state particle.

This physics program could be successfully carried on at
a Fixed-Target Experiment using the LHC beams [18]. Novel
experimental techniques are, in fact, available to extract
beam-halo protons or heavy ions from LHC beams without
affecting LHC performances. Such a resulting beam would
be then impinged on a high-density and/or long-length
fixed target, guaranteeing high luminosities. Furthermore,
most importantly for the physics program to be discussed
here, the entire backward hemisphere (in the centre-of-mass
system of the collision) would be accessible with standard
experimental techniques allowing high precision studies of
the target fragmentation. Although measurements of particle
production in the very forward region (close to the beam axis)
might be challenging experimentally due to the high particle
densities and large energy flow, the installation of dedicated
detectors, like forward neutron calorimeters and/or proton
taggers, could further broaden the physics program outlined
above giving access to the beam fragmentation region.

The paper is organised as follows. In Section 2 we first
give a brief theoretical introduction on the fracture functions
formalism and to higher order corrections to the semi-
inclusive Drell-Yan process. In Section 3 we outline different
analyses which could be performed at AFTER@LHC with
special focus on single hard diffraction. In Section 4 we
summarise our results.

2. Collinear Factorisation Formula

Fracture functions, originally introduced in DIS, do depend
on a large momentum transfer. Therefore, in order to use
them in hadronic collisions, a hard process must be selected.
We consider here the semi-inclusive version of the Drell-Yan
process:

H,(P)+H,(P,) — HMh)+y" (9)+X, @

in which one hadron H is measured in the final state together
with a Drell-Yan pair. In such a process the high invariant
mass of the lepton pair, g* = Q7 allows the applicability
of perturbative QCD, while the detected hadron H can be
used, without any phase space restriction, as a local probe to
investigate particle production mechanisms.

The associated production of a particle and a Drell-Yan
pair in terms of partonic degrees of freedom starts at O(«,).
One of the contributing diagrams is depicted in Figure 1.

Assuming that the hadronic cross sections admit a fac-
torisation in terms of long distance nonperturbative distri-
butions and short distance perturbative calculable matrix
elements for the partonic process i(p,) + j(p,) — (k) +
y"(q), predictions based on perturbative QCD are obtained
convoluting the relevant partonic subprocess cross sections,

dg" =" with parton distribution functions, f; sm, and £,
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FIGURE 1: Example of diagram contributing to hadron production in
the central fragmentation region to order O(«,) in (2).

and fragmentation functions, D'/’ The hadronic cross sec-
tion, at centre of mass energy squared s = (P, + P,)*, can be
symbolically written as [19, 20]

doteW dx, (dx, (dp
dQ*dz & J — J —2 J Ffi[l] (xl)fjm (xz)

it Xl X

pH! < z ) g~

p) dQdp’

2)

where the convolutions are over the momentum fractions of
the incoming and outgoing partons. The partonic indices i, j,
and / in the sum run on the available partonic subprocesses.
The superscripts label the incoming hadrons and the presence
of crossed terms is understood. This type of factorised
hadronic cross section is expected to hold for hadrons
produced at sufficiently high transverse momentum and it is
widely and successfully used to compute cross sections for
large momentum transfer processes in hadronic collisions.
The Lorentz-invariant variable z in (2) is defined by

g (Bir k) 2By 3)
s Vs

In the hadronic centre-of-mass frame, where the second
identity holds, z is just the observed hadron energy, Ej,,
scaled down by the beam energy +/s/2. The variable p,
appearing in (2), is its partonic equivalent. Within this
production mechanism, the observed hadron H is generated
by the fragmentation of the final state parton [, and for this
reason we address it as central. The amplitudes squared [21],
however, are singular when the transverse momentum of
the final state parton vanishes. In such configurations, the
parent parton [ of the observed hadron H is collinear either
to the incoming parton i or j. As these phase space regions
are approached, perturbation theory loses its predictivity.
This class of collinear singularities escape the usual renor-
malisation procedure which amounts to reabsorb collinear
divergences into a redefinition of bare parton distribution
and fragmentation functions. Such singularities are likely to
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FIGURE 2: Pictorial representation of the parton model formula (4)
for the associated production of a Drell-Yan pair and a particle in
the target fragmentation regions.

appear in every fixed order calculation in the same kinemati-
cal limits spoiling the convergence of the perturbative series.
In [19, 20] a generalised procedure for the factorisation of
such additional collinear singularities is proposed. The latter
is the same as the one proposed in Deep Inelastic Scattering
[22] where the same singularities pattern is also found, con-
firming the universality of collinear radiation between differ-
ent hard processes. Such a generalised collinear factorisation
makes use of fracture functions. These distributions obey
DGLAP-type evolution equations which contain an addi-
tional inhomogeneous term resulting from the subtraction
of collinear singularities in the target fragmentation region
[6, 22]. Such equations allow us to resume the corresponding
large logarithmic corrections to all orders in perturbation

theory. Bare fracture functions, Ml.H/ H (x,z), describe the
hadronization of the spectators system in hadron-induced
reactions. They express the conditional probability to find
a parton i initiating the hard scattering while an hadron
H is produced with fractional momentum z in the target
fragmentation region of the incoming hadron H;.

The use of fracture functions allows for particles produc-
tion already to O(al), since the hadron H can be nonper-
tubatively produced by a fracture function itself. Therefore,
the lowest order parton model formula can be symbolically
written as

do™T0) J dx, J dx,

dQ%dz . x ) x

7
M (1, 2) £ () + M (20,2) 7 ()] )

g’ ="

dQ?

and it is sketched in Figure 2. The superscripts in (4) indicate
from which incoming hadron, H, or H,, the outgoing
hadron H is produced through a fracture function. In order
to complete the calculation to O(«,) accuracy we should
consider higher order corrections to (4). Since in this case
the hadron H is already produced by fracture functions,
final state parton radiation should be integrated and the
resulting contribution added to virtual corrections. One of

H,

P

H,

FIGURE 3: Example of diagram contributing to O(«,) corrections in
the target fragmentation region (5).

the contributing diagrams is depicted in Figure 3. The general
structure of these terms is

do 0 Bl
dQ*dz

X1 X2

ij
: [Mi[ll (x1,2) fj[2] (%) +Mi[2] (x5, 2) fjm (xl)] (5)
dgii— oy

We refer to them as to the target fragmentation contribu-
tions. Their calculation is, apart from minor differences in
kinematics, completely analogous to the one of the inclusive
Drell-Yan case. The factorisation procedure, first elaborated
in [22] in the context of SIDIS, amounts to substitute in
(4) the bare fracture and parton distributions functions with
their renormalised version [19, 20]. Renormalised parton
distributions and fracture functions homogeneous terms do
cancel, as in the inclusive Drell-Yan case, all singularities
present in (5). The additional singularities in (2) are cancelled
by the combination of parton distributions and fracture
functions inhomogeneous renormalisation terms. Adding all
the various contributions, the resulting hadron- p, integrated
cross section, up to order O(«,), is then infrared finite [19, 20]
and can be symbolically written as

dot
dQ%dz

+ 05N g g il gk,
¢ 1,7,

where 0, = 4nma’ /3Q* and N, is the number of colors.
We refer to the previous equation as to the collinear fac-
torisation formula for the process under study. The next-to-

leading order coefficients C” and Klij have been calculated



in [20], making the whole calculation ready for numerical
implementation.

We stress, however, that our ability to consistently sub-
tract collinear singularities in such a semi-inclusive process
is a necessary but not sufficient condition for factorisation
to hold in hadronic collisions. The one-loop calculation
outlined above in fact does involve only the so-called active
partons. It completely ignores multiple soft parton exchanges
between active and spectators partons, whose effects should
be accounted for in any proof of QCD factorisation. There-
fore, there is no guarantee that fracture functions extracted
from SIDIS can be successfully used to describe forward or
backward particle production in hadronic collisions. Revers-
ing the argument, such a comparison may instead offer new
insights into nonperturbative aspects of QCD and to the
breaking of factorisation.

3. Single Hard Diffraction at AFTER@LHC

As an application of the formalism presented in the previous
sections we will consider single hard diffractive production of
a Drell-Yan pair:

p1(P)+p,(P) — p(P)+y" (q) + X, (7)

where we have indicated in parentheses the four momenta
of the relevant particles. We present in the following cross
sections differential in the virtual photon variables. The
subsequent decay of the virtual photon into a lepton pair can
be easily included so that realistic cuts on leptons rapidity
and transverse momentum can then be applied. We consider
the AFTER@LHC kinematic setting in which a 7 TeV proton
beam collides on a fixed target proton leading to a centre-of-
mass energy of v/s = 115GeV. We consider the projectile
proton p; moving in the positive z direction and p, at rest
in the laboratory. The diffractively produced proton p has
in general almost the incoming projectile proton p, energy
and very small transverse momentum as measured with
respect to the collision axis. The detection of such fast protons
will in general require the installation of forward proton
taggers. The lepton pair instead will be measured by the
main AFTER@LHC detector. This kinematical configuration
is pictorially represented in the right plot of Figure 2.
Diffractive processes have been intensively analysed in
DIS at HERA ep collider, revealing their leading twist nature.
From scaling violations of the diffractive structure functions
[7,10,11] and dijet production in the final state [8, 9] quite pre-
cise diffractive parton distributions functions (dPDFs) have
been extracted from HERA data, which parametrise the par-
ton content of the color singlet exchanged in the t-channel.
The comparison of QCD predictions for single diffractive
hard processes based on diffractive parton distributions
measured at HERA against data measured at Tevatron [16,17]
(v/s = 1.96 TeV), adopting a factorised ansatz as in (4), has
indeed revealed that these processes are, not unexpectedly
(14, 15], significantly suppressed in hadronic collisions. This
conclusion persists even after the inclusion of higher order
QCD corrections [23]. Complementing these results with
the forthcoming ones from LHC at higher centre-of-mass
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energies (1/s = 13 TeV) and the ones from AFTER@LHC at
/s = 115 GeV will give insight into the energy dependence of
the so-called rapidity gap survival (RGS) probability in a wide
range in +/s. Since the theoretical computation of the RGS
factor is highly model dependent, we decided not to include
it in our predictions. Therefore, the latter must be considered
as upper bounds.

Diffractive parton distributions f;” are in general proton-
to-proton fracture functions M;. They depend upon the final
state proton fractional energy loss, x;p = 1 — z with z given
in (3), the fractional momentum of the interacting parton
with respect to the pomeron momentum, § = x/x;p and
the virtuality Q. In general fracture functions may depend
also upon the invariant momentum transfer t = (P — P))*
at the proton vertex [24]. In all diffractive structure functions
measurements at HERA, out of which dPDFs are determined,
t is integrated up to some t™ < Q. In this case dPDFs obey
ordinary DGLAP evolution equations [25] as their extended,
t-dependent version [24]. In the present paper we use dPDFs
form [7] which are defined by |t| < 1GeV?. Since they are
extracted from large rapidity gap data where the proton is not
directly measured, they contain a contribution (23%) from
the so-called proton dissociation contribution. In order to use
dPDFs in the present context we first note that

2 -1 4D 2

M; (po)Q ) = xp f; (ﬁ’xIP’Q ) (8)
The extra factor x;, comes from the Jacobian of the change
x; = Bxp. We then rearrange (4) in terms of new variables
obtaining

doP”
dQdxpp
o, (* dp . €)
=0 4PN 2,-1 (D 2\ ¢ )
B N_s -[T/xw B %eqxlp fq <ﬁ’ le,plF) fq <ﬁx1p"uF> >
with 7 = Q*/s. For simplicity we consider here leading

order formulas but the extension to higher order is straight-
forward. In (9) we use parton distribution functions from
[26]. We show explicitly the dependence of fracture and
parton distributions functions upon the factorisation scale,
uz. Predictions are obtained with this scale set to yz = Q°.
Theoretical errors associated with higher order corrections
are instead estimated varying such scale in the range p7 =
1/4Q* and ‘u; = 4Q°.

In Figure 4 we present predictions for the x;p distribution.
In left plot we consider a Drell-Yan pair of mass Q* =
100 GeV?. The distribution shrinks as lower x;p-values are
approached whereas, from hard diffraction at HERA, it is
well known that diffractive cross sections rise as an inverse
power of xp. Such an effect therefore is then attributed to
phase space threshold effects. The Drell-Yan invariant mass
constraint can be rewritten in the diffractive case as Q* =
Bxipx,s, which can be cast (for § — land x, — 1)in
upper bound on the invariant mass Q> < x;ps at fixed x;p
and s. This hypothesis is further supported in the right plot
of Figure 4, where differential distributions are presented for
three values of Q*. The lowest values of x;p are then accessed
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FIGURE 4: (a) Double differential cross sections for the production of a Drell-Yan pair of mass Q> = 100 GeV>. Blue error bands represent
theoretical errors estimation, as described in the text. (b) Double differential cross sections for three different invariant masses.

only by lowering the invariant mass of the pair. We note that,
even considering the maximum value of x, = 0.1, single
diffractive production of W* and Z is beyond the kinematic
reach at AFTER@LHC. In the left panel of Figure 5 we present
the prediction for the Q* distribution at a fixed value of
xp = 0.05. The cross section, as expected, is fast falling as
an inverse power of Q. The @Q? distribution is particularly
instructive since it allows us to study the possible dependence
of the RGS factor on Q* and therefore to get an insight into
the underlying dynamics. In the right panel of Figure 5 we
present the Q*-differential cross section multiplied by a factor
Q4, which compensates the fast fall off of the electromagnetic
cross section so that all the Q* dependence is accounted for
by that of fracture and parton distributions. These curves
and the corresponding slopes, however, can not be readily
interpreted as genuine results of QCD evolution of fracture
and parton distributions functions because of the threshold
effect mentioned above appearing at such moderate values of
/.

By changing variable from f to the virtual photon centre-
of-mass rapidity, y™,

p= Yoo,
X1p (10)

CM

x,=Vre?

equation (9) can be further manipulated to give the three-
differential cross section:

do®”
dQ*dxpdy™

= %Ze‘;xﬁ}ff (/3: xlp)ﬂé)fg(xz,‘u;),
a4

(1)

The rapidity range for diffractive Drell-Yan production reads

VT

In V7 < yCM <In
X1p

(12)

which, as expected, turns out to be asymmetric given the
kinematic constraint x, < xp. The rapidity range for the
inclusive Drell-Yan case is recovered simply setting x;p = 1.
The rapidity distribution is particularly sensitive to the shape
of the diffractive parton distributions. This distribution will
be useful to investigate any possible kinematic dependence of
the RGS factor. In the left panel of Figure 6 we present the
centre-of-mass rapidity distribution at fixed Q* = 100 GeV*>
and x;p = 0.05. In this frame the distribution is shifted at
negative values of y“™. Therefore, on average, the parton
originating from the target proton carries more momentum
than the one originating from the pomeron. Since the rapidity
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FIGURE 5: (a) Double differential cross sections for the production of a Drell-Yan pair at x;, = 0.05. Blue error bands represent theoretical
errors estimation, as described in the text. (b) Double differential cross sections times Q* for three different xp-values.
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FIGURE 6: (a) Triple differential cross sections for the production of a Drell-Yan pair at x;, = 0.05 and of mass Q* = 100 GeV>. Blue error
bands represent theoretical errors estimation, as described in the text. (b) Triple differential cross sections for three different x;,-values.
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FIGURE 7: (a) Rapidity distributions for inclusive and diffractive Drell-Yan of mass Q* = 100 GeV?. Blue error bands represent theoretical
errors estimation, as described in the text. (b) Diffractive to inclusive Drell-Yan rapidity distributions ratio.

is additive under boost along the collision axis we may easily
boost the y“M to the laboratory frame by using

am?

b l+Cc oM . p
= + w1thc:\j1——

Y 1-¢ 4 S

with m,, the proton mass. In the AFTER@LHC kinematics
this implies a rapidity shift Ay = y*® — y“M = 48 The
rapidity distributions in the laboratory frame for a Drell-
Yan pair of mass Q> = 100 GeV? and for three different
xpp values are presented in the right panel of Figure 6. One
may notice from the plot that for increasing x;p the Drell-
Yan pair spans a wider rapidity range and the corresponding
spectrum is increasingly more forward. It might be useful
to discuss the single diffractive Drell-Yan pair production
in conjunction with the analogous inclusive process. Such
a comparison is presented for the centre-of-mass rapidity
distributions in the left plot of Figure 7 for a common Drell-
Yan pair of mass squared Q* = 100GeV” and, for the
diffractive case, integrated in the range 107 < xpp <
107", The rapidity distribution in the single diffractive case
is strongly asymmetric whereas in the inclusive case it is
symmetric around y“™ = 0. This effect is primarily due
to the different kinematics of the two processes and to the
different fractional momentum distributions between parton
and fracture distributions. In the right plot of Figure 7 the
ratio between the two previous distributions is presented.
The ratio gives direct information on the suppression fac-
tor between the single diffractive to the inclusive process,

(13)

assuming a factorised expression for the former (11). Such
a ratio might be convenient from the experimental side
since many lepton detection systematics will cancel. On the
theoretical one it is expected to be more stable against the
inclusion of higher order corrections. In the present case, for
example, the factorisation scale is simultaneously varied both
on the numerator and denominator resulting in a reduced
theoretical error band with respect to the one obtained for
absolute cross sections.

We wish to end this section with a brief overview of
other possible applications of the proposed formalism. A
completely analogous program can be performed for the
associated production of forward neutron and a Drell-Yan
pair, p+p — n+y" + X. The production of forward neutron
in DIS at HERA has shown a leading twist nature. From
scaling violations of the semi-inclusive neutron structure
functions a set of proton-to-neutron fracture functions has
been extracted from data in [12] which can be used to predict
forward neutron rate in hadronic collisions. As in the case of
hard diffraction, both physics programs would highly benefit
from the installation of a dedicated instrumentation for the
measurements of fast neutrons and protons quite close to the
beam axis. Measurements in the forward region, although
problematic experimentally, give in fact direct access to the
study of the beam fragmentation region.

As a third application we consider hyperon production
associated with a Drell-Yan pair, p+ p — V +y" + X, where

—0
V generically indicates either a A” or A hyperon. At very
low transverse momentum, the A° longitudinal momentum



spectrum should show a significant leading particle effect,
which can be predicted, assuming factorisation as in do™™7,

by the proton-to-lambda fracture functions set obtained from

a fit to SIDIS data in [13]. On the other hand, the A’
spectrum in the same kinematical conditions should instead
show almost no leading particle effect, giving access to the

—0
proton-to-A fracture functions. We note, in general, that
the particle-to-antiparticle fracture function is indeed an
interesting and almost unknown distribution. On the other

hand, if one considers A or A at sufficiently large transverse
momentum, their combined analysis, described by do™<,
should allow for the investigation of parton hadronisation
into hyperons in the QCD vacuum as parametrised by
fragmentation functions.

As a last application we consider the associated produc-
tion of one particle and a Drell- Yan pair in the context of mul-
tiparton interactions. The latter process has already been used
to investigate the contamination of the so-called underlying
event [27] to jet observable and has been successfully used to
study underlying event properties [28]. If the detected hadron
is measured at sufficiently large transverse momentum, the
latter constitutes a natural infrared regulator for the partonic
matrix elements. In this kinematical conditions we also
expect a rather small contribution from fracture functions.
Therefore, the central term, do’>“"), can be used to estimate
the single parton scattering contribution to the process. The
latter might be considered as the baseline to study the double
(or multiple) parton scattering contributions to the same final
state, where, for example, the primary scatterer produces a
Drell-Yan pair while the secondary one produces the detected
hadron H.

4. Conclusions

We have briefly reviewed a perturbative approach to single
particle production associated with a Drell-Yan pair in
hadronic collisions. On the theoretical side we have shown
that the introduction of fracture functions allows a consistent
factorisation of new class of collinear singularities arising in
this type of processes. The factorisation procedure coincides
with the one used in DIS confirming, as expected, the
universal structure of collinear singularities and supports
the proposed collinear factorisation formula. On the phe-
nomenological side we have outlined some areas in which
the formalism can be fully tested. In particular, focusing
on the AFTER@LHC kinematical range, we have presented
numerical predictions for the single diffractive production of
virtual photons. The study of such a process might improve
our understanding of nonperturbative aspects of QCD and
it allows one to explore in detail the nature of factorisation
breaking at intermediate energies.
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We calculate the emission of bremsstrahlung from lead and argon ions in ultraperipheral collisions in a fixed target experiment
(AFTER) that uses the LHC beams. With nuclear charges of Ze equal to 82e and 18e, respectively, these ions are accelerated
to energies of 7 Tev x Z. The bremsstrahlung peaks around =100 GeV and the spectrum exposes the nuclear structure of the
incoming ion. The peak structure is significantly different from the flat power spectrum pertaining to a point charge. Photons are
predominantly emitted within an angle of 1/y to the direction of ion propagation. Our calculations are based on the Weizsicker-
Williams method of virtual quanta with application of existing experimental data on photonuclear interactions.

1. Introduction

The structure of stable nuclei, in particular the charge
distribution, may be investigated by impact of photons and
electrons as, for example, shown in pioneering works by
McAllister and Hofstadter; see, for example, [1]. This method,
however, is not possible for unstable nuclei with short
lifetimes as, for example, hypernuclei. Instead, essentially
with a change of reference frame, one may let the nucleus
under investigation impinge on a suitable target, for example,
an amorphous foil, and measure the delta electrons and/or
photons emitted in the process. The interaction thus proceeds
between the nucleus and a target electron or a virtual photon
similarly originating from the target. With this method the
charge distribution may be measured, in this case of the
projectile, which might be a nucleus of very short lifetime,
yct = 1mm, where y is the Lorentz factor, ¢ the speed of
light, and 7 the lifetime. With the proposal to extract protons
and heavy ions from the LHC for fixed target physics, the so-
called AFTER@LHC, such measurements would in principle
enable charge distributions, or at least sphericity, for nuclei
with lifetimes down to femtoseconds to be extracted. We
report calculations of bremsstrahlung emission from Pb and
Ar nuclei, with energies corresponding to the maximum of
the LHC. We are restricted to cases where the projectile is left

intact, that is, to ultraperipheral collisions in which projectile
and target nuclei do not overlap. The interaction between
the collision partners is electromagnetic but the structure of
the composite projectile nucleus, namely, the strong nuclear
force, plays a significant role in the photon emission through
the giant dipole resonance.

2. Bremsstrahlung

We study bremsstrahlung emission by relativistic heavy ions.
When traversing an amorphous target, the projectile ions
interact with the target electrons and nuclei. This causes
radiation emission and energy loss to the projectiles. We
focus on the radiation and assume the ion beam to be
monoenergetic; that is, we consider targets sufficiently thin
that the projectile energy loss is minimal. We further assume
impact parameters in excess of the sum of the radii of collision
partners.

To establish a reference value for the cross section, we
first consider the incoming ion as a point particle of electric
charge Ze colliding with target atoms of nuclear charge Z,e.
The major part of the radiation is due to the interaction of
the projectile with target nuclei which, in turn, are screened
by target electrons at distances beyond the Thomas-Fermi
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distance, arg. The cross section differential in energy for the
emission of bremsstrahlung photons from an ion with atomic
number A then reads [2]

d z?z*
_dff( :? 1t42 ocrﬁL, o
w

where o = e?/hc is the fine structure, e the unit electric
charge, and % the reduced Planck constant. The classical
nucleon radius is defined as r, = e*/M,c* where M,
is the atomic mass unit. Expression (1) gives the radiation
cross section or power spectrum; it is the number spectrum
weighted by the photon energy, fiw. The factor L is given by
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where y = E/Mc, y' = (E — hw)/Mc?, m is the electron
mass, and M is the mass of the projectile. The material-
dependent factor L accounts for the electronic screening
of the target nuclei. It is essentially the logarithm of the
ratio between the effective maximum (~2Mc) and minimum
(~h/arp) momentum transfers to the scattering center. The
reference power spectrum extends all the way up to the
energy of the primary ion and varies only slightly with energy.
However, as we will study in this paper, photons with energy
hw > yhc/R have wavelengths smaller than the radius of the
ions which cause the emission, making them sensitive to the
nuclear structure and collective dynamics of the constituent
protons. Taking this into account causes significant change in
the shape of the bremsstrahlung spectrum.

3. The Weizsicker-Williams Method

When the emitted bremsstrahlung photons have a wave-
length that is small compared to the nucleus, the size
and structure of the nucleus affect the emission. We can
investigate this by using the Weizsicker-Williams method
of virtual quanta [2-5]. In this approach, we represent a
moving charged particle by a spectrum of virtual photons
which scatter on a stationary charged particle. There are
contributions to bremsstrahlung from scattering both on
target constituents and on the projectile ion. The latter is
the dominant contribution. Hence we change to a reference
frame in which the incoming ion is at rest and where we
represent the screened target nuclei by a bunch of virtual pho-
tons. These photons scatter oft the ion and are subsequently
Lorentz boosted back to the laboratory frame—resulting in
an energy increase by a factor of up to 2y. This means that
the bremsstrahlung can be calculated using the Weizsicker-
Williams method of virtual quanta, photonuclear interaction
theory, and a Lorentz transformation. For the cross section we
take the elastic photonuclear interaction cross section as this
ensures that the scatterer remains intact; that is, the incoming
ion does not disintegrate in the process of radiation emission.
The spectrum of virtual photons is given in [2, 6]. Multiplying
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this with the photonuclear scattering cross section differential
in angle results in the scattering cross section differential
in energy and angle. The transformation to the laboratory
frame is performed by utilizing an invariance relation [2] and
produces the bremsstrahlung power spectrum differential in
energy and angle; for details, see [6-8].

In [6], one of us used this procedure to calculate the
bremsstrahlung spectrum of relativistic bare lead ions. This
was possible by using the photonuclear interaction data
provided in [9]. However, data for other nuclei is not
abundantly available. We therefore developed a procedure to
derive the necessary elastic scattering cross sections taking
total photonuclear absorption cross sections as input; these
are available in the ENDF database for about 100 different
nuclei [10]. We obtain the elastic scattering cross sections at
low to moderate energies, that is, at energies covering the
giant dipole resonance by applying the optical theorem and a
dispersion relation to the total photonuclear absortion data;
see [7]. At higher energies additional constraints are invoked
to ensure coherence. With this construct, the bremsstrahlung
spectrum can be calculated for any ion for which the total
photon absorption cross section is known. Due to the
available data, our approach is most exact for lead ions which
have already been successfully accelerated to 4 TeV x Z in the
LHC machine. Also, this allowed us to cross-check the earlier
calculations for the bremsstrahlung from lead. It has not been
finally decided if other ions will ever be used in the LHC.
But argon ions are frequently discussed as a possibility if the
physics case requires lower mass ions to be accelerated [11].
Supporting this idea, in 2015, the CERN accelerator complex
is successfully accelerating argon ions in the Super Proton
Synchrotron at energies up to 150 GeV/n. We therefore also
provide bremsstrahlung calculations for argon ions at LHC
energy in the next section.

4. Results: Bremsstrahlung

In this section, we present calculations of bremsstrahlung
spectra in ultraperipheral collision for bare argon and lead
ions at 7 TeV x Z incident on a fixed target. Figure 1 shows
the power spectrum of bremsstrahlung for lead ions aimed
at a lead target. The spectrum obtained by integrating over
all emission angles has a pronounced peak around a photon
energy of about 80 GeV. This corresponds to the collective
interaction of the projectile nucleons with the virtual photons
of the target—the giant dipole resonance. This well-known
resonance in the photonuclear cross sections is also apparent
in the bremsstrahlung spectrum, albeit here multiplied by
a factor of 2y from the Lorentz boost. At energies above
the peak, significantly fewer photons are predicted by the
current model. This is because coherence is restricted to
a decreasing range of photon scattering angles such that
most scattering events correspond to incoherent interaction
with the projectile protons. Incoherent interaction of an
energetic virtual photon with a target proton generally leads
to breakup of the nucleus and hence does not contribute to
the spectrum. This decreasing contribution from coherent
scattering leads to a depletion of the elastic scattering cross
section at higher energies, which is apparent also in the
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FIGURE 1: Bremsstrahlung calculations for a Pb-208 projectile with
energy 7 TeV x Z incident on a lead target. The dashed line shows
reference cross section (1) and the full drawn curve shows the
present results.
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FIGURE 2: The same as Figure 1 except for the projectile which is here
Ar-40.

bremsstrahlung spectrum. Since the dashed line in Figure 1
extends all the way up to the energy of the ion, the integrated
difference between the two curves is very large. Note that
Figure 1 pertains to cases where the projectile is left intact.
The photoproduction in collisions with nuclear overlap is
drastically different [6].

The spectrum for argon projectiles is shown in Figure 2. It
is largely similar to that for lead except that the overall values
are much lower. The peak height is approximately 50 times
lower, and it must be noted that there is no simple scaling
between the heights and shapes of the two spectra (scaling the
heights with Z* off-shoots by a factor of 2-3 here). The lack of
such scaling is traced back to differences in the photonuclear
scattering cross sections. The argon spectrum is somewhat
broader than that for lead and the high energy tail extends to
larger energies than for lead. This difference reflects a similar
difference at the elastic scattering cross sections and is due
to the different shapes of the argon and lead nuclei. Lead is
almost spherically symmetric and this leads to a very narrow
giant dipole resonance peak. For argon on the other hand, the
nucleus is much less symmetric, and the photonuclear as well
as the bremsstrahlung cross sections actually consist of two
individual but close-lying peaks (for bremsstrahlung this will
show through collimation).
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FIGURE 3: The angular distribution of bremsstrahlung from a Pb-208
projectile with energy 7 TeV x Z incident on a lead target. Note that
the cross section is shown to be differential in the polar emission
angle 0 rather than in solid angle and hence includes a factor of
2msin(6). The majority of the bremsstrahlung photons are indeed
emitted in the very near forward direction.

Figure 3 shows the bremsstrahlung spectrum obtained for
lead ions by integration over emission energy, that is, differ-
ential in angle instead of energy. As expected, there is a peak
in the radiation intensity at an angle corresponding to 1/y.
For LHC beam energies this means that the bremsstrahlung
photons are emitted at angles of order less than 1 mrad.

5. Summary and Conclusions

We have presented calculations of the bremsstrahlung emis-
sion from relativistic heavy ions with energy corresponding
to that of the LHC beam. The calculations, which are
restricted to ultraperipheral collisions between projectile
and target nuclei, are novel in the way that knowledge on
nuclear structure is taken into account using existing data on
photonuclear cross sections. In addition, our approach has
not before been applied to energies above that available at
the SPS. We demonstrate that substantial cross sections for
the emission of high energy photons are expected around
energies of iw = 100GeV. Here our model produces a
radiation peak which overshoots the result for a pointlike
particle of the same charge and mass by a factor of roughly
2 and 6 for argon and lead, respectively. In the energy regions
below and above the peak, however, our model produces
significantly fewer bremsstrahlung photons than what is
otherwise expected. If this holds true against experiments,
it implies that the energy loss of the ions through the
bremsstrahlung channel is much less severe than previously
expected by some authors (cf. [6]).

Our calculations can of course also be performed at lower
energies; see [7] for calculated cross sections for energies of
about 150 GeV/n. The SPS can accelerate to about 450 GeVxZ
so that experiments located in the SPS fixed target hall should
be able to see this signal. The COMPASS experiment [12]
may be a candidate. See also [13] for calculations on delta
electron emission from a similar experimental condition as
discussed here. Along with bremsstrahlung measurements,
such electrons would be highly sensitive to the nuclear charge
structure.



If a fixed target facility using the LHC beams is con-
structed, one could hope for the option to produce secondary
beams. With such beams, one could study the bremsstrahlung
from short-lived nuclei. If traversing a 1 mm target, the
lifetime would be yct = 1 mm, which leads to 7 = 4- 107" s.

Exploiting the Lorentz time dilation, the nuclear structure
of these rare nuclei could be exposed. Potentially, along with
these short-lived species, one may also study exotic beams
where the nucleus contains a strange quark. It is presently
unknown whether the presence of a strange quark increases
or decreases the radius of the nuclear charge. Whereas such
effects may be visible in the bremsstrahlung spectrum, they
would certainly be impossible to study using conventional
electron scattering.
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We investigate charmonium production in Pb + Pb collisions at LHC beam energy E,,, = 2.76A TeV at fixed-target experiment
(v/Sun = 72 GeV). In the frame of a transport approach including cold and hot nuclear matter effects on charmonium evolution,
we focus on the antishadowing effect on the nuclear modification factors R, , and r, , for the J/y yield and transverse momentum.
The yield is more suppressed at less forward rapidity (y,,, = 2) than that at very forward rapidity (y,, = 4) due to the shadowing

and antishadowing in different rapidity bins.

1. Introduction

Recently a fixed-target experiment using the LHC beams has
been proposed [1], where the study on quarkonia in nuclear
collisions becomes specifically important, due to the wide
parton distributions in phase space which is helpful to reveal
the charmonium production mechanism [2]. Corresponding
to the LHC beam energy E;,;, = 2.76A TeV, where A is the
nucleon number of the incident nucleus, the center-of-mass
energy /syy = 72GeV is in between the SPS and RHIC
energies, and a quark-gluon plasma is expected to be created
in the early stage of heavy ion collisions. Taking into account
the advantage of high luminosity in fixed-target experiments,
which is helpful for detailed study of rare particles, the J/y
yield in Pb + Pb collisions at E;;, = 2.76ATeV per LHC run
year is about 100 times larger than the J/y yield in Au + Au
collisions at /sy = 62.4 GeV per RHIC run year [1]. With
the high statistics, one may precisely distinguish between
different cold and hot nuclear matter effects on charmonium
production [3]. As is well known, the shadowing effect [4,
5], namely, the difference between the parton distributions
in a nucleus and in a free nucleon, depends strongly on
the parton momentum fraction x. Since x runs in a wide
region, 0.001 < x < 0.5, in the fixed-target experiments,

it provides a chance to see clearly the shadowing effect on
the charmonium distributions in different rapidity bins. In
this paper, we study the shadowing effect on the nuclear
modification factors for J/y yield and transverse momentum
in Pb + Pb collisions at LHC beam energy E,;, = 2.76A TeV.

2. Evolution of Quark-Gluon Plasma

The medium created in heavy ion collision at \/syy =
72 GeV is assumed to reach local equilibrium at a proper time
7, = 0.6 fm/c [6]; its consequent space-time evolution can be
controlled by the ideal hydrodynamic equations:

0,T" =0

‘u bl
., M

BM] =0,

where T),, = (e + pluu, = gups Ju nu,, and u,,
€ D> ancf n are, respectively, the energy-momentum tensor,
baryon current, four-velocity of the fluid cell, energy density,
pressure, and baryon density of the system. The solution of
the hydrodynamic equations provides the local temperature
T(x), baryon chemical potential u(x), and fluid velocity
uM(x) of the medium which will be used in the calculation
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of the charmonium suppression and regeneration rates [7].
Taking the assumption of Hubble-like expansion and initial
boost invariance along the colliding direction for high energy
nuclear collisions, we can employ the well tested 2 + 1-
dimensional version of the hydrodynamics in describing
the evolution of the medium created at /sy = 72 GeV.

Introducing the proper time 7 = Vt? — z2 and space-time
rapidity n = 1/2In[(t + z)/(t — z)] instead of the time ¢ and
longitudinal coordinate z, the conservation equations can be
simplified as [8]

E+
0,E+VM = ——p,
T

a‘er + V(Mxv) = _% —O0xD>
(2)

oM, +V (M) = —% -0,p,

O.R+V (Rv) = _R
T

with the definitions E = (e + p)y* — p, M = (e + p)y’v, and
R = yn, where v and y are the three-velocity of the fluid cell
and Lorentz factor in the transverse plane.

To close the hydrodynamical equations one needs to
know the equation of state of the medium. From recent
studies on particle elliptic flow and shear viscosity, the matter
created in heavy ion collisions at RHIC and LHC energies
is very close to a perfect fluid [9]. Considering that the
momentum integrated particle yield, especially for heavy
quarkonia, is not sensitive to the equation of state, we follow
[10] where the deconfined phase at high temperature is an
ideal gas of gluons and massless u and d quarks plus 150 MeV
massed s quarks, and the hadron phase at low temperature
is an ideal gas of all known hadrons and resonances with
mass up to 2 GeV [11]. There is a first-order phase transition
between these two phases. In the mixed phase, the Maxwell
construction is used. The mean field repulsion parameter and
the bag constant are chosen as K = 450 MeV fm® and B'/* =
236 MeV to obtain the critical temperature T, = 165 MeV
[10] at vanishing baryon number density. Note that when one
calculates the rapidity or transverse momentum distribution
of quarkonia, the choice of the equation of state may result in
sizeable difference.

The initialization of the hot medium is taken as the same
treatment in [8]. We use the final charged multiplicity to
determine the initial entropy density. For \/sgy = 72 GeV,
the charged multiplicity at central rapidity in center-of-mass
frame is estimated to be dN/dy = 515 based on the
empirical formula [12]:

dN,
d—d‘ = 312.5log,,v/Sux — 64.8. (3)
n

The initial baryon density is obtained by adjusting the entropy
per baryon to be 250 [13]. From the empirical relation
Onn = 29.797 + 0.141(In+/5y) > *** [14] between the inelastic
nucleon-nucleon cross section oy in unit of mb and the
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colliding energy /syy in unit of GeV, we have oy =
36 mb at /sy = 72 GeV. These initial conditions lead to a
maximum medium temperature T, = 310 MeV at the initial
time 7, = 0.6 fm/c. The medium maintains local chemical
and thermal equilibrium during the evolution. If we do not
consider the charmonium interaction with the hadron gas,
the charmonium distributions in the final state will be fixed
at time 7, corresponding to the critical temperature T of the
deconfinement phase transition.

3. Charmonium Transport in
Quark-Gluon Plasma

Since a charmonium is so heavy, its equilibrium with the
medium can hardly be reached; we use a Boltzmann transport
equation to describe its phase space distribution function
fe(x,p | b) in heavy ion collisions at impact parameter b:

p"0,fy = ~Cy fy + Dy, (4)

where the loss and gain terms Cy(x, p | b) and Dy(x,p | b)
come from the charmonium dissociation and regeneration in
the created hot medium. We have neglected here the elastic
scattering, since the charmonium mass is much larger than
the typical medium temperature. Considering that the feed-
down from the excited states ' and y, to the ground state
J/y [15] happens after the medium evolution, we should take
transport equations for ¥ = J/y, y' and . when we calculate
the J/y distribution f},, in the final state.

Introducing the momentum rapidity y = 1/2In[(E +

p.)/(E-p,)] and transverse energy E, = \/E* — p? to replace

the longitudinal momentum p, and energy E = ym? + p?,
the transport equation can be rewritten as
inh (v —
cosh(y—n)87+—sm 5 11)8,1+Vt'Vt]f\I,
’ (5)

= —oy fy + Py

with the dissociation and regeneration rates oy (x,p | b) =
Cy(x,p | b)/E, and By(x,p | b) = Dy(x,p | b)/E,
where the third term in the square bracket arises from the
free streaming of ¥ with transverse velocity v, = p,/E, which
leads to a strong leakage effect at SPS energy [16].

Considering the gluon dissociation ¥ + g — ¢ +cin the
quark-gluon plasma, the dissociation rate o can be expressed
as

L[

OC‘I’ 2E Gg‘Y (P> k’ T) 4Fg‘l’ (P> k)
t

fo (K Tou,),

(pk)* - miym? =
pk the flux factor, and f, the gluon thermal distribution
as a function of the local temperature T(x | b) and fluid
velocity u,(x | b) determined by the hydrodynamics. The

dissociation cross section in vacuum ag\y(p, k,0) can be

where E is the gluon energy, Fyy =
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derived through the operator production expansion (OPE)
method with a perturbative Coulomb wave function [17-
21]. However, the method is no longer valid for loosely
bound states at high temperature. To reasonably describe the
temperature dependence of the cross section, we take the
geometric relation between the averaged charmonium size
and the cross section:

(")

R D), 0

dgw (P, 0). (7)

The averaged radial square <r2>\}/(T) is calculated via potential
model [22] with lattice simulated heavy quark potential [23]
at finite temperature. When T approaches the charmonium
dissociation temperature T}, the averaged radius square and
in turn the cross section go to infinity, which means a
complete charmonium melting induced by color screening
[24]. Using the internal energy U as the heavy quark potential
V, the dissociation temperature T is calculated to be 2.1T,,
1.16T,, and 1.12T, for J /v, x,, and ¢/, respectively [22].

The regeneration rate 3 is connected to the dissociation
rate « via the detailed balance between the gluon dissociation
process and its inverse process [25, 26]. To obtain the
regeneration rate, we also need the charm quark distribution
function in medium. Although the initially produced charm
quarks would carry high transverse momentum, they lose
energy (momentum) when passing through the medium.
Considering the experimentally observed large open charm
quench factor [27-29] and elliptic flow [30, 31], we take as
a first approximation a kinetically thermalized momentum
spectrum for the charm quark distribution f.(x,q | b).
Neglecting the creation and annihilation of charm-anticharm
pairs inside the medium, the spatial density of charm quark
number p.(x | b) = [d’q/(2n)’f.(x,q | b) satisfies the
conservation law

0, (pat') =0 )

with the initial density determined by the nuclear geometry
plxo | b) = Tu(x)Ts(x, — b) coshn/zyday" /dn, where
Tap(x) = I:Z) pap(f)dz are the thickness functions and
doN/dy is the charm quark rapidity distribution in p + p
collisions.

For the regeneration rate [3, we also considered the
canonical effect which is shown to be important in explaining
the suppression of strange mesons [32]. When there are only
few pairs or even less than one pair of charm quarks produced
in an event, one needs to consider the canonical effect to
guarantee the exact charm number conservation. Taking into
account the fact that the charm and anticharm quarks inside
a pair are produced at the same rapidity, we simply multiply
the regeneration rate f3 in a unit rapidity bin by a canonical
enhancement factor [33]

1

C =1 N 1dy) ©)

To take into account the relativistic effect on the dissocia-
tion cross section to avoid the divergence in the regeneration

cross section, we should replace the charmonium binding
energy by the gluon threshold energy in the calculations of
a and f3 [34].

In the hadron phase of the fireball with temperature
T < T, there are many effective models that can be used to
calculate the inelastic cross sections between charmonia and
hadrons [35]. For J/y the dissociation cross section is about
a few mb which is comparable with the gluon dissociation
cross section. However, considering that the hadron phase
appears in the later evolution of the fireball, the ingredient
density of the system is much more dilute in comparison
with the early hot and dense period [7]. Taking, for instance,
the regeneration processes ¢ + ¢ — g + J/y in quark
matter and D + D — 7 + J/y in hadron matter, the
density ratio between charm quarks at initial temperature
T, = 310MeV and D mesons at critical temperature T, =
165 MeV is around 30. Considering further the life time of the
quark matter ~6 fm/c and the life time of the hadron matter
~2fm/c calculated from the hydrodynamics in Section 2,
we neglect the charmonium production and suppression in
hadron gas, to simplify the numerical calculations. Note that
the suppression and regeneration in hadron gas may become
important for excited charmonium states [36].

The transport equation can be solved analytically with the
explicit solution [7, 37]

fo (Po 3> %0 1:7) = fu (Po 3 Xe (1), H (7). )

o @7 /ATy Ry X (T HE )

T odr ! ' ! (10)
[[ 35 Gons ()1 (7).1)

To

AT INCOTHEIS ACORC CORD
with
X, (7') =% = vy [reosh (y - ) - 7'A («')],

H(T') =y—arcsin<%sinh (y—71)>, an

A(T') = \jl + <%)2 sinh® (y - 7).

The first and second terms on the right-hand side of solution
(10) indicate the contributions from the initial production
and continuous regeneration, respectively, and both suffer
from the gluon dissociation in the medium. Since the regen-
eration happens in the deconfined phase, the regenerated
quarkonia would have probability to be dissociated again by
the surrounding gluons. The coordinate shifts x, — X, and
n — H in solution (10) reflect the leakage effect in the
transverse and longitudinal directions.

For fixed-target nuclear collisions at E},;, = 2.76A TeV, the
collision time for the two Pb nuclei to pass through each other
in the center of mass frame is 2Rpy 1y /(1/Syn/2) ~ 0.35 fm/c,
which is compatible with the charmonium formation time
but shorter than the QGP formation time 7, = 0.6fm.



Therefore, all the cold nuclear matter effects can be reflected
in the initial charmonium distribution fy at time 7,. We
take into account nuclear absorption, nuclear shadowing, and
Cronin effect. The initial distribution in solution (10) can be
obtained from a superposition of p + p collisions, along with
the modifications from these cold nuclear matter effects.

The nuclear absorption is important in explaining the J/y
suppression in p + A and A + A collisions at low energies. It
is due to the inelastic collision between the initially produced
charmonia and the surrounding nucleons, and its effect on
the charmonium surviving probability can be described by
an effective absorption cross section o,;,,. The value of oy,
is usually measured in p + A collisions and is several mb at
SPS energy. Since the nuclear absorption becomes weaker at
higher colliding energy due to the shorter collision time [38,
39], we take 0,,, = 2mb at E;,; = 2.76ATeV [39] and the
nuclear absorption factor

S, = o L": plzx)dz+ [ p(x-b)dz) (12)

The Cronin effect broadens the momentum distribution
of the initially produced charmonia in heavy ion collisions
[7]. In p + A and A + A collisions, the incoming partons
(both gluons and quarks) experience multiple scatterings
with surrounding nucleons via soft gluon exchanges. The
initial scatterings lead to an additional transverse momentum
broadening of partons which is then inherited by produced
hadrons [40]. Since the Cronin effect is caused by soft inter-
actions, rigorous calculations for the effect are not available.
However, the effect is often treated as a random motion.
Inspired from a random-walk picture, we take a Gaussian
smearing [41, 42] for the modified transverse momentum
distribution:

—NN
fw (%, P, 24,25 | b)

L[ el NN (| (13)
magl J Pie fo (|pt Pr| ’Pz) Sabs>
where
1(x,24,25 | b)
1 (14)

N +00
:—(J p(z,xt)dz+J p(z,xt—b)dz>
P\ 2

is the path length of the two initial gluons in nuclei before
fusing into a charmonium at x, z, and zg, 4,y is the averaged
charmonium transverse momentum square gained from the
gluon scattering with a unit of length of nucleons, and 3™ (p)
is the charmonium momentum distribution in a free p + p
collision. The Cronin parameter a,y is usually extracted from
corresponding p + A collisions. Considering the absence of
p + A collision data at \/syy = 72GeV, we take a,y =
0.085 (GeV/c)*/fm from some empirical estimations [4, 25,
43]. As a comparison, for collisions at SPS (/s ~ 20 GeV)
and RHIC (\/syy = 200 GeV) we take agn = 0.075 [8] and
0.1 [44] (GeV/c)*/fm, respectively.

Assuming that the emitted gluon in the gluon fusion
process g+ g — ¥+ gis soft in comparison with the initial
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gluons and the produced charmonium and can be neglected
in kinematics, the charmonium production becomes a 2 —
1 process approximately, and the longitudinal momentum
fractions of the two initial gluons are calculated from the

momentum conservation:
/ 2 2
my + p,
¥ t
s (15)

X12 =
SNN

The free distribution fg ' (p) can be obtained by integrating

the elementary partonic process:

NN
doy

dp,dy

(16)
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where f,(x, pp) is the gluon distribution in a free proton,

4 the emitted gluon rapidity, dog, _ g,/ dt the charmonium
momentum distribution produced from a gluon fusion pro-
cess, and yy the factorization scale of the fusion process.

Now we consider the shadowing effect. The distribution
function f,(x, uz) for parton i in a nucleus differs from a
superposition of the distribution f;(x, ) in a free nucleon.
The nuclear shadowing can be described by the modification
factor R; = f;/(Af;). To account for the spatial dependence
of the shadowing in a finite nucleus, one assumes that the
inhomogeneous shadowing is proportional to the parton
path length through the nucleus [45], which amounts to
considering the coherent interaction of the incident parton
with all the target partons along its path length. Therefore, we
replace the homogeneous modification factor R;(x, ) by an
inhomogeneous one [46]

A(R; (0, pp) = 1) Ty (x,)
T4z (0)

with the definition Tz(b) = _[ d*x,T,(x,)T(x, — b). We
employ in the following the EKS98 package [5] to evaluate the
homogeneous ratio R;, and the factorization scale is taken as

He = mg + p;.
Replacing the free distribution f, in (16) by the modified

distribution 79 = Af,%, and then taking into account

the Cronin effect (13), we finally get the initial charmonium
distribution for solution (10):
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Now the only thing left is the distribution f3" in a free p +
p collision which can be fixed by experimental data or some
model simulations.
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4. Numerical Results

The beam energy E,,, = 2.76ATeV in fixed-target experi-
ments corresponds to a colliding energy /syy = 72 GeV,
and the rapidity in the center-of-mass frame is boosted in the
laboratory frame with a rapidity shift Ay = tanh™' B, =
4.3. Let us first focus on the central rapidity region around
Yems = 0 in the center-of-mass frame, which corresponds
to y, = 4.3 in the laboratory frame. The centrality and
momentum dependent antishadowing for initially produced
charmonia is reflected in the inhomogeneous modification
factor %, for gluons. The longitudinal momentum fractions

are x,, = \my+ p}/+/syn ~ 0.05 for the two gluons,
which are located at the strong antishadowing region [47] by
some parametrization of parton distribution shadowing like
EKS98 [5], EPS08 [48], and EPS09 [49]. The antishadowing
changes not only the gluon distribution but also the charm
quark production cross section used in the regeneration.
For the process g + g — ¢ + ¢, the antishadowing for
gluons leads to an antishadowing factor, ~ (%,)* for the
cross section. Considering that in peripheral collisions the
regeneration is weak and its contribution is not remarkably
affected by the antishadowing, we take a centrality averaged
antishadowing factor for the cross section to simplify the
numerical calculation for regeneration. Estimated from the
EKS98 evolution [5], we take a 20% enhancement of the
charm quark production cross section compared to free p +
p collisions. From FONLL calculation [50], the upper limit
for doXN/dy is 0.047mb at /Sy = 62.4GeV. Note that
the experimental data for charm quark cross section in free
p + p collisions are close to the upper limit of perturbative
calculation; we take do’x /dy = 0.05mb at /sy = 72 GeV.
After taking into account the antishadowing effect in A + A
collisions, it becomes 0.06 mb. For p + p collisions, we assume
a constant hidden to open charm ratio (doy /dy)/(do/dy) =
const at any colliding energy. From the ratio extracted from
the RHIC data [51], we have doj,, /dy = 0.35ub at \/syy =
72 GeV. The transverse momentum distribution for J/y in
free p + p collisions can be simulated by PYTHIA [52]
and the mean transverse momentum square is pf)pp =
2.7 (GeV/c)™.

Figure 1 shows our calculated centrality dependence of
J/w nuclear modification factor R, , = Ng™/ (NouNY) in Pb
+ Pb collisions at LHC beam energy E,; = 2.76A TeV in lab-
oratory frame (/s = 72 GeV in center-of-mass frame) at
forward rapidity y;,;, = 4.3 (central rapidity y,,,; = 0), where
NP and Ng* are charmonium yields in p + p and A + A
collisions, and N and N, are numbers of binary collisions
and participants. For comparison, we show also the RHIC
data at /sy = 62.4 GeV [53] at central rapidity. Since the
shadowing/antishadowing effect is still an open question and
its degree depends strongly on the models we used, we show
in Figure 1 two calculations for the total J/y Ry, in Pb + Pb
collisions at /sy = 72 GeV: one is with the above discussed
antishadowing and the other is without antishadowing. The
hatched band is due to this uncertainty in the antishadowing.
With increasing collision centrality, the initial contribution
drops down, while the regeneration goes up. The canonical

RAA
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Fixed-target Pb + Pb Ej,, = 2.76 A TeV, yjy, = 4.3 ]
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FIGURE L: The centrality dependence of the J/y nuclear modification
factor R, at very forward rapidity y;,p = 4.3 (¥ = 0) in Pb + Pb
collisions at LHC beam energy E,,,, = 2.76A TeV. The hatched band
is the model result with the upper and lower borders corresponding
to the calculations with and without antishadowing effect. The RHIC
data [53] are for Au + Au collisions at y_ . = 0.

effect is important in peripheral collisions where the number
of charm quark pairs is less than one and the inclusion of the
canonical effect enhances sizeably the charmonium yield. In
most central collisions, the regeneration can contribute about
25% to the total charmonium yield. The antishadowing at
very forward rapidity in the laboratory frame (central rapidity
in the center-of-mass frame) enhances the charm quark cross
section and in turn the initial charmonium yield by a factor
of 1.2. As a consequence, the enhancement factor for the
regenerated charmonium number is 1.2* = 1.44 which leads
to a strong charmonium enhancement! If we do not consider
the antishadowing effect on the charmonium regeneration
and initial production, the total R, , is significantly reduced.
To see more clearly the charmonium production mecha-
nism, we turn to the transverse momentum information. In
Figure 2 we show the J/y nuclear modification factor [54]

_ (P

.
My,

in Pb + Pb collisions at beam energy E,;, = 2.76A TeV, where
( pf) aa and ( pf)Pp are averaged J/y transverse momentum
square in Pb + Pb and p + p collisions at very forward rapidity
Vb = 4.3. If we neglect the contribution from the regen-
eration and consider only the initial production, the ratio
raa gOes up monotonously with centrality due to the Cronin
effect and leakage effect [54]. The inclusion of regeneration
(upper border of the band) remarkably reduces the averaged
transverse momentum, because the regenerated charmonia
possess a soft momentum distribution induced by the charm
quark energy loss. Since the degree of regeneration increases
with centrality, the increased soft component leads to a
decreasing r, , in most central collisions. The canonical effect
can reduce the 7, , further, since it enhances the regeneration

(19)
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FIGURE 2: The centrality dependence of the J/y nuclear modification
factor r,, at forward rapidity y,, = 4.3 (¥ms = 0) in Pb + Pb
collisions at LHC beam energy E,;, = 2.76A TeV. The upper and
lower borders of the band correspond to the calculations with and
without antishadowing effect.

especially in peripheral collisions. However, we should note
that the assumption of charm quark thermalization indicates
a full energy loss and it may not be reached in peripheral
and semicentral collisions at beam energy E,;, = 2.76A TeV.
When we switch off the antishadowing (lower border of
the band), both the hard component controlled by the
initial production and the soft component dominated by
the regeneration would be reduced. Considering that the
enhancement factor resulted from the antishadowing is 1.2
for the initial production but 1.2* for the regeneration, the
strong antishadowing in the soft component leads to only
a slight difference between with and without considering
the antishadowing, shown in Figure 2. It is obvious that,
compared to the nuclear modification factor R 4 for the yield,
the modification factor r,, for the transverse momentum is
less sensitive to the shadowing effect [54].

From the simulations of parton distributions in cold
nuclear matter [5, 48, 49], the nuclear shadowing region is
located at very small x. In the following we consider the
shadowing and see its difference from the antishadowing
in J/w Ry, and r,, in fixed-target Pb + Pb collisions.
The maximum J/y rapidity in the center-of-mass frame is
Yo = cosh™ [\syn/(2my )] = 313 at \fsyy = 72GeV.
Considering the expected amount of measured events, we
focus on the backward rapidity region around y_ . = -2
which corresponds to the less forward rapidity y,, = Ay +
Yems = 4.3—-2 = 2.3 inlaboratory frame. From the kinematics,
the momentum fractions for the two gluons involved in the

gluon fusion process are x, = (\/m? + p?/+/sxw)e’ = 0.35

and x, = (\[m + p?/+/sxw)e > = 0.006. One s located in the
EMCregion and the other in the shadowing region [5, 48, 49],
leading to a reduction of 15% for the charm quark production
cross section from EKS98 evolution [5] (20% from EPS09
NLO evolution [49]). Taking the same ratio of charm quark
cross section between y... = —2and y_,,, = 0 calculated from
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FIGURE 3: The centrality dependence of the double ratios
R R and p)e= =22 for g1y yield and transverse
momentum in Pb + Pb collisions at LHC beam energy
E. = 276ATeV. The upper and lower borders of the two
bands correspond to the calculations with and without shadowing
and antishadowing effects.

FONLL [50] and including the 15% shadowing reduction, we
obtain do¥" /dy = 0.01mb at y,,, = —2. For the medium
evolution at this backward rapidity region, we initialize the
entropy density to be half of that at central rapidity [6, 55]
which leads to a maximum temperature of T, = 245 MeV.

Figure 3 shows the two double ratios R)%~ 43 /R =23 and

= =3 [re= 3o/ y; the upper and lower borders of the two

bands correspond to the calculations with and without con-
sidering the nuclear shadowing and antishadowing. While
the double ratio for the transverse momentum is not sensitive
to the shadowing and antishadowing, as we discussed above,
the strong antishadowing at y;,, = 4.3 and shadowing at
Vb = 2.3 lead to a strong enhancement of the double
ratio for the yield. Without considering the shadowing and
antishadowing, the stronger charmonium suppression in the
hotter medium at y;,, = 4.3 (T, = 310 MeV) compared with
the weaker suppression in the relatively colder medium at
Yiap = 2.3 (T) = 245MeV) makes the double ratio less than
unit. However, the inclusion of the yield enhancement due
to the antishadowing at y},, = 4.3 and the yield suppression
due to the shadowing at y,, = 2.3 changes significantly
the behavior of the double rati; it becomes larger than unit
and can reach 1.3 in most central collisions. Note that the
rapidity dependent shadowing effect was used to qualitatively
interpret the stronger suppression at forward rapidity than
that at midrapidity in Au + Au collisions at RHIC [56, 57].

5. Summary

We investigated with a transport approach the charmonium
production in fixed-target Pb + Pb collisions at LHC beam
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energy E,,, = 2.76ATeV. We focused on the rapidity
dependent shadowing effect on the nuclear modification
factors for the charmonium yield and transverse momentum.
While the averaged transverse momentum is not sensitive
to the shadowing effect, the antishadowing leads to a strong
yield enhancement at very forward rapidity y,, = 4, and
the shadowing results in a strong yield suppression at less
forward rapidity y;,;, = 2. The double ratio between the
nuclear modification factors R, , in the two rapidity regions
amplifies the shadowing effect; it is larger than unit and can
reach 1.3 in most central collisions.

From the model studies on gluon distribution in nuclei,
see, for instance [5, 47-49], there are large uncertainties in
the domain of large x (> 0.1), which is probably due to the
unknown EMC effect. From our calculation here, the double
ratio of the nuclear modification factor for J/y yield is very
sensitive to the gluon shadowing effect in different x region.
A precise measurement of the ratio may provide a sensitive
probe to the gluon distribution.
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The brief review of the experimental data on quarkonium productions measured at the CERN SPS, at the Brookhaven Collider
RHIC, and at the LHC is presented. The dissociation of quarkonium resonances produced in heavy ion collisions was suggested as
a possible signal of the Quark-Gluon Plasma formation. At the CERN SPS, the anomalous suppression of the J/y production was
observed in central Pb-Pb collisions by the NA50 collaboration. However, the effects of J/y suppression on cold nuclear matter,
feed-down production from higher charmonium states, and regeneration processes should be taken into account. If proton and
ion beams at the LHC will be used with fixed targets, the energy interval between the SPS energy and the nominal RHIC energy
(200 GeV) could be investigated. The high statistics data on quarkonium productions at these energies will give the possibility
of clarifying the mechanism of charmonium productions to investigate the importance of the recombination process, since the

probability of recombination decreases with decreasing the energy of collisions.

1. Introduction

The existence of the Quark-Gluon Plasma (QGP) is predicted
by lattice QCD at high temperature and large energy density.
Quarkonia are important probes to study the properties
of the deconfined matter. The dissociation of heavy-quark
resonances by color screening in a deconfined medium was
suggested by Matsui and Satz as a possible signal of the
Quark-Gluon Plasma formation in ultrarelativistic heavy ion
collisions [1].

Quarkonium productions have been previously studied
at the CERN SPS by NA38 [2], NA50 [3-7], and NAGO
[8, 9] experiments, at the FNAL [10], and by fixed target
p-A experiments at the HERA-B [11]. In 1997, the NA50
experiment has observed an “anomalous” suppression of the
J/y production in central Pb-Pb collisions [3]. However, the
cold nuclear matter (CNM) effects and feed-down produc-
tion of J/y from higher charmonium states, which affect the
extraction of hot and dense matter effects, should be carefully
measured. In spite of many experimental results already

obtained on the J/y production in p-A collisions, they are
still not well understood, especially at small Bjorken x5 and
large Feynman xp, where the CNM effects are expected
to be large. Quarkonium productions have been studied in
the Brookhaven National Laboratory at RHIC by PHENIX
[12-16] and STAR experiments [17-19]. It was shown that
the J/y suppression measured by PHENIX experiment at
Vs = 200 GeV is of the same order as the suppression at
the SPS energies for Pb-Pb collisions [13, 20]. In order to
get better agreement between theoretical description of the
RHIC and the SPS experimental results the models that
include the regeneration of J/y were developed [21-24]. The
quarkonium productions have been measured at significantly
higher energies at the LHC by ALICE [25, 26], CMS [27, 28],
ATLAS [29, 30], and LHCD [31, 32] experiments. At the LHC
energies the contribution of B-decay should be taken into
account [27, 29, 31-33]. The high statistics measurements at
the LHC could investigate the properties of matter at high
energy density and temperature. However, the quarkonium
study at energies below the LHC energy is also very important
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in order to investigate the mechanism of production, the
medium effects, and conditions for the Quark-Gluon Plasma
formation. If it would be possible to use the proton and
ion beams at the LHC with fixed targets, the data in the
energy interval between maximum energy of the SPS (/s ~
29 GeV) and the nominal RHIC energy (+/s =200 GeV) in p-
A and A-A collisions could be obtained. For 0.45 TeV proton
beam, the energy in N-N centre-of-mass system is /Syx
= 29.1GeV, for 7TeV proton beam ./syy = 114.6 GeV and
for 2.75TeV Pb beam +/syy = 71.8 GeV. The high statistics
data on quarkonium production at these energies will give
the possibility of clarifying the mechanism of charmonium
production to investigate the importance of recombination
process, since the probability of recombination decreases
with decreasing the energy of collisions.

2. Charmonium Production at the CERN SPS

The productions of J/y and y(2S) have been studied at
the CERN SPS by the NA50 experiment. Data have been
taken for Pb-Pb collisions at 158 GeV per nucleon (3, 7]
and for p-A collisions at 450 [4, 5] and 400 GeV [6]. The
nuclear suppression of the J/y production in proton-nucleus
reactions and an anomalous suppression in central lead-lead
collisions were observed [3, 7]. In the NA60 experiment,
the J/w production was measured in In-In collisions at
158 GeV per nucleon [8] and in p-A collisions at 400 and
158 GeV [9]. The NAGO results in p-A collisions at 400 GeV
confirm the NA50 values of absorption cross section at the
same energy. On the other hand, the NA60 158 GeV p-A
data give higher values of absorption. Rather strong energy
dependence of the absorption cross section was observed.
However, the older NA3 J/y results at 200 GeV [34] are in
partial contradiction with these observations and give values
of absorption cross section similar to those obtained at the
higher energy. This difference has not yet been satisfactorily
explained by theoretical models. Therefore, it is important to
measure the charmonium production cross sections in p-p,
p-A, and A-A collisions at the same energy and in the same
kinematic domain.

The heavy-quark pair can interact with the nuclear matter
and eventually break up. It is the effect of nuclear absorption.
The cold nuclear matter (CNM) effect in suppression of the
J/y production includes not only nuclear absorption, but
also the shadowing effect, that is, the modification of the
parton distribution function in nuclear matter compared to
the free nucleon. If shadowing is taken into account, the
amount of the anomalous J/y suppression is reduced. Also, it
is necessary to consider the energy loss of partons in nuclear
matter. The charmonium can also interact with surrounding
comovers and lose energy or even break up.

For In-In collisions at 158 GeV per nucleon after adjust-
ment for the effects of cold nuclear matter, the additional
suppression becomes quite small. But the value of the anoma-
lous suppression in the most central Pb-Pb collisions is of the
order of 20-30%. So, to extract the effects of hot and dense
nuclear matter in the J/y production at the SPS energies,
the CNM effects and feed-down production from higher
charmonium states must be taken into account.
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3. Charmonium Production at the Relativistic
Heavy Ion Collider RHIC

At the RHIC, the production of J/y was measured in
p-p> d-Au, Au-Au, and Cu-Cu collisions by the PHENIX
experiment at /Sy = 200 GeV energy in the N-N centre-
of-mass [12-16]. To quantify the suppression of the [/
production in heavy ion collisions, the nuclear modification
factor R, , was introduced:

dN,/dy
Ry, = > 1
A (dep/d)’ : <Ncoll>) ( )

which is the ratio of the J/y yield in A-A collisions, normal-
ized to the number of binary collisions, N, to the J/y yield
in p-p collisions. The nuclear modification factor has been
measured as a function of several parameters: the centrality
of collisions, the multiplicity, the transverse momentum, and
the number of participants (N,)-

The suppression of the J/y production in Au-Au col-
lisions is considerably stronger at forward rapidity range
1.2 < |yl < 2.2 than at midrapidity |y| < 0.35. The
PHENIX data for Au-Au and d-Au collisions were analyzed
simultaneously for estimation of the CNM contribution.
The nuclear modification factor for cold nuclear matter
R, ,(CNM) was obtained in Au-Au collisions at the measured
rapidity ranges [20]. The ratio R, 4 /R, (CNM) estimates the
value of additional suppression of the J/y production in the
hot and dense nuclear matter produced in relativistic heavy
ions collisions. The Ry 4 /Ry, (CNM) ratio at /sy = 200 GeV
is similar to the forward rapidity and midrapidity and reaches
about 50% for the most central events.

Comparison of the Ry, /R, ,(CNM) ratio estimated for
NA50, NA60, and PHENIX data versus dN/dy at pseudo-
rapidity # = 0, which is proportional to the energy density,
shows that at RHIC energy anomalous suppression of ] /y for
colliding nuclei is the same as at SPS energy [20] (Figure 1).

The nuclear modification factor for cold matter
R, ,(CNM) was obtained under the assumption that in
p-p> p-A, and d-Au collisions at SPS and RHIC energies
the hot and dense nuclear matter is not formed. There are
some indications that the hot matter effects could present in
d-Au collisions at the RHIC energies [35]. These effects may
contribute to p-p and p-A collisions at higher energies.

The production of J/y in p-p, Au-Au, and Cu-Cu
collisions was measured also by STAR experiment at the
RHIC at midrapidity |y| < 1 for low p; < 5GeV/c [17]
and for high p; > 5GeV/c [18, 19]. The value of Ry, in
Au-Au collisions shows strong suppression at low trans-
verse momentum but the suppression decreases significantly
with increasing momentum. The J/y suppression in Au-
Au collisions at low pr < 5GeV/c and at midrapidity is
compatible to that measured by PHENIX. It was found that
the results are consistent with models that include color
screening and regeneration [36, 37]. The data from PHENIX
show a significant suppression in midcentral and central
Cu-Cu collisions [15]. The STAR Cu-Cu data [19] exhibit
no suppression, but the precision is limited by the available
statistics.
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SPS and PHENIX versus dN/dn at 5 = 0.

The production of J/y in asymmetric Cu-Au heavy ion
collisions was measured also at the RHIC at /sy = 200 GeV
for both forward (Cu-going direction) and backward (Au-
going direction) rapidity [38]. The suppression in the Au-
going direction is found to be consistent with the suppression
measured in Au-Au collisions. In the Cu-going direction, the
J/y suppression is stronger. The difference may be due to the
CNM eftects which are different at forward and backward
rapidity.

Recently at the RHIC, the J/w production in U-U colli-
sions was measured at /sy = 193 GeV [39, 40]. The nuclear
modification factor for J/y in U-U collisions for forward
rapidity is very close to the Au-Au data with a hint of a slightly
weaker suppression in central U-U collisions.

The RHIC experimental data could be described by the-
oretical models based on the regeneration of J/y. Additional
J/y mesons are expected to be produced from deconfined
charm quarks by kinetic recombination in the QGP [21, 22,
36, 37] or by statistical hadronization at the phase boundary
(23, 24].

Bottomonium productions were also studied at the RHIC
in p-p, d-Au, and Au-Au collisions [16, 39]. The suppression of
total Y(IS + 2S + 3S) yield measured by PHENIX is consistent
with measurements made by STAR. The regeneration of
bottomonia is expected to be small as compared to the J/y.
But the energy resolution at RHIC was insufficient to separate
the contributions of individual states.

The nuclear modification factor R, , for the J/y produc-
tion measured in Au-Au collisions at lower energies 62.4 and
39 GeV reveals approximately the same J/y suppression as at
200 GeV but has large statistical errors due to low luminosity

and large systematical errors because of lack of p-p collisions
at the same energies [41]. At the RHIC, the luminosity
strongly decreases with decreasing the energy of collisions.
The investigations at lower energy with high statistics are very
important for understanding the mechanism of charmonium
production, for investigation the contribution of cold and
hot nuclear matter effects. In addition, the contribution of
recombination process decreases with decreasing the energy
of collision.

The fixed target experiment at high luminosity LHC
beams could provide measurements for p-p, p-A, and A-
A collisions with the same equipment for different nuclei
targets. The energy of collisions would be lower than the nom-
inal RHIC energy (200 GeV). The charmonium production
could be investigated with high statistics and low systematic
errors and may provide reference from p-p data at these
energies for RHIC.

4. Quarkonium Production at
the CERN Large Hadron Collider LHC

At the LHC at CERN quarkonium productions were mea-
sured at the energy more than ten times higher than at RHIC.
Five quarkonium states from two families are under study,
charmonia://y and y(2S) and bottomonia: Y(1S), Y(2S), and
Y(3S). In four experiments: ALICE [25, 26, 42-46], CMS
[27, 28, 47-49], ATLAS [29, 30], and LHCb [31, 32, 50,
51], the quarkonium productions were measured in different
energy, rapidity, and transverse momentum ranges. In all
experiments p-p, p-Pb, and Pb-Pb collisions were measured,
except for LHCb where there was no Pb-Pb program.

The quarkonium production in p-p collisions at /sy =
2.76, 7, and 8 TeV is useful for investigating the production
mechanism, for comparison with different QCD model cal-
culations and as a reference for understanding any additional
effects in p-A and A-A collisions. The study of quarkonium
production in p-Pb collisions at /sy = 5.02 TeV is important
to distinguish the effects of Quark-Gluon Plasma from cold
nuclear matter and to provide input to understanding of
nucleus-nucleus collisions. The information about properties
of hot and dense medium created in the collisions could
be obtained from the measurements of Pb-Pb collisions at

\/SNN = 2.76 TCV.

4.1. Charmonium Production at the LHC. At the LHC the
charmonium J/y and y(2S) productions were measured in
p-p collisions at 2.76, 7, and 8 TeV and in Pb-Pb collisions
at 2.76 TeV. Measurement of the J/y production in p-p
collision at the same energy as in Pb-Pb collision provides
the reference for extracting the nuclear modification factor
Ry 4. There is a good agreement for p-p collisions between
the data obtained by ALICE [25], CMS [27], ATLAS [29],
and LHCD [31] experiments in the same kinematic domains
[52]. Comparison of charmonium J/y and y(2S) production
cross sections at forward rapidity in p-p collisions at 7 TeV
[42], obtained by ALICE and LHCb experiments, is shown in
Figure 2.

The mechanism of charmonium production was inves-
tigated by measuring the cross sections in p-p collisions
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FIGURE 2: Comparison of charmonium production cross sections in p-p collisions at 7 TeV versus transverse momentum for ALICE and

LHCDb data for J/y (a) and w(2S) (b).

as functions of energy, transverse momentum, and rapidity.
Cross sections are compared to the theoretical models [42].
Unfortunately, none of the models, including NLO QCD, are
able to describe simultaneously different aspects of quarko-
nium production. By increasing the energy of collisions, the
mean transverse momentum and production cross section
of J/w become larger. For forward rapidity, the cross sec-
tion is smaller than at midrapidity. The contribution of B-
decay to J/y production cross section was measured. This
contribution depends on rapidity, increases with growing of
J/y transverse momentum, and is of the order of 10% for
transverse momentum about 1.5 GeV/c [27, 29, 33].

ALICE [26, 43], CMS [28], and ATLAS [30] experiments
have measured charmonium productions in Pb-Pb collisions
at /sy = 2.76 TeV. In the ALICE experiment, J/y mesons
were detected in rapidity range |y| < 0.9 (for J/y decay into
two electrons) and 2.5 < y < 4 (for muon channel) with
transverse momentum values from about zero up to 8 GeV/c.
In ATLAS and CMS experiments, the J/y production was
measured in the rapidity range |y| < 2.4, but the range
of transverse momentum values depends on the rapidity. In
ATLAS experiment, only the data for J/y mesons production
with large transverse momentum p; > 6.5GeV/c were
obtained. The comparison of PHENIX and ALICE nuclear
modification factors R, , for inclusive J/y production [13, 26]
is shown in Figure 3.

Smaller suppression in the ALICE measurements of the
inclusive J/y production in Pb-Pb collisions at +/syy =
2.76 TeV [26, 43] compared to PHENIX results in Au-Au
collisions at /sy = 0.2 TeV [13] was found. These measure-
ments are compatible with a regeneration mechanism. This
additional hot nuclear matter effect works in an opposite

direction to the suppression by color screening. At the LHC
energy, the charm quark density produced in the collisions
is larger than at SPS and RHIC energies. The probability
of cc recombination increases with increasing the energy of
collision and at the LHC energies may become dominant. In
particular, this mechanism predicts an increase of R, from
forward rapidity to midrapidity, where the density of charm
quarks is higher. Moreover, in order to recombine, two charm
quarks need to be close enough in phase space, so the effect
will be larger atlow p;- of J/y in agreement with experimental
data [36, 37].

At the LHC, charmonium productions were measured
in p-Pb collisions at the energy /sy = 5.02 TeV by ALICE
[44, 45] and LHCb [50] experiments. The inclusive J/y pro-
duction has been studied by ALICE [44]. The measurement
is performed down to zero transverse momentum in the
center of mass rapidity domains 2.03 < y < 3.53 and
-4.46 < y < -2.96 in muon channel. In p-Pb collisions,
the J/y production was also measured in electron channel
in rapidity domain -1.37 < y < 0.43 [44]. Since p-p
collisions data at /sy = 5.02 TeV for determination of R,p,
are not available, the reference O‘pp( J/y) has been obtained
by an interpolation procedure, based on p-p collisions results
at \/Syy = 2.76 TeV and 7TeV obtained by the ALICE
experiment. At forward rapidity, corresponding to the proton
beam direction, a suppression of the J/y yield with respect to
binary-scaled p-p collisions is observed, but in the backward
region no suppression is found. The experimental results and
comparison with theoretical predictions [44] are shown in
Figure 4.

The Color Glass Condensate (CGC) model [53] could
not describe the data. Theoretical calculations based on
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nuclear shadowing [54] as well as on the models including, in
addition, a contribution from partonic energy loss [55, 56] are
in better agreement with the experimental results (Figure 4).

The ALICE results are in agreement with results for
inclusive J/y mesons presented by LHCb collaboration [57].
Nuclear modification factors are determined separately for
prompt J/w mesons and for J/y from B-hadron decays by

LHCb experiment. The suppression of prompt J/y mesons in
p-Pb collisions with respect to p-p collisions at large rapidity
is observed, while the production from B-hadron decays is
less suppressed.

The w(2S) production was measured in p-Pb collisions
by ALICE [45]. The nuclear modification factor for inclusive
y(2S) is evaluated. A significantly larger suppression of the
¥(2S) compared to the inclusive J/y was obtained. Theoreti-
cal models predictions, which include parton shadowing and
coherent energy loss mechanism, reproduce J/y suppression
but could not describe w(2S) data [56]. The models underes-
timate the y/(2S) suppression. A comparison with theoretical
predictions is shown in Figure 5. Additional effects should be
considered for interpretation of the results.

4.2. Bottomonium Production at the LHC. In p-p collisions
at +/syy = 7TeV, the inclusive production cross sections
of Y(1S) and Y(2S) have been measured as a function of
pr and rapidity by ALICE [42]. There is a good agreement
of ALICE data with measurements from LHCb experiment
[31, 58] in the similar p; and rapidity ranges. The data
are complemented to CMS measurements at midrapidity
[47, 59]. The results could be described by NLO NRQCD
calculations.

The CMS Collaboration at the LHC has observed the
sequential suppression of Y(1S), Y(2S), and Y(3S) bottomo-
nium states in Pb-Pb collisions at /sy = 2.76 TeV [48,
49]. The Y(1S) yield is suppressed by approximately a factor
of two with respect to the expectation from p-p collisions
obtained by scaling with the number of binary nucleon-
nucleon collisions. The Y(2S) and the Y(3S) are strongly
suppressed. Due to the lower production cross section of
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bb pairs compared to ¢¢ pairs, the regeneration of Y(IS) is
expected to be smaller than that of J/y [60]. On the other
hand, the CNM effects can also modify the production of
bottomonia in nucleus-nucleus collisions.

The inclusive Y(1S) production in Pb-Pb collisions was
measured by ALICE at forward rapidity in muon channel
down to zero transverse momentum [61]. A strong sup-
pression was observed with respect to p-p collisions scaled
by the number of nucleon-nucleon collisions. The ALICE
results are compared with CMS data (|y| < 2.4) [48]. The
observed suppression is stronger at forward rapidity than
at midrapidity. The transport model [60] predicts a nearly
constant R, , as a function of rapidity and could not repro-
duce ALICE and CMS data. The transport model includes
both suppression and regeneration effects. CNM effects were
estimated by using the effective absorption cross section.
The transport model clearly underestimates the observed
suppression, but the shape of the centrality dependence is
quite well reproduced. Another transport model [62] also
includes suppression and small regeneration component and
CNM effect with shadowing. The model reproduces the CMS
data but underestimates the ALICE data at forward rapidity.
Both transport models [60, 62] predict stronger suppression
for central events in agreement with centrality dependence
of ALICE data. The comparison of the data with transport
model calculations [60] is shown in Figure 6.

The inclusive Y(1S) and Y(2S) productions were mea-
sured also by ALICE [46] and LHCb [57] in p-Pb collisions
at \/syy = 5.02 TeV. At forward rapidity suppression of the
inclusive Y(1S) yield in p-Pb collisions with respect to the
yield from p-p collisions scaled by the number of binary

nucleon-nucleon collisions is observed. But at backward
rapidity the suppression is less (Figure 7).

The results are compared with several theoretical model
calculations [54, 55] including partonic energy loss effects
with and without nuclear shadowing. Only models with
energy loss plus shadowing could describe the data at forward
rapidity but these models underestimate the suppression at
backward rapidity.

The production of charmonia and bottomonia is the
object of intense theoretical and experimental investigations.
Their production mechanism in p-p collisions is described
by models based on Quantum Chromodynamics (QCD) and
gives reference for comparison with p-A and A-A data. At the
LHC in Pb-Pb collisions, the evidence for additional J/y pro-
duction from regeneration at low p; and strong J/y suppres-
sion at large transverse momentum was obtained. For p-Pb
collisions theoretical models including nuclear suppression,
parton shadowing, and coherent energy loss effects could
reproduce J/y production but fail to describe additional
suppression of ¥(2S) and underestimate the observed Y(1S)
suppression at forward rapidity.

At the LHC and RHIC the collective and hot nuclear
matter effects may also be present in p-Pb at 5.02 TeV and in
d-Au collisions at 200 GeV [35]. Therefore, the measurement
of nuclear effects at lower energies and assuming the absence
of the QGP formation in p-p and p-A collisions could
give a reference for the study of hot nuclear matter effects.
Moreover, the contribution of recombination process is small
at low energies. The RHIC heavy flavor program with the
energy scan can perform this investigation but, unfortunately,
the luminosity at RHIC strongly decreases with decreasing
the energy of collision.
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5. Quarkonium Production at
Fixed Target at the LHC Beams

The energy intervals between the SPS, the RHIC, and the LHC
are very important to study the mechanism of quarkonium
production and suppression and for the investigation of the
medium effects and conditions of the Quark-Gluon Plasma
formation. Investigation of the cold nuclear matter effect and
understanding the properties of matter require systematic
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and high statistics measurements of quarkonium production
also in the low energy region. To clarify the CNM effects it will
be possible to study the mechanism of quarkonium produc-
tion and suppression with high statistics at low energies up to
35 GeV/per nucleon in the CBM experiment at FAIR [63] and
in the MPD experiment at NICA collider in Dubna [64]. At
the CERN SPS, the fixed target experiment CHIC (Charm in
Heavy Ion Collisions) for charmonium study at energy up to
\/Sxn ~20 GeV is under preparation [65]. The Beam Energy
Scan (BES-I) program at RHIC was performed by STAR and
PHENIX collaborations. At STAR there is an ongoing fixed
target program, with data already taken in the gold target test
during14.5 GeV Au-Aurunin 2014 with /sy = 3.9 GeV [66].

If the LHC proton and ion beams would be used with
fixed targets, the energy below the nominal RHIC energy
(200 GeV) in p-A and A-A collisions could be investigated.
For 7 TeV proton beam, the energy in N-N c.m. is /syy =
114.6 GeV, and for Pb beam at 2.75 TeV it is \/syy = 71.8 GeV.
By using the LHC beams with reduced energy, the data
could be taken in the range 30-100 GeV. QCD phase diagram
may have interesting features probed by 10-100 GeV beams
on fixed target. Search for signature of the phase transition
and location of the critical point is the main goal of energy
scan. Moreover, this is a possibility of investigating the
mechanism of charmonium, J/y, and w(2S) productions. It
will be possible to separate the mechanism of hard production
and then suppression by hadronic dissociation in QGP
from secondary production with recombination, since the
probability of recombination could decrease with decreasing
energy of collision like in thermal model [67].

The existing system to inject the gas target for the lumi-
nosity measurement (SMOG) at LHCb experiment could
be used for fixed target physics [68]. There are some test-
ing measurements of p-Ne and Pb-Ne collisions, but, for



the moment, there are no precise measurements of the gas
density and pressure.

The main parameter for quarkonium production mea-
surement in the fixed target experiment is the acceptance.
In order to study the feasibility of using the fixed target
at the LHC for charmonium production, the geometrical
acceptances for J/y production on fixed target by means
of AliRoot-FAST simulations were obtained. The detailed
description of the calculation was given in [69]. For the
model of quarkonium production the phenomenological
Color Octet Model (COM) was used [70, 71]. For prompt
J/y production the rapidity and transverse momentum
distributions are obtained, respectively, as a parameterization
of the COM predictions and by extrapolating to LHC energies
the J/w transverse momentum (p;) distribution, measured
at midrapidity by the CDF experiment at energy +/Sxy =
1.8 TeV. The geometrical acceptances of the J/y production
for PHENIX at RHIC and fixed target experiments NA50 at
SPS and HERA-B were also calculated for comparison [69].

5.1. Geometrical Acceptances for Fixed Target Pb-Pb Collisions
at the Energy T = 2.75 TeV per Nucleon, /sy = 71.8 GeV.
The geometrical acceptance for the J/y production at ALICE
dimuon spectrometer was calculated by the beam axis at
the interaction point z = 0, at the points z = +50 cm (in
the direction to the dimuon spectrometer) and z = =50 cm
(outside the ITS) and at point z = +350 cm. The transverse
momentum distribution for J/y was generated using p;
spectra in the CDF form, the same as for HERA and PHENIX,
consistent with COM:

26
d—N~pT[1+<—35”PT )] . )
dpr 256 (pr)

For rapidity distribution the Gaussian spectra were used. The
parameters of distribution were energy scaled. For Pb-Pb
collisions p, spectra with the value (p;) = 1.4 and Gaussian
rapidity distribution with mean values y., = 0 and o = 1.1
were used. The acceptances at z = +50 cm and z = —50 cm
are approximately the same, but at point z = +350 cm the
geometrical acceptance is much less. The results were shown
in [69].

In Figure 8, the Pb-Pb results for z = 0 and z = +50 cm are
plotted. The J/y are accepted in the rapidity range 2.5 < 1 <
—-4.0 (-2.97 < 11 < —4.09) for J/y production at the point z =
0 (z = +50 cm). The geometrical acceptances, I, are equal to
(12.0+0.2) % for J/w production at z = 0 point and (8.0+0.2)
% at z = +50 cm.

5.2. Geometrical Acceptances for Fixed Target p-p and p-A
Collisions at the Energy T = 7 TeV, Corresponding to /sy =
114.6 GeV. The J/y productions in p-p and p-Pb collisions
are generated using p; spectra in the same form as for Pb-Pb
collision, but with the energy scaled parameter:

-6
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where (pr) = 1.6. For rapidity distribution the Gaussian
spectra were used with mean value being equal to y., =0
and o = 1.25. Geometrical acceptances for J/y production
were calculated at points z = 0, z = +50cm, and z =
—50 cm (outside the ITS) and at point z = +350 cm. The results
were shown in [69]. The acceptances at z = +50cm and z =
—50 cm are roughly the same, but at point z = +350 cm the
geometrical acceptance is much less. In Figure 9, the results
for z = 0 and z = +50 cm are plotted.

The geometrical acceptances, I, are equal to (8.5 + 0.2) %
for J/y production at z = 0 point and (6.0 + 0.3) % at z =
+50 cm. We have calculated also the geometrical acceptances
for J/w with the cut on transverse momentum of the single
muon pr >1GeV/c. The calculated geometrical acceptances
for fixed target measurements are of the same order and even
larger than geometrical acceptances for colliding nuclei in
ALICE [69].

5.3. Luminosity, Cross Sections, and Counting Rates for p-p, p-
A, and Pb-Pb Collisions. The target in the form of thin ribbon
could be placed around the main orbit of the LHC, as it was
already used for the experiment on collider with a fixed target
at HERA-B [72]. The life time of the beam is determined by
the beam-beam and beam-gas interactions. Therefore, after
some time the particles will leave the main orbit and interact
with the target ribbon. So for fixed target measurements only
halo of the beam will be used. Therefore, no deterioration of
the main beam will be introduced. The experiments at other
interaction points will not feel any presence of the fixed target.
Since the target ribbon should not interfere during the beam
formation and acceleration process it should be lifted in the
working position after the tuning of the beam.

In the ALICE measurements in 2011 in p-p run it was
1.2:10"" protons per bunch, 1380 bunches and life time of 14.5
hours. From these parameters one can estimate the particle
loss of 1.1-10"? protons during one hour (3.110° protons/s) and
mean luminosity about 3:10*° cm™s™" for 500-micron lead
ribbon. For Pb beam it was 1-10® ions per bunch, 358 bunches
and life time of 6.5 hours. The particle loss is about 5.1-10°
ions during one hour (1.4-10° ions/s). The mean luminosity
is about 1.710” cm™s™" for 500-micron lead ribbon. The
luminosity estimates are shown in Table 1. The value of the
nucleon-nucleon charmonium total production cross section
shown in Table 1 for 14 TeV was calculated by CEM (Color
Evaporation Model) [73] with MRST HO PDE The cross
sections for lower energies were obtained by interpolation of
proton-proton cross sections measured at RHIC at /Sy =
200 GeV and at SPS in the NA51 experiment at 450 GeV per
nucleon (/S = 29.1 GeV), and were extracted from the data
of the NA50 experiment at /Sy = 27.4 GeV for proton-lead
collisions.

The high statistics results could be obtained by fixed target
experiments on J/y production in p-Pb and Pb-Pb collisions
with the counting rate values presented in Table 1. For Pb-
Pb collisions, luminosity is smaller but the production cross
section is larger. The measurement of y(2S) production is also
feasible with better statistical accuracy than at RHIC collider.

The fixed target experiment AFTER using the LHC beams
extracted by a bent crystal was proposed [74]. The experiment
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TABLE 1: Luminosity, cross sections (x > 0), and counting rates.

Opas ub

System /s, TeV Onno Hb (A% ) I,% IBo,,, yb L,cm 2! Rate,h™
NN
pp 14 54.1 541 4.7 0.150 310 1620
PPruIC 0.200 2.7 2.7 3.6 0.0057 1-10" 205
PPbyaso 0.0274 0.19 25.7 14.0 0.212 7-10% 535
PPbsed 0.1146 0.65 80.2 6.0 0.310 3.10%" 3360
PPy 0.0718 0.55 74.6 8.0 0.349 3-10°° 3780
PbPbyyeq 0.0718 0.55 11970 8.0 429 1.7-107"" 292

* PPbgiged> 500 g wire, 3.1 - 10° protons/s.
** PbPbgyeq, 500 ¢ wire, 1.4 - 10° ions/s.

AFTER has a wide physical program and gives possibility of
using different targets with high thickness, so it gets higher
luminosity (20 times more for 1 cm target versus 500 ym). But
the experiment AFTER demands a lot of space for installation
and has high cost.

Fixed target experiment with the target in the form
of thin ribbon may be placed at the existing experimental
installation (e.g., LHCb). The target could be lifted in the
working position with the aid of rotation system only after
beam tuning. This experiment will use only halo of the beam
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fixed target p-A collisions at /sy = 114.6 GeV per nucleon pair (a) and corresponding acceptances (b).

(the target could be used as extra collimator). This fixed target
experiment with the target in the form of thin ribbon looks
like a first stage of more complicated experiment AFTER.

6. Conclusion

The fixed target experiment at LHC will give possibility
for precise quarkonium studies at energies below nominal
RHIC energy (200 GeV). It has advantage of high luminosity
compared to collider experiments. The use of fixed target
at LHC could provide in a short time the data for different
targets and maybe for different projectile nuclei with high
statistics. By using the LHC beams the data could be taken
in the range /sy = 29-115GeV. Search for signature of
the phase transition and location of the critical point is the
main goal of energy scan. Moreover, this is a possibility of
investigating the mechanism of charmonium, J/y, and w(2S)

productions to separate the possibilities of hard production
and then suppression by hadronic dissociation in QGP or
secondary production with recombination. Additional J/y
mesons are expected to be produced from deconfined charm
quarks by kinetic recombination in the QGP or by statistical
hadronization at the phase boundary. The probability of
recombination decreases with decreasing energy of collision.
Therefore, the important information about mechanism of
charmonium production and possible QGP formation could
be obtained. The experiment with the fixed target in the form
of thin ribbon looks like a first stage of more complicated
experiment AFTER on the LHC beams.
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Quarkonium production in proton-nucleus collisions is a powerful tool to disentangle cold nuclear matter effects. A model based
on coherent energy loss is able to explain the available quarkonium suppression data in a broad range of rapidities, from fixed-target
to collider energies, suggesting coherent energy loss in cold nuclear matter to be the dominant effect in quarkonium suppression in
p-A collisions. This could be further tested in a high-energy fixed-target experiment using a proton or nucleus beam. The nuclear
modification factors of J/y and Y as a function of rapidity are computed in p-A collisions at /s = 114.6 GeV, and in p-Pb and
Pb-Pb collisions at /s = 72 GeV. These center-of-mass energies correspond to the collision on fixed-target nuclei of 7 TeV protons

and 2.76 TeV (per nucleon) lead nuclei available at the LHC.

1. Introduction

Understanding the physical origin of quarkonium (J/y, Y)
suppression in proton-nucleus (p-A) collisions has been a
challenge for the past thirty years. This would of course be a
prerequisite in order to perform reliable baseline predictions
in heavy-ion collisions, where quarkonia are expected to be
dissociated due to Debye screening of the heavy-quark poten-
tial at finite temperature [1]. Perhaps even more importantly,
the wealth of data (especially for J/y and Y) available in p-A
collisions could help to understand generic features of hard
QCD processes in a nuclear environment.

In everyday language, we often make the distinction
between “fixed-target” and “collider” experiments when it
comes to quarkonium production. This separation might
look a bit artificial but not entirely:

(i) In fixed-target experiments, luminosities are often
high, leading to abundant yields and consequently
reduced statistical uncertainties. Moreover, thanks to
the boost of the center-of-mass frame of the collision,
the rapidity coverage of such experiments can extend

up to larger negative values of rapidity (we follow the
usual convention where positive (negative) rapidities
correspond to the proton (nucleus) fragmentation
region) or Feynman-x, xp = 2M,/+/s x sinhy,
where M, is the quarkonium transverse mass. The
highest energies ever reached are of course rather
modest, v/s = 38.7GeV and /s = 41.6 GeV, using,
respectively, 800 GeV and 920 GeV proton beams at
the Tevatron and at HERA. This, however, allows
for probing also larger positive values of xp than in
collider experiments.

(ii) At collider energies—RHIC and LHC, to quote only
the facilities accelerating heavy ions—unprecedented
energies can be reached, respectively, /s = 200 GeV
and /s = 5.02TeV, for instance, making the pro-
duction of Y states, marginally measured in fixed-
target experiments, easier. In terms of acceptance,
quarkonia are detected in a narrow window in xg,
centered around xj = 0.

Let us illustrate this with a few examples, starting with one
of the first experiments which measured J/y suppression in
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p-A collisions. The NA3 spectrometer at the CERN SPS col-
lected 1.5 million J/w events (!) in hadron-nucleus collisions
[2], allowing for precise measurements close to the kinematic
edge of phase-space, x; < 0.75 (on the contrary, the coverage
at RHIC and LHC is, resp., |xg| < 0.2 and |xg| < 0.02 for
J/y production). It is remarkable that these data, taken in
the early 1980s, prove to be as competitive as the most recent
LHC results when it comes to understanding J/y suppression
in nuclei. More than a decade after NA3, the FNAL E866
experiment reported on high-statistics measurements of J/v
(3 x 10° events) and W’ (10°) production on several nuclear
targets in the range —0.2 < xp < 0.9 [3]. Other important
measurements were reported by experiments at the SPS
(NA38 [4], NA50 [5], and NA60 [6]) and HERA (HERA-B
[7]), yet on a more restricted xp range.

These data are nicely supplemented by those carried out
in d-Au collisions at RHIC (PHENIX [8, 9] and STAR [10])
and in p-Pb collisions at LHC (ALICE [11] and LHCb [12]).
At LHC, the relative suppression of Y excited states (2S, 3S)
with respect to 1S states has been performed by CMS [13], not
to mention open heavy-flavor data (D mesons in ALICE [14],
B mesons in CMS [15], and nonprompt J/y coming from B
decays in ALICE [16] and LHCb [12]).

Several cold nuclear matter (CNM) effects could in prin-
ciple affect quarkonium yields in proton-nucleus collisions.
Without being comprehensive, let us mention the following
ones:

(i) Quarkonia may interact inelastically with the sur-
rounding nucleons they may encounter while propa-
gating through the nucleus. Such nuclear absorption
may happen when the quarkonium formation time
(in the rest frame of the nucleus) is comparable or
less than the medium length L, 7, x coshyy,, < L,
where 7/ is the proper formation time (7 = 0.3 fm for
both J/y and Y) and y,,;, is the quarkonium rapidity
in the nucleus rest frame. Note that y;, is directly
related to the momentum fraction x, carried by the
target parton, coshyy,, = M, /(2m,x,), where m,, is
the proton mass.

(ii) Parton distribution functions (PDF) are known to
be different in a proton and in a nucleus at all
values of x. Such nuclear PDF (nPDF) effects could
either suppress or enhance quarkonium yields in p-A
collisions (with respect to p-p collisions) depending
on the value of the momentum fraction x,. When
x, is small (typically when the time for the hard
process to occur is large in the nucleus rest frame,
th = (1/M,) x coshyy, = 1/(2m,x,) 2 L, using
L = 10fm, this would correspond to x, < 107%),
the nucleons in the nucleus act coherently leading to
a reduction of the quarkonium yield in a nucleus—
called shadowing [17], or saturation [18] to use a more
modern language—as compared to the incoherent
sum over A independent nucleons.

(iii) Nuclear transverse momentum broadening of the
heavy-quark pair induces coherent gluon radia-
tion, arising from the interference between emission
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amplitudes off the initial projectile parton and the
final color octet quark pair. This coherent medium-
induced radiation leads to an average induced energy
loss proportional to the quarkonium energy [19]. The
consequences of coherent energy loss are quarkonium
suppression (resp., enhancement) at large positive
(resp., large negative) values of the rapidity and at all
center-of-mass energies of the p-A collision.

Although each of these CNM effects is plausible, it does not
necessarily mean that all play a role in the nuclear dependence
of quarkonium production; in particular, the strength of each
CNM effect is usually unknown a priori. A sound strategy
is to investigate each of these effects separately, through a
systematic and quantitative comparison to all available data,
while keeping the smallest number of assumptions and free
parameters.

Quarkonium suppression reported at forward rapidities
cannot be reproduced by either nuclear absorption or nPDF
effects, nor by a mixture of both. Although the comparison to
RHIC and LHC data only may still give the impression that
strong nPDF effects could explain J/y data [11] (for examples
of nPDF effects on quarkonium production in p-Pb collisions
at LHC, see [20, 21]), the significant suppression measured
by the fixed-target experiments (NA3 and E866) on a wider
xg range is clearly incompatible with the predictions of these
two effects. An elegant way to be persuaded is to plot J/y
suppression data as a function of x, = M | /+/sxexp(-y) [22].
The suppression from either nuclear absorption or nPDF
effects is expected to be a function of x, only, independent
of +/s. This is in strong disagreement with the accumulated
data from fixed-target and RHIC experiments (see [3, 23]).
Without a doubt, the world data indicate that at least another
cold nuclear matter effect is at play.

Contrary to nuclear absorption or nPDF effects, the
sole effect of coherent energy loss is able to reproduce the
data on quarkonium suppression, from fixed-target to col-
lider energies [24-26]. Detailed comparisons were published
elsewhere, so let us only highlight the phenomenological
successes of this approach:

(i) The x (or y) dependence of J/y suppression is well
reproduced on a very large domain (up to large values
of xp < 0.8, when data are available) and at all center-
of-mass energies, from /s = 20 GeV to /s = 5 TeV.

(ii) The p, dependence is well-reproduced too, either ata
fixed-target experiment (E866) or at colliders (RHIC,
LHC), although the p, dependence seems slightly
more abrupt in the model than in collider data. The
centrality dependence measured by PHENIX at RHIC
is also nicely described.

(iii) Y measurements in p-A collisions are compatible with
the expected mass dependence of coherent energy
loss, although the present experimental uncertainties
are still fairly large.

(iv) Finally, an original prediction of coherent energy loss
is a different magnitude of quarkonium suppression
in p-A and m-A collisions (in contrast with nuclear
absorption effects, which should be independent of
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the projectile hadron), in agreement with the mea-
surements of NA3.

The strength of coherent energy loss depends on a single
free parameter, namely, the magnitude of the cold nuclear
matter transport coefficient, g, = 0.075 GeV?*/fm at x = 1072,
obtained from a fit of the precise E866 measurements in p-W
collisions.

We find it appealing that the variety of quarkonium mea-
surements in p-A collisions can be described using a single
CNM effect. Of course, by no means does this imply that
no other CNM effects could play a role too, yet these clearly
appear to be subleading when the quarkonium is produced at
“large enough” rapidity. Both nPDF and coherent energy loss
effects could in principle be incorporated consistently in the
picture. As a matter of fact, attempts have been made in [25].
However, given the large theoretical uncertainties on nuclear
parton distributions, due to the lack of small-x measurements
in nuclear collisions (in this respect a high-energy electron-
ion collider would be highly beneficial for the community.
Let us mention in passing that no coherent energy loss effects
are expected in deep-inelastic scattering experiments as the
incoming projectile particle is color neutral [19]), especially
for gluon densities at small x, we prefer to focus on the single
(but in our opinion, leading) effect of coherent energy loss for
which rather precise calculation can be performed.

An exciting possibility to further constrain cold nuclear
matter effects (on quarkonium production, but not only)
would be to smash the LHC proton and lead beams on a
collection of fixed nuclear targets [27]. We believe that this
proposal would combine the above-discussed advantages of
fixed-target and collider experiments.

In this paper, the predictions for quarkonium suppression
due to coherent energy loss in p-A collisions at /s =
114.6 GeV (corresponding to the nominal 7 TeV proton beam
energy at the LHC) and Pb-A collisions at \/s = 72GeV
(corresponding to the 2.76 TeV lead beam) are given. Before
this, we recall in the next section the main ingredients of our
approach.

2. Coherent Energy Loss Model in a Nutshell

2.1. Formulation. We briefly detail in this section the basics of
the model based on coherent energy loss used to describe v
(denoting J/y or Y) suppression measured in proton-nucleus
collisions. (The model can also be formulated in heavy-ion
(A-B) collision; see [28] for details.) The single differential p-
A production cross section as a function of the y energy reads
[25]

v v
1 dopA € 5 dapp
E) = P (e,E, ) —2 (E+¢), O
(E) L de (&, E, €5) 5 (E+o)

A dE

where E (resp., &) is the energy (resp., energy loss) of the QQ
pair in the rest frame of the nucleus A. The upper limit on the
energy loss is "™ = min(E, E, - E), where E, is the beam
energy in that frame. & denotes the energy loss probability
distribution, or quenching weight.

The quenching weight is related to the medium-induced,
coherent radiation spectrum dI/de given in [25] (and earlier

3
TaBLE 1: Values of L used in p, Ca, Cu, and Pb targets.
Nucleus p Ca Cu Pb
Atomic mass 1 40 63 208
L (fm) 15 5.69 6.67 10.11

in [19]), which is a very good approximation to the exact
spectrum computed to all orders in the opacity expansion
[29]. It depends on the accumulated transverse momentum
transfer £, = +/gL (assumed to satisfy £, < M) due to
soft rescatterings in the nucleus, where L is the medium path-
length and g is the transport coeficient in cold nuclear matter
(in our picture, the relevant transverse broadening /gL is
that of the compact color octet crossing the nucleus, and L is
thus the path-length from the “front” surface to the “back”
surface of the nucleus for a given impact parameter. Note
that, in nuclear absorption models, the relevant length is that
from the hard production vertex to the “back” surface of the
nucleus, that is, a factor ~2 smaller than the medium length
L used here and quoted in Table 1). More precisely [25],

- 10-2 0.3'
1= | hin (x0:%,) |
1
Xg= ———; (2
0 2m,L
M, _
X, = 7:(3 y’

where y is the quarkonium rapidity in the center-of-mass
frame of the proton-nucleon collision.

Using the fact that the quenching weight is a scaling func-
tion of the variable ¢/E, namely, EZ(e, E, 2%) = P(¢/E, £%),
we can rewrite (1) as [28]

d

max

v
| do _ _
a1 d;A (3, Vs) = J-o doy (e8y_ 1)‘1()’)1‘) o
3
do?
pp
._dy (y+6y,Vs).

Here, 8y™(y) = min(In 2, y,,.,— ), with y,... = In(v/s/M )
the maximal y rapidity (in the proton-nucleon c.m. frame)
allowed by kinematics. Using (3), we can determine the
nuclear modification factor in p-A collision:

(1/A) (do?, /dy) (3, V5)
RY, (y,Vs) = i .
pA (}’ S) (dag'p/dy) ()/, \/E)

As mentioned in the introduction, quarkonium may suf-
fer inelastic interaction with the surrounding nucleons while
escaping the nucleus. Although we do not aim to include such
an effect in the present predictions, we nevertheless indicate

crit,

the critical rapidity y“":

(4)

crit _ L sz
y (\/E,L)=1n<;'$>, (5)

below which nuclear absorption might come into play.



J/w s = 114.6 GeV

0.8

0.7

0.6

0.5

0.4

-3 =25 -2 -1.5 -1

y

-0.5 0 0.5

p-Ca
[ p-Cu

p-Pb

()

—

Advances in High Energy Physics

0.9

Rya

0.8

0.7

0.6

0.5

-0.5 0 0.5 1
y

0.4
-2

-1.5

p-Ca
[ p-Cu

p-Pb

()

FIGURE L: J/y (a) and Y (b) suppression in p-Ca, p-Cu, and p-Pb collisions at /s = 114.6 GeV.

2.2. Ingredients. The medium length L is obtained from a
Glauber model calculation using realistic nuclear densities.
The values are given in [25] and reproduced in Table 1
for the nuclei of interest in the present paper. In addition,
(3) requires the knowledge of the p-p cross section. It
is given by a simple parameterization da;”P/dy o (1 -

(2M , /+/s)cosh y)”(ﬁ), where the exponent #is obtained from
a fit to p-p measurements. Lacking p-p data at the energies of
interest (1/s = 114.6 GeV in p-A and /s = 72 GeV in Pb-A
collisions), an interpolation between the values obtained at
FNAL (+/s = 38.7 GeV) and RHIC (+/s = 200 GeV) energies
has been performed. The exponents used in the present paper
are given in Table 2. Note that the normalization of the
p-p cross section is irrelevant here as it cancels out when
computing (4).

The transport coefficient g, is the only free parameter
of the model. It is determined by fitting the J/y suppres-
sion measured by E866 [3] in p-W over p-Be collisions
(/s = 38.7GeV); see [25]. The obtained value is g, =

0.075" 0002 GeV?*/fm.

3. Results

3.1. p-A Mode. The predictions for J/y and Y suppression
in p-Ca, p-Cu, and p-Pb collisions at /s = 114.6 GeV are
shown in Figure 1. The rapidity range is chosen to match the
acceptance of detectors like LHCb [30]. In terms of Feynman-
x, the range —3 < y < 1 (resp., =2 < y < 1) corresponds to
-0.54 < xp < 0.06 (resp., —0.60 < xp < 0.19) for J/y (resp.,
Y (because of the more restricted phase-space from its larger
mass, the rapidity acceptance is smaller for Y than for J/y)).

The J/y suppression is rather moderate, less than 20%,
and does not vary too strongly with rapidity except at

TABLE 2: Values of n1 used at +/s = 72 GeV and +/s = 114.6 GeV for
J/wandY.

Mode Pb-A p-A
Vs (GeV) 72 114.6
o 5.140.2 60+03
ny 41203 5.0+0.4
very negative rapidity values, y < y, = -2, where J/y

enhancement (R,, > 1) can be seen. In this rapidity region,
however, nuclear absorption may come into play as can be
seen from the vertical arrows indicating the values of y“™
(y™* = 1) for each target. The suppression depends on
the atomic mass number of the target (Ca, Cu, and Pb),
yet this nuclear dependence is tempered somehow by the
slow dependence of the coherent energy loss scale, @, on the
medium length, @ o< VL [25].

The shape of Y suppression is similar. The value of the
rapidity at which R,,(yy) = 11is y, = —1, that is, one more
unit than in the J/y channel. This can be understood from the
approximate xp scaling present in the model [25] (at a given
rapidity y, the corresponding value of xp is larger for Y than
for J/y due to the larger transverse mass, x; o< M) which
would predict the difference between these two “crossing

points” to be y, — y(l)/w ~ In(MY/M¥) = 1.1. Once more,
nuclear absorption may affect Y suppression, though maybe

not as much as the J/y because of its smaller radius.

3.2. A-p Mode. Let us move now to calculations correspond-
ing to an incoming 2.76 TeV Pb beam on a proton and
a Pb target, shown in Figure 2. This configuration allows
for probing more easily quarkonium suppression in the
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proton fragmentation, that is, at positive rapidities. (Although
the Pb nucleus collides with a proton, we will keep the
convention that positive values of y correspond to the proton
fragmentation region.) The chosen rapidity range -2 < y < 2
(resp., —1.5 < y < 1.5) corresponds to —0.31 < xp < 0.31
(056 < xp < 0.56) for J/y (Y). The lower center-of-
mass energy however shifts y* in p-Pb collisions towards
larger values, possibly leading to more pronounced nuclear
absorption.

In Pb-Pb collisions, the suppression is naturally an even
function of y. In such collisions, one expects a hot medium to
be formed leading to extra quarkonium suppression. There-
fore, the results should rather be seen as baseline calculations

than genuine predictions. Moreover, in A-A collisions, the
condition for hadronization taking place outside both nuclei
reads y*" < y < —y“". This condition is only met in Pb-
Pb collisions at v/s = 72 GeV around midrapidity, |y| < 0.1.
At larger |y|, the quarkonium state will be fully formed in
one of the two nuclei and thus possibly sensitive to nuclear

absorption.
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The inclusive large- p production of a single pion, jet or direct photon, and Drell-Yan processes, are considered for proton-proton
collisions in the kinematical range expected for the fixed-target experiment AFTER, proposed at LHC. For all these processes,
predictions are given for the transverse single-spin asymmetry, A 5, computed according to a Generalised Parton Model previously
discussed in the literature and based on TMD factorisation. Comparisons with the results of a collinear twist-3 approach, recently

presented, are made and discussed.

1. Introduction and Formalism

Transverse Single-Spin Asymmetries (TSSAs) have been
abundantly observed in several inclusive proton-proton
experiments for a long time; when reaching large enough
energies and p; values, their understanding from basic
quark-gluon QCD interactions is a difficult and fascinating
task, which has always been one of the major challenges for
QCD.

In fact, large TSSAs cannot be generated by the hard
elementary processes, because of helicity conservation (in the
massless limit) typical of QED and QCD interactions; indeed,
such asymmetries were expected to vanish at high energies.
Their persisting must be related to nonperturbative proper-
ties of the nucleon structure, such as parton intrinsic and
orbital motion. A true understanding of the origin of TSSAs
would allow a deeper understanding of the nucleon structure.

Since the 1990s two different, despite being somewhat
related, approaches have attempted to tackle the problem.
One is based on the collinear QCD factorisation scheme and
involves as basic quantities, which can generate single-spin

dependences, higher-twist quark-gluon-quark correlations in
the nucleon as well as higher-twist fragmentation correla-
tors. The second approach is based on a physical, although
unproven, generalisation of the parton model, with the inclu-
sion, in the factorisation scheme, of transverse momentum
dependent partonic distribution and fragmentation func-
tions (TMDs), which also can generate single-spin depen-
dences. The twist-3 correlations are related to moments of
some TMDs. We refer to [1-9], and references therein, for
more detailed account of the two approaches and possible
variations, with all relevant citations. Following [10], we
denote by CT-3 the first approach while the second one is,
as usual, denoted by GPM.

In this paper we consider TSSAs at the proposed
AFTER@LHC experiment, in which high-energy protons
extracted from the LHC beam would collide on a (polarised)
fixed target of protons, with high luminosity. For a descrip-
tion of the physics potentiality of this experiment see [11] and
for the latest technical details and importance for TMD stud-
ies see, for example, [12]. Due to its features the AFTER@LHC
is an ideal experiment to study and understand the origin of
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SSAs and, in general, the role of QCD interactions in high-
energy hadronic collisions; AFTER@LHC would be a polar-
ised fixed-target experiment with unprecedented high lumi-
nosity.

We recall our formalism by considering the Transverse
Single-Spin Asymmetry A y, measured in pp! — hX inclu-
sive reactions and defined as

do' —dot o E,do??" =X

N7 do' + dot - d&p,
where T, | are opposite spin orientations perpendicular to the
x-z scattering plane, in the pp' c.m. frame. We define the |
direction as the +y-axis and the unpolarised proton is moving
along the +z-direction. In such a process the only large scale
is the transverse momentum pr = |(py,),| of the final hadron.

In the GPM Ay originates mainly from two spin and
transverse momentum effects, one introduced by Sivers in the
partonic distributions [13, 14] and one by Collins in the parton
fragmentation process [15], being all the other effects strongly
suppressed by azimuthal phase integrations [16]. According
to the Sivers effect the number density of unpolarised quarks
q (or gluons) with intrinsic transverse momentum k, inside
a transversely polarised proton p', with three-momentum P
and spin polarisation vector S, can be written as

fq/pT (x, kJ.) = fq/p (x’ kJ_)

1 ~ o~
LA () (5-(PEL).
where x is the proton light-cone momentum fraction carried
by the quark, f,,,(x, k) is the unpolarised TMD (k, = [k, ),

and Aqu/PT (x, k) is the Sivers function. P = P/|P|and I’EL =
k, /k, are unit vectors. Notice that the Sivers function is most
often denoted as f# (x,k,) [17]; this notation is related to
ours by [18]

2k
AI\IJ“!]/})T (x’ kl) == m_J_ IL’I? (x) kL) > (3)
p

with do , @

)

where m , is the proton mass.

Similarly, according to the Collins effect the number den-
sity of unpolarised hadrons / with transverse momentum
p. resulting in the fragmentation of a transversely polarised
quark g, with three-momentum q and spin polarisation
vector Sq, can be written as

ﬁqT/h (zp.) = Dy, (z,p))
1 N o (4)
+EA DqT/h(Z7PJ_) (Sq'(qXPJ_))’

where z is the parton light-cone momentum fraction carried
by the hadron, Dy, ,(z, p,) is the unpolarised TMD (p, =
Ip. 1), and ANDqT/h(Z, p,) is the Collins function. 4 = q/|q|
and p, = p,/p, are unit vectors. Notice that the Collins
function is most often denoted as Hll (2, p,) [17]; this nota-
tion is related to ours by [18]

2
ANDh/qT (z,p,) = Py

zM,

Hy%(z,p,), )

where Mj, is the hadron mass.
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According to the GPM formalism [1, 2, 16], A \y can then
be written as

[daT - dal]Sivers + [do‘T - dal]
- do! +do!

Collins (6)

AN

The Collins and Sivers contributions were recently studied,
respectively, in [1] and [2], and are given by

[do! - do]

Sivers

dx,dx,dz ) , )
= — 4 7 = 4k, dk,,d 8 .
a,;c,clJ 16m2x,x,2%s 1ad K pd"p 0 (P - Pe)

T(p) S G+E+@) AN £y (ki) cos (@) 7

Sop Gekus) 3 (| W3] + [+ 23]

ab—cd

"Dy (2, p1)

[dGT a dUL]COIIins

dx,dx,dz 5 s
= a0 Pk, ,dk,,dp, O
q bzq d‘[ 167‘[2xaxbzzs La 1% Py (PJ_

BT (p)0G+7+2) Arq, (v koa) cos (¢ g1 &)

Pt ‘/’f) Sorp (xpo k1) [M\?Mg]%bqch

. ANDh/qI (Z, PL) .

For details and full explanation of the notations in the
above equations we refer to [16] (where p, is denoted as
k, o). It suffices to notice here that J(p,) is a kinematical
factor, which at O(p, /E;) equals 1. The phase factor cos(¢,)
in (7) originates directly from the k, dependence of the
Sivers distribution [S - (P x k 1)> (2)]. The (suppressing) phase
factor cos(¢, + ¢; — ¢, + ¢.1) in (8) originates from the
k, dependence of the unintegrated transversity distribution
A g, the polarized elementary interaction, and the spin-p,
correlation in the Collins function. The explicit expressions
of ¢, 9,, and ¢! in terms of the integration variables can be
found via (60)-(63) in [16] and (35)-(42) in [19].

The M)’s are the three independent hard scattering helic-
ity amplitudes describing the lowest order QCD interactions.
The sum of their moduli squared is related to the elementary
unpolarised cross section dc® . that is,

dg7h 1 13—
i 16n§2§i;|M"| ' ©)

The explicit expressions of the combinations of M_’s which
give the QCD dynamics in (7) and (8), can be found, for all
possible elementary interactions, in [16] (see also [1] for a
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FIGURE 1: Our theoretical estimates for A  versus py at v/s = 115 GeV, x = —0.2 (upper plots), and x = 0.4 (lower plots) for inclusive 7*
and 7° production in ppT — X processes, computed according to (6)—-(8) of the text. The contributions from the Sivers and the Collins
effects are added together. The computation is performed adopting the Sivers and Collins functions of [20, 22] (SIDIS 1-KRE, left panels) and
of [21, 23] (SIDIS 2-DSS, right panels). The overall statistical uncertainty band, also shown, is the envelope of the two independent statistical
uncertainty bands obtained following the procedure described in Appendix A of [21].

correction to one of the product of amplitudes). The QCD
scale is chosen as Q = p.

The denominator of (1) or (6) is twice the unpolarised
cross section and is given in our TMD factorisation by the
same expression as in (7), where one simply replaces the fac-

tor ANfa/PT cos(¢,) with 2f,.,.

2. A, for Single Pion, Jet, and
Direct Photon Production

We present here our results for A, (1), based on our GPM
scheme, (6), (7), and (8). The TMDs which enter in these
equations are those extracted from the analysis of Semi-
Inclusive Deep Inelastic (SIDIS) and e"e” data [20-23],
adopting simple factorised forms, which we recall here.

For the unpolarised TMD partonic distributions and frag-
mentation functions we have, respectively,

I /)

e
xk,)= X) ———
fq/p( L) fq/p( ) ﬁ(ki> (10)
(k) = 0.25GeV?,
e PLIPD)
D, (=, =Dy (2) ——+
v (& 1) = Pua @) 2 ()
(%) =020GeV™.
The Sivers function is parameterised as
N s oKD
A frpr (k) =200 (%) fop V(L) —F5, (12)

(ki)
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FIGURE 2: Our theoretical estimates for A versus xj at \/s = 115GeV, y = —1.5 (upper plots), and y = —3.0 (lower plots) for inclusive 7*
and 7° production in pp! — 7X processes, computed according to (6)-(8) of the text. The contributions from the Sivers and the Collins
effects are added together. The computation is performed adopting the Sivers and Collins functions of [20, 22] (SIDIS 1-KRE, left panels) and
of [21, 23] (SIDIS 2-DSS, right panels). The overall statistical uncertainty band, also shown, is the envelope of the two independent statistical
uncertainty bands obtained following the procedure described in Appendix A of [21].

where

(“q + ﬁq)(aqwq)

/VZ (x) = Nsx‘x'f (1 —x)ﬁq —_—

with |N:| <1,and

h(k,) = VRt AT

(13)

(14)

Similarly, the quark transversity distribution, A g(x, k| ), and
the Collins fragmentation function, AND, /q' (%> p1), have
been parametrized as follows:

Ara(ky) = 38 [ fyp 00+ Mg ()]

2 2
oKL

(ki)

AN])h/qT (Z’pL) = 2'/ch (Z) Dh/q (Z)h(pL)

e LI
m(pl)’
(15)

where Ag(x) is the usual collinear quark helicity distribution,

N (x) = NJ x% (1-x)"

/ch (z) = chz%a (1-2)%

(o 28)""
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FIGURE 3: Our theoretical estimates for A versus y at /s = 115GeV and p; = 3 GeV, for inclusive 7% and 7° production in pp! —
nX processes, computed according to (6)-(8) of the text. The contributions from the Sivers and the Collins effects are added together. The
computation is performed adopting the Sivers and Collins functions of [20, 22] (SIDIS I-KRE, left panel) and of [21, 23] (SIDIS 2-DSS, right
panel). The overall statistical uncertainty band, also shown, is the envelope of the two independent statistical uncertainty bands obtained

following the procedure described in Appendix A of [21].

with INqT(C)I <1,and

h(p,) = Vaeqre P 17)

c

All details concerning the motivations for such a choice,
the values of the parameters, and their derivation can be
found in [20-23]. We do not repeat them here, but in the
caption of each figure we will give the corresponding refer-
ences which allow fixing all necessary values.

We present our results on A for the process pp! —
nX at the expected AFTER@LHC energy (/s = 115GeV)
in Figures 1-3. Following [1, 2], our results are given for
two possible choices of the SIDIS TMDs and are shown as
function of p; at two fixed x values (Figure 1), as function
of xj at two fixed rapidity y values (Figure 2) and as function
of rapidity at one fixed p, value (Figure 3). xp is the usual
Feynman variable defined as x = 2p; /+/s where p; = (p,,),
is the z-component of the final hadron momentum. Notice
that, in our chosen reference frame, a forward production,
with respect to the polarised proton, means negative values
of xp. The uncertainty bands reflect the uncertainty in the
determinations of the TMDs and are computed according
to the procedure explained in the appendix of [21]. More
information can be found in the figure captions.

Notice that, for both our choices of the Sivers functions,
the gluon Sivers distributions are taken to be vanishing, as
suggested by data [21, 24]. Gluon channels contribute instead
to the unpolarised cross sections, in the denominator of (1) or
(6). For the unpolarised partonic distributions we adopt the
GRV98LO PDF set [25] and for the fragmentation functions
the DSS set from [26] and the Kretzer (KRE) set from [27].

The analogous results for the single direct photon are
shown in Figures 4-6 (where x = 2(Pjer) ./ +/s) and those for
the single jet production in Figures 7-9 (xz = 2(p,).//s).
In these cases, obviously, there is no fragmentation process
and only the Sivers effect contributes to A y, with Dy,(z, p,)
simply replaced by §(z — 1)82(pL) in (7) (see [2] for further
details). In our leading order treatment the jet coincides with
a single final parton. Notice that for a jet production we have
all the same QCD subprocesses which contribute to hadron
production, while for a direct photon production the basic
partonic subprocesses are the Compton scattering gq(q) —
y4q(g) and the annihilation process qg — yg [28].

3. A for Drell-Yan Processes

Drell-Yan (D-Y) processes are expected to play a crucial role
in our understanding of the origin, at the partonic level,
of TSSAs. For such processes, like for SIDIS processes and
contrary to single hadron production, the TMD factorisation
has been proven to hold, so that there is a general consensus
that the Sivers effect should be visible via TSSAs in D-Y [29-
32]. The widely accepted interpretation of the QCD origin of
TSSAs as final or initial state interactions of the scattering
partons [33] leads to the conclusion that the Sivers function
has opposite signs in SIDIS and D-Y processes [34], which
remains to be seen.

Predictions for Sivers A ; in D-Y and at different possible
experiments were given in [35], which we follow here.

In [35] predictions were given for the p' p — £7¢” X D-Y
process in the p! — p c.m. frame, in which one observes
the four-momentum q of the final £"¢" pair. Notice that
q* = M? is the large scale in the process, while g; = |qy| is
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is performed adopting the Sivers functions of [20] (SIDIS 1, left panels) and of [21] (SIDIS 2, right panels). The overall statistical uncertainty

band, also shown, is obtained following the procedure described in Appendix A of [21].

the small one. In order to collect data at all azimuthal angles,
one defines the weighted spin asymmetry:

60 _ o A4, [do’ —do'Jsin (4, - ¢s)

A
N (1/2) [," dg, [do" +do!]

_ [d9y [Xg€; [ dkind™k,58 (K, + ko

(18)

-qr) Aqu/pT (%1, k) fq/p (%5, ku)] sin (‘/’y - ‘/55)

[dg, [T, €2 [ d?k, 1d?k ;8% (kyy +kyy = ar) fopp (x15K11) farp (20K 1) ]

where ¢, and ¢ are, respectively, the azimuthal angle of the

£¢” pair and of the proton transverse spin and we have
defined (see (2))

Aqu/pr (k)= Aqu/pT (x.k,) S-(IA)XIA(L)
- fq/PT (x.k,) __]?q/pl (v, k).

, (19)

Adopting for the unpolarised TMD and the Sivers func-
tion the same expressions as in (10) and (12)-(14) allows,
at O(k, /M), an analytical integration of the numerator and
denominator of (19), resulting in a simple expression for the

Sin(¢7_¢s) [35]

asymmetry A
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FIGURE 5: Our theoretical estimates for A , versus x at v/s = 115 GeV, y = —1.5 (upper plots), and y = —3.0 (lower plots) for inclusive photon
production in pp! — yX processes, computed according to (6) and (7) of the text. Only the Sivers effect contributes. The computation is
performed adopting the Sivers functions of [20] (SIDIS 1, left panels) and of [21] (SIDIS 2, right panels). The overall statistical uncertainty
band, also shown, is obtained following the procedure described in Appendix A of [21].
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band, also shown, is obtained following the procedure described in Appendix A of [21].

Notice that we consider here the pp! — €7¢"X D-Y

process in the p— p! c.m. frame. For such a process the TSSA
is given by [35]

in(¢ *4’ ) *
AY (pp' — " Xs x5 Mgy

(21)
Sin(¢ -¢ ) *
= _AN y~Ps (PTP_)Y X;—xF,M,qT).
Our results for the Sivers asymmetry AS;\?(%_%) at

AFTER@LHC, obtained following [35], (21) and using the
SIDIS extracted Sivers function reversed in sign, are shown
in Figure 10. Further details can be found in the captions of
these figures.

4. Comments and Conclusions

Some final comments and further details might help in
understanding the importance of the measurements of the
TSSAs at AFTER@LHC:

(i) Most predictions given show clear asymmetries, suf-

ficiently large as to be easily measurable, given the
expected performance of AFTER@LHC [11]. The
uncertainty bands reflect the uncertainty in the
extraction of the Sivers and transversity functions
from SIDIS data, which are focused on small and
intermediate x values (x < 0.3);in fact the bands grow
larger at larger values of |xp|.

(ii) The values of Ay found for pion production can be

as large as 10% for 7r*, while they are smaller for 7°.
They result from the sum of the Sivers and the Collins
effects. The relative importance of the two contribu-
tions varies according to the kinematical regions and
the set of distributions and fragmentation functions
adopted. As a tendency, the contribution from the
Sivers effect is larger than the Collins contribution
with the SIDIS 1-KRE set, while the opposite is true
for the SIDIS 2-DSS set.
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The values found here are in agreement, both in sign
and qualitative magnitude, with the values found in
[10] within the collinear twist-3 (CT-3) approach.

(iii) The results for single photon production are interest-
ing; they isolate the Sivers effect and our predictions
show that they can reach values of about 5%, with a
reduced uncertainty band. We find positive values of
Ay as the relative weight of the quark charges leads to
a dominance of the u quark and the Sivers functions
AN Juypr which is positive [20, 21].

Our results, obtained within the GPM, have a similar
magnitude to those obtained in [3, 10], within the
CT-3 approach, but have an opposite sign. Thus, a
measurement of A for a single photon production,
despite being difficult, would clearly discriminate
between the two approaches.

(iv) The values of A, for single jet production, which
might be interesting as they also have no contribution
from the Collins effect, turn out to be very small and
compatible with zero, due to a strong cancellation
between the u and d quark contributions. The same
result is found in [10].

(v) A measurement of Aslgl((pf%) in D-Y processes at

AFTER@LHC is the most interesting one. In such
a case the TMD factorisation has been shown to be
valid and the Sivers asymmetry should show the
expected sign change with respect to SIDIS processes
[33, 34]. Our computations, Figure 10, predict a clear
asymmetry, which can be as sizeable as 10%, with a
definite sign, even within the uncertainty band.

Both the results of [10] and the results of this paper obtain
solid non negligible values for the TSSA A, measurable at
the AFTER@LHC experiment. The two sets of results are
based on different approaches, respectively, the CT-3 and the
GPM factorisation schemes. While the magnitude of A  is
very similar in the two cases, the signs can be different, in
particular, the TSSA for a direct photon production, pp! —
yX, has opposite signs in the two schemes.

In this paper we have also considered azimuthal asymme-
tries in polarised D-Y processes, related to the Sivers effect.
As explained above, in this case, due to the presence of a
large and a small scale, like in SIDIS, the TMD factorisation
is valid, with the expectation of an opposite sign of the Sivers
function in SIDIS and D-Y processes. Also this prediction can
be checked at AFTER@LHC.
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We present results for transverse single-spin asymmetries in proton-proton collisions at kinematics relevant for AFTER, a proposed
fixed-target experiment at the Large Hadron Collider. These include predictions for pion, jet, and direct photon production from
analytical formulas already available in the literature. We also discuss specific measurements that will benefit from the higher
luminosity of AFTER, which could help resolve an almost 40-year puzzle of what causes transverse single-spin asymmetries in

proton-proton collisions.

1. Introduction

Transverse single-spin asymmetries (TSSAs), denoted by A y;,
have been a fundamental observable since the mid-1970s to
test perturbative quantum chromodynamics (pQCD). Such
measurements were first conducted at FermiLab, where large

effects were found in pBe — AX [1]. These results
contradicted the naive collinear parton model, which said
that A, should be extremely small [2], and doubts were
raised as to whether pQCD can actually describe these
reactions [2]. However, in the 1980s it was shown that if
one went beyond the parton model and included collinear
twist-3 (CT3) quark-gluon-quark correlations in the nucleon,
substantial TSSAs could be generated [3, 4]. In the 1990s this
CT3 approach was worked out in more detail for proton-
proton collisions, first for direct photon production [5-7] and
then for pion production [8]. Over the last decade, several
other analyses furthered the development of this formalism;
see [9-19] and references therein. During the same time,
another mechanism was also put forth to explain TSSAs in
proton-proton collisions. This approach involves the Sivers
[20, 21], Collins [22], and Boer-Mulders [23, 24] trans-
verse momentum dependent (TMD) functions and became
known as the Generalized Parton Model (GPM); see [25-29]

and references therein. (We mention that since most likely
a rigorous factorization formula involving TMD functions
does not hold for single-inclusive processes (which have
only one scale), the GPM can only be considered a phe-
nomenological model.) In addition to all of this theoretical
work, many experimental measurements of A, have been
performed at proton-(anti)proton accelerators [30-42]. Most
of the experimental data in the more negative x region
has come in the form of light-hadron asymmetries A",
for example, h = 7, K, #, with the exception of the jet

asymmetry A’;\; measured a few years ago at the Relativistic
Heavy Ion Collider (RHIC) by the A\, DY Collaboration [40].
(Throughout the paper we will use the convention xp =
21,/~/S, where [ is the momentum of the outgoing particle,
and the transversely polarized proton moves along the —z-
axis. That is, x; — -1 means large momentum fractions
x! of the parton probed inside the transversely polarized
proton. This setup causes x to be opposite in sign to the one
used in collider experiments (like those at RHIC).) Plans are
also in place to measure the direct photon asymmetry A%,
at RHIC by both the PHENIX Collaboration and the STAR
Collaboration [43-45].

Although much progress has been made in understand-
ing TSSAs, there is not a definitive answer on what their
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origin might be. In the CT3 approach it was assumed for
many years that a soft-gluon pole (SGP) chiral-even quark-
gluon-quark (qgq) matrix element called the Qiu-Sterman
(QS) function Ty(x,x) was the main cause of A7}, [8, 11].
However, this led to a so-called “sign-mismatch” between
the QS function and the TMD Sivers function f;;. extracted
from semi-inclusive deep-inelastic scattering (SIDIS) [46].
This issue could not be resolved through more flexible
parameterizations of the Sivers function [47]. Moreover, the
authors of [48] argued, by looking at A 5 data on the target
TSSA in inclusive DIS [49, 50], that T (x, x) cannot be the
main source of A This observation led us last year in [51]
to analyze A’} by including not only the QS function but also
the fragmentation mechanism, whose analytical formula was
first fully derived in [18] (the so-called “derivative term” was
first computed in [52]) (see also [17, 53, 54] for fragmentation
terms in other processes). We found in this situation for
the first time in pQCD that one can fit all RHIC high
transverse momentum pion data very well without any sign-
mismatch issue. Furthermore, we showed that a simultaneous
description of TSSAs in p'p — 72X, SIDIS, and e'e” —
h,h,X is possible. Nevertheless, more work must be done
to confirm/refute this explanation and its predictions. We
mention that, in the GPM, one cannot draw a definitive
conclusion as to whether the Sivers or Collins mechanism is
the main cause of A% [28, 29]. (In principle the Boer-Mulders
function and gluon Sivers function can also contribute to the
GPM formalism, but these pieces have not been analyzed in
the literature.) This is due to the theoretical error bands being
too large, since the associated TMD functions are mostly
unconstrained in the large-x' regime covered by the data
[28, 29]. For a detailed discussion of the GPM formalism and
its predictions for the AFTER experiment, see [55].

In addition, in order to have a complete knowledge of
TSSAs, it is important to have a “clean” extraction of the QS

function from observables like AJ;\; and A%, that do not have
any fragmentation contributions. (We will ignore photons
coming from fragmentation [56], which can be largely sup-
pressed by using isolation cuts.) (For recent analyses of A% in

pTA collisions, see [57, 58].) This is necessary in order to help
resolve the sign-mismatch issue and better understand the
role of rescattering effects in the nucleon. The jet asymmetry
has been studied in [11, 46, 59, 60] and the direct photon
asymmetry has been investigated in [6, 11, 12, 56, 59-64]. It
is important to point out that other contributions to A’Ie\f and
Al exist besides the one from the (SGP ggq chiral-even)
QS function. These other pieces include (i) soft-fermion pole
(SFP) chiral-even qgq functions, (ii) SGP and SFP qgq chiral-
odd functions, and (iii) SGP trigluon functions. For A’;\] the
numerical analyses in [59, 64] show that (i) is negligible for
xp < 0 while the study in [64] draws a similar conclusion
for (ii) as does the work in [62] for (iii). That is, for A];\,, the
QS function dominates the asymmetry. We mention that, at
present in the GPM, A%, is predicted to have the opposite
sign to that from the CT3 approach [29]. Therefore, as was
emphasized in [64], this observable could allow us for the
first time to clearly distinguish between the two frameworks
as well as learn about the process dependence of the Sivers
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function [65], which is a feature of this nonperturbative
object that is crucial to our current understanding of TMD
functions.

For A’;\; the conclusions as to which piece dominates are
not as clear. The study in [66, 67] provides evidence that
(ii) should be small in the whole xp-region. The work in
[59] shows that the same is most likely true for (i) but that
analysis suffers from the sign-mismatch issue. Also, in [19]
there is an indication that (iii) could be significant. Therefore,
it will be necessary to reassess the impact of (i) and (iii) on

AJ;;. Nevertheless, one can gain insight into these other terms
by looking at the contribution from the QS function and
comparing it with data.

Given the open issues that still remain, it is an opportune
time for the Large Hadron Collider (LHC) to produce
data on TSSAs in proton-proton collisions via the AFTER
experiment. These measurements will not only add to the
data from FermiLab, AGS, and RHIC but also, through the
high luminosity of the experiment [68, 69], probe certain
features that remain ambiguous. For example, the behavior
of A’ at large pion transverse momentum /;- appears to fall
oft very slowly (or is even flat), a feature which the theory
says should persist to high I [29, 51, 55, 59] (see also [70]
in the context of AT production). However, the data from
RHIC [71] has too large error bars (or not enough statistics)
in this high-I region to ascertain whether or not this is true.

Also, AJ;; measured by Ay DY [40] has large error bars as xp
becomes more negative, which makes it difficult to determine
whether or not the QS function alone can describe that
data. Moreover, as previously mentioned, A’ has never been
measured before, yet it could be a tremendous opportunity to
learn about the process dependence of the Sivers function and
distinguish between the CT3 and GPM frameworks. Already,
PHENIX and STAR plan to carry out such experiments [43-
45].

Therefore, in this paper we give predictions within the
CT3 formalism for A7, AJIe\;, and ATN at AFTER@LHC
kinematics. (For related work on charmonium and bottomo-
nium production we refer to [72, 73].) Since the relevant
analytical formulas already exist within the literature, in
Section 2 we focus on the phenomenology and refer the
reader to the appropriate papers on the underlying theory.
These numerical results are summarized in Section 3, and
there we highlight again how AFTER can offer unique insight
into TSSAs in proton-proton collisions, which is a truly
fundamental observable to test pQCD at higher twist.

2. Pion, Photon, and Jet TSSAs at AFTER

We start first with A7, where we follow our numerical
work in [51]. (We also refer the reader to [11, 13, 18] for
more formal discussions of the relevant analytical formulas.)
There we took into account the contribution from the QS
function and the fragmentation term. The former has a
model-independent relation to the Sivers function [74], while
the latter involves three nonperturbative CT3 fragmentation
functions (FFs): H, ﬁ?u, and H. Of these, H has a model-
independent connection to the Collins function [18, 52]
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FIGURE 1: A} versus x at fixed y = —1.5 (a) and y = —3 (b) and A7, versus y at fixed I; = 3GeV (c). All plots are at v/S = 115 GeV for pion

production at AFTER.

and H can be written in terms of the other two through
a QCD equation-of-motion relation [18]. In Figures 1 and
2 we provide predictions for neutral and charged pion
production at AFTER based on our fit in [51]. One sees
in Figure1 from A%, versus xj that the magnitude of the
asymmetry can be anywhere from ~5-10% and from A’
versus y that it increases with more negative (center-of-mass)
rapidity y. (Recall the relation between xg, y, and I;: xp =
2 1y sinh(y)/\/g, so A versus xp (A y versus y) at fixed y (1)
implies a running in I (xz).) One also notices that A’ turns
over at more negative xj values, which was also observed in
some of the STAR data [33, 34, 39]. In Figure 2, where we
show A versus I, one sees that the asymmetry is flat or falls
off very slowly as I increases, a feature that had also been
measured by STAR [71]. It will be important to establish with

more precision if this flatness persists at higher-I values, say
12-15 GeV, and AFTER, with its much higher luminosity, will
be in a position to make such a measurement.

We next look at AJ;; and A%, which do not receive
contributions from FFs. As we discussed in Section 1, the
former may receive nonnegligible contributions from terms
other than the QS function, while for the latter we recently
showed in [64] that the QS function is the dominant piece to
that asymmetry. (All of the analytical expressions for A can

be found in [64] while those for A’i} are determined simply by
setting D, (z) (the unpolarized FF) to §(1-z) in the equations
for A7 givenin [11,14,19, 66, 67].) (We note the Aﬁ\, analytical
formulas for the piece involving chiral-odd functions are new
from [64], while those involving chiral-even functions were
derived before in the literature, and the relevant references are
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FIGURE 2: A, versus I at fixed x = —0.2 (a), x5 = —0.4 (b), and x = —0.6 (c) at VS = 115 GeV for pion production at AFTER.

cited therein.) However, given that the other pieces for Aj;;
are not reliably known, for that asymmetry we will only look
at the contribution from the QS function using its relation
to the Sivers function, while for A}I’\, we adopt our work in
[64]. In Figures 3 and 4 we show results for jet and photon
production at AFTER. We see that Ajf\f is very small, although
we caution the reader that the Sivers function (which we
use as input for the QS function) is mostly unconstrained
in the large-x' region, and when this uncertainty is taken
into account, one could obtain a measurable asymmetry [60].
Also, as we mentioned, there is the potential for (chiral-even)
SFP and/or trigluon functions to make an impact. Therefore,
in order to determine if the Sivers function alone can describe
A%, along with the current data from A DY, we need more
precise data in the far backward region, which should be

possible at AFTER. (We note that STAR has preliminary data
on electromagnetic “jets” that could also be helpful [75].)
Unlike the jet asymmetry, A%, could be on the order of
~—5% at less negative xp and more negative y (see Figures
3(a) and 3(b)) or smaller /- and less negative x (see Figure 4).
Both of these observations are consistent with the behavior
of A’;\] as a function of rapidity (see Figure 3(c)), where the
asymmetry peaks at y ~ -2 (with I = 3GeV), which
corresponds to xp ~ —0.2. Since the QS function is the
dominant source of the asymmetry, we can have “clean” access
to it. We state again that the GPM framework at present
predicts A%, to be positive [29]. Therefore, a clear nonzero
signal for this observable would help to distinguish between
the CT3 and GPM formalisms. However, we emphasize that
should data contradict the predictions of the GPM, this does
not invalidate the results obtained for TMD observables that
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FIGURE 3: A versus xj at fixed y = —1.5 (a) and y = -3 (b) and A versus y at fixed I = 3 GeV (c). All plots are at VS = 115 GeV for

jet/photon production at AFTER.

are based on rigorous TMD factorization proofs. Also, since
we use the Sivers function from SIDIS as our input for
the QS function, we can learn about the predicted process
dependence of the Sivers function.

3. Summary and Outlook

In this paper we have discussed TSSAs in single-inclusive
pion, jet, and photon production from proton-proton colli-
sions, that is, pT p — {mjet,y} X, at kinematics relevant
for the proposed AFTER@LHC experiment. These asym-
metries have been fundamental observables to test pQCD
at higher twist for close to 40 years, and much work has
been performed on both the theoretical and experimental
sides. Nevertheless, issues still remain as to the origin of
these TSSAs, which makes a measurement of A  at the LHC
via the AFTER experiment timely. For A, we have found

that AFTER should expect (absolute) asymmetries on the
order of 5-10% as a function of xp and increasing as the
rapidity becomes more negative. Also, the I dependence of
A’ still falls off slowly and flattens out at high ;.. For AJIe\;
we predict a very small asymmetry, but we must remember
that uncertainties in the Sivers function could allow for a
measurable observable [60] and also that other contributions
(like chiral-even SFP and trigluon) could make an impact.
Lastly, for A%, we expect asymmetries on the order of ~ —5%
and decreasing with more negative x and increasing I;.
These are opposite in sign to the ones predicted from the
GPM [29].

Even though these observables have been (or are planned
to be) measured at RHIC, AFTER has the ability, through
its much higher luminosity, to not only supplement the
RHIC data but also provide important information on still
unknown issues. For example, it will be key to determine
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FIGURE 4: A versus Iy at fixed xz = —0.2 (a), xz = —0.4 (b), and x = —0.6 (c) at VS = 115 GeV for jet/photon production at AFTER.

if A’ stays flat at higher-I;, say to 12-15 GeV, like theory
predicts [29, 51, 55, 59, 70] and STAR has evidence for
[71]. Also, higher statistics should allow for more precise

measurements of AJ;\; at more negative xp, which will be
necessary to determine if the QS function is the sole source
of that asymmetry. Moreover, A}, has never been measured
before and provides the opportunity to clearly distinguish
between the CT3 and GPM frameworks and learn about
the process dependence of the Sivers function. Given the
questions that remain as to the origin of TSSAs, which has
been unresolved for almost 40 years, AFTER could provide
valuable data on these observables.
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Being used in the fixed-target mode, the multi-TeV LHC proton and lead beams allow for studies of heavy-flavour hadroproduction
with unprecedented precision at backward rapidities, far negative Feynman-x, using conventional detection techniques. At the
nominal LHC energies, quarkonia can be studied in detail in p + p, p + d, and p + A collisions at \/syy = 115GeV and in Pb + p
and Pb + A collisions at 1/Syy = 72 GeV with luminosities roughly equivalent to that of the collider mode that is up to 20 fb™" yr™*
in p + p and p + d collisions, up to 0.6 fb™' yr™' in p + A collisions, and up to 10nb™" yr™! in Pb + A collisions. In this paper, we
assess the feasibility of such studies by performing fast simulations using the performance of a LHCb-like detector.

1. Introduction

Since its start-up, the large hadron collider (LHC), the most
energetic hadron collider ever built so far, has already made
the demonstration of its outstanding capabilities. These can
greatly be complemented by the addition of a fixed-target
physics program. Its multi-TeV beams indeed allow one to
study p + p, p + d, and p + A collisions at a center-of-
mass (c.m.s.) energy /Syy = 115GeV as well as Pb + p and
Pb + A collisions at /sy = 72 GeV, with the high precision
typical of the fixed-target mode. In this context, the proposal
of a fixed-target experiment at the LHC [1], referred to as
AFTER@LHC, has been promoted [1] in order to comple-
ment the existing collider experiments such as the Relativis-
tic Heavy Ion Collider (RHIC) or the future Electron-Ion
Collider (EIC) project in a similar energy range. The idea

underlying the AFTER@LHC proposal is a multipurpose
detector allowing for the study of a multitude of probes.

Various technological ways to perform fixed-target exper-
iment at the LHC exist. On the one hand, the beam can be
extracted by means of a bent crystal. This technology [2, 3]
is currently developed as a smart beam-collimation solution
and is studied by the UA9/LUA9 collaboration, respectively,
at SPS and LHC. A bent crystal installed in the halo of the
LHC beam would deflect the particles of the halo onto a
target, with a flux of 5 x 10° proton/s without any impact on
the LHC performances [3-5].

On the other hand, the LHC beam can go through
an internal-gas-target system in an existing (or new) LHC
experiment. Such a system is already tested at low gas pressure
by the LHCb collaboration to monitor the luminosity of the
beam [6-8]. Data were taken at a center-of-mass energy of
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TABLE 1: Expected luminosities obtained for a 7 (2.76) TeV proton
beam (Pb) extracted by means of a bent crystal or obtained with an
internal-gas-target system.

Beam Target Thickness p S j? . { 13) »
(cm) (gem™) (ub—-s™) (pb” -y )
p Liquid H 100 0.068 2000 20000
p Liquid D 100 0.16 2400 24000
p Pb 1 11.35 16 160
Pb  LiquidH 100 0.068 0.8 0.8
Pb Liquid D 100 0.16 1 1
Pb Pb 1 11.35 0.007 0.007
Beam Target Usable gas zone Pressure jl? . j_lg_l
(cm) (Bar) (ub -s) (pb -y )
p  Perfect gas 100 107 10 100
Pb  Perfect gas 100 107 0.001 0.001

VSan = 87 (54) GeV with p + Ne (Pb + Ne) collisions
during pilot runs in 2012 and 2013. Although this system,
called SMOG, was tested during only few hours in a row, no
decrease of the LHC performances was observed.

In the bent crystal case, the luminosity achievable with
AFTER@LHC would surpass that of RHIC by 3 orders of
magnitudes [1]. We have reported in Table 1 the instantaneous
and yearly integrated luminosities expected with the proton
and Pb beams on various target species of various thicknesses,
for the bent crystal as well as internal-gas-target options.
Integrated luminosities as large as 20 fb™" can be delivered
during a one-year run of p + H collisions with a bent crystal.
Besides, it is worth mentioning that both technologies allow
one to polarise the target, which is an important requirement
to lead an extensive spin physics programme [1, 11].

Overall, thanks to the large luminosity expected,
AFTER@LHC would become a quarkonium [12], prompt
photon, and heavy-flavour observatory [1, 13] in p + p and
p + A collisions where, by instrumenting the target-rapidity
region, gluon and heavy-quark distributions of the proton,
the neutron and the nuclei can be accessed at large x and even
at x larger than unity in the nuclear case [14]. In addition, the
fixed-target mode allows for single-target-spin-asymmetry
measurements over the full backward rapidity domain up
to xp = —1 [15, 16]. Also, the versatility in the target choices
offer a unique opportunity to study the nuclear matter versus
the hot and dense matter formed in heavy ion collisions
which can be studied during the one-month lead run. In
the latter case, modern detection technology (such as high
granularity calorimeter) should allow for extensive studies
of quarkonium excited states, from ¥(2S) to y. and y,
resonances thanks to the boost of the fixed-target mode [17].

In this paper, we report on a feasibility study of quarko-
nium production at a fixed-target experiment using LHC
beams. In Section 2, we outline the simulation framework
which was used. In Section 3, we describe how a fast simula-
tion of a detector response has been implemented, following
a LHCD-like detector setup. In Section 4, we present the
charmonium and bottomonium family studies performed
with the p + H simulations at /s = 115 GeV. In Section 5, we
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present multiplicity studies in p + A and A + p collisions as
well as the expected nuclear modification factors for J/y and
Y in p+Pb collisions at /sy = 115 GeV. Finally in Section 6
some prospects for Pb + A measurement at \/syy = 72 GeV
are given. Section 7 gathers our conclusions.

2. Simulation Inputs

In order to get the most realistic minimum bias simulations at
AFTER@LHC energy for quarkonium studies in the dimuon
decay channels, we have simulated the quarkonium signal
and all the background sources separately to have under
control the transverse momentum and rapidity input distri-
butions as well as the normalisation of the different sources.

The simulation has been performed for p + p collisions at
/s = 115 GeV. On the one hand, the quarkonium signal and
the correlated background (Drell-Yan, cc, bb) were simulated
with HELAC-ON1a [18] which produces outputs following
the format of Les Houches Event Files [19]. The outputs were
then processed with PyTHIA (PYTHIA 8.185 [20]) to perform
the hadronisation, the initial/final-state radiations, and the
decay of the resonances. On the other hand, the uncorrelated
background was obtained from minimum bias p+ p collisions
generated with PYTHIA.

The relative normalisation of the signal and background
sources was performed according to the production cross
section of the process (taking into account initial phase space
cuts, if any). Values of the cross section and the number of
simulated events N, not to be confused with the expected
events for a specific luminosity, are reported in Table 2. The
cross section values are integrated over rapidity and py.

2.1. Signal and Correlated Background

2.1.1. Quarkonium Signal. J/y, w(2S), Y(1S), Y(2S), and
Y (3S) were simulated in a data-driven way. The amplitude of
g9 — @+ X (where @ is the quarkonium) is expressed in an
empirical functional form [21]:

|9fggﬂa+x|2
when pr < (pr) (1)

K exj —KL)T)Z 1+ Eipé ~(pr)” h when p; > (pr)
P M2 n Mé T T/>

where K = A2K§/Mé with § the partonic center-of-mass
energy and M, the mass of the quarkonium @ taken from
the PDG table [22].

The parameters x, A, n, and (p;) were determined
by fitting the differential cross section d*o/dp;dy to the
experimental data. The dedicated codes used to perform
the fit and to generate unweighted events for quarkonium
production have been implemented in HELAC-ONia [18]
and we used MSTW2008NLO PDF set [23] provided in

LHAPDF5 [24] and the factorisation scale . = \[M; + p3.
In order to constrain the nontrivial energy dependence
of quarkonium production, we used the differential mea-
surements of charmonium production performed by the
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FIGURE 1: Some illustrative comparisons between fits and the PHENIX data [9] for charmonium production (a) and LHCb data [10] for

bottomonium production (b).

TaBLE 2: Total cross section for different processes in p + p collisions at /s = 115 GeV and number of simulated events N, .

atot (mb) Nsim
Jlw 1.30 x 1073 1.47 x 10°
w(29) 1.61x107* 112 x 10°
Y(1S) 430 %1077 1.46 x 10°
Y(2S) 1.22x1077 1.49 x 10°
Y(3S) 528 x 1078 1.48 x 10°
Drell-Yan (M > 2.5GeV/c?) 252%x107° 43x10°
Drell-Yan (M > 7 GeV/c?) 1.49 x 1077 2.0 x10°
cc 229 %107 81.5 x 10°

bb

Minimum bias

- 4.86 x10™* (gg — bb)
149 x 107 (g — bb)
26.68

323x10° (g9 — bb)
85.7x10° (qq — bb)
11.0 x 10°

PHENIX collaboration at RHIC, in p + p collisions at /s =
200 GeV [9] to predict the corresponding yields at /s =
115 GeV. Given the lack of such measurements for Y at RHIC,
we performed a combined fit to CDF [25], ATLAS [26], CMS
[27], and LHCDb [10, 28] data on Y production. The values of
the fitted parameters are listed in Table 3. For illustration, the
comparison between fits and the selected experimental data

TABLE 3: Fit parameters obtained after a combined fit of d*c’/dpdy
to the PHENIX data [9] for charmonium production and to
CDF [25], ATLAS [26], CMS [27], and LHCb [10, 28] data for
bottomonium production. We have fixedn = 2 and (p;) =4.5(13.5)
GeV/c for charmonium (bottomonium) production. The number of
fitted data points is also reported.

is sh in Fi ] K A Number of data points X
is shown in Figure 1.

In order tg increase the statistics of the simulated data Thy 0674 0.380 51 422
sample, the decay of the quarkonium in PyTHIA is forced y(28) 0154 0.351 4 L12
into the dimuon decay channel. The simulated yields are then YQas) 0707 0.0837 288 1883
weighted by the cross section for this process multiplied by ~ Y(25) ~ 0.604  0.0563 205 856
the Branching Ratio (BR). Y(3S)  0.591 0.0411 197 886

2.1.2. Open Charm. Open charm production was simulated
with the process gg — cc in HELAC-ONIA. In order to
avoid the huge theoretical uncertainties in the state-of-the-
art perturbative calculations, open charm yields at /s =

115GeV are also computed in a data-driven way following
the method described in the previous section. Similarly,
the matrix element of gg — cc is determined using (1).



The parameters are obtained from a fit to the p;-differential
cc cross section measured by the STAR experiment [29] in
p + p collisions at +/s = 200 GeV (see Figure 3). We obtained
k = 0.437, A = 3.04, and (p;) = 2.86 GeV/c when n = 2 by
using CTEQ6LI [30] and by fixing the ¢ quark mass to m, =

1.5 GeV/c” and the factorisation scale to yy = \[m? + p2. The

x” of the fit is equal to 4.39 with 10 experimental data points.
The tuned result is shown in Figure 2. The evolution of the
cross section with the energy down to /s = 115 GeV is then
given by HELAC-ONIA.

After embedding the Les Houches Event File into PYTHIA,
muons from the underlying PyTHIA event can be produced
on top of muons from the initial cc pair. The combination
of those additional muons with a muon from the initial
cc pair is not included in our definition of open charm
correlated background. We have however checked that this
contribution is negligible. In order to increase the statistics,
D% DY D'/, and D:/ ~ were forced to decay into muons
and only those decay muons were considered as correlated
background. p* " pairs coming from all possible combina-
tions, D°DY, D* D™, DD, D°D*'~, D°D}/~, and D*"D/*,
are considered. The simulated events are weighted by the
production cross section times the pair Branching Ratio
times the fraction of ¢ quark fragmenting to D°, D°, D*/~,

or D}/™. This fraction is obtained from PyTHia and found to
be 95%.

2.1.3. Open Beauty. The theoretical uncertainty on open
beauty production is relatively smaller than the one on
open charm production. We therefore calculated open beauty
production yields with a Leading Order (LO) matrix ele-
ment which was normalised to the Next-To-Leading-Order
(NLO) K factor. The NLO cross section with the same
setup was calculated by MADGRAPH5_AMC®@NLO [31]. We
used CTEQ6L1 (CTEQ6M) for the LO (NLO) calculation.
The K factor is found to be 1.83. The renormalisation and

\/mj, + p3. with the mass
of the b quark taken as 11, = 4.5 GeV/c*. We have adopted a

similar definition for the open beauty correlated background
as the one of open charm (see the previous section).

factorisation scale is yp = pp =

2.1.4. Drell-Yan. Drell-Yan (DY) correlated background was
simulated with the process qg — y/Z — u'u at LO
where gq is a pair of the same flavour light quarks. The
LO calculation was done with the CTEQ6LI pdf set and
the renormalisation and factorisation scale was set to yp =
pr = Q/2. In order to have enough statistics in the J/y and
¥(2S) mass window, a phase space cut requesting that the
invariant mass of the dimuons (M) is greater than 2.5 GeV/ e
was applied. For the simulation of the DY background under
the Y family peaks, a phase space cut M > 7GeV/c* was
applied. The DY cross section obtained with HELAC-ONIA
at v/s = 38.8 GeV is compared to the existing E866 data at
the same energy [32]. A K factor 1.2 is needed to match the
data and therefore it was also applied at /s = 115 GeV. Such
a K factor is known to approximately account for the higher-
order QCD corrections.
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FIGURE 2: A comparison between fit and the STAR data [29] in p+ p
collisions at /s = 200 GeV, for cc production.
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FIGURE 3: Drell-Yan cross section as a function of the rapidity in
the center-of-mass frame obtained with HELAC-ON1A + PYTHIA at
/s = 38.76 GeV and rescaled by a factor 1.2, together with E866 data
extracted from [33]. The invariant mass range considered is 7.2 <
M < 8.7GeV/c.

uncorrelated
minimum bias

2.2. Uncorrelated ~ Background. The
background was obtained from a

PYTHIA p + p simulation at /s = 115GeV using
the  process SoftQCD:nonDiffractive  with  the
MRSTMCal.LHgrid LHAPDF (6.1.4) set [34]. By comparing
our simulation of open charm with a low statistic pure
minimum bias PyTHIA simulation, we have checked that
the contribution of dimuons originating from a muon
from charm/beauty and a muon from m/K is negligible.
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FIGURE 4: Misidentification probability of 7 (a) and K (b) as muon candidates as a function of momentum, Py, (7 — ¢) and Py (K — ),

respectively.

The dominant source of uncorrelated opposite-sign muon
pairs is the simultaneous semimuonic decay of uncorrelated
m and/or K. In order to avoid possible double counting of
signal and correlated background processes, the following
hard processes have been switched off from the min-
imum bias simulations: HardQCD:hardccbar, HardQCD:
hardbbbar, WeakSingleBoson:ffbar2gmZ (in order
to avoid Drell-Yan pair production.), Charmonium:all
and Bottomonium:all,.

3. Fast Simulation of the Response of
a LHCb-Like Detector

The HELAC-OnN1a and PyTHIA generators provide the
opposite-sign muon pairs from quarkonium decays, corre-
lated and uncorrelated backgrounds sources, as defined in
the previous section. In order to account for the detector
resolution and the particle identification capabilities of a
given detector and to investigate the feasibility of the quarko-
nium studies in p + p collisions at /s = 115GeV, the
detector response needs to be simulated. For this purpose,
we have chosen a detector setup similar to the LHCb detector
[35]. A forward detector is very well suited as a fixed-target
experiment setup as well, with a good tracking and particle
identification capabilities.

According to LHCb analysis cuts, muons in our sim-
ulations are required to have their transverse momentum
satisfying pr > 0.7GeV/c [36] and their pseudorapidity
in the laboratory frame satisfying 2 < # < 5. The # cut
range corresponds to the LHCb detector coverage. Since the
momentum resolution reported by LHCb is dp/p ~ 0.4
(0.6)% for a momentum of 3 (100) GeV/c [37], we consider
a momentum resolution of dp/p = 0.5%. The single u
identification efficiency is taken to be €, = 98%, which is
an average efficiency obtained by LHCb for muons coming
from J/y decays, for p > 3GeV/cand p; > 0.8 GeV/c [37].

These cuts and the abovementioned detector response on the
muons are applied to simulate the quarkonium states and all
the background sources.

In the case of uncorrelated background, as discussed
in Section 2, most of the u originate from 7"/~ or K*/~
decays. If a m or K decays to a yu before 12m along the
z axis, the u is rejected by the tracking system and it
is not considered in the simulation. 12m corresponds to
the distance where the calorimeters, followed by the muon
stations, are placed in the LHCb detector setup. If the yu is
produced beyond 12m or if a 7/K is misidentified with y
in the muon stations, a /K misidentification probability
is applied. The misidentification probabilities depend on
the total particle momentum and were reported by the
LHCDb collaboration in [38]. These probabilities are param-
eterised with the following functions: Pyyp(mr — p)(p) =
(0.5 + 6.63exp(-0.13p))% and Pyp(K — w(p) =
(0.5 + 8.6exp(—0.11p))%, and they are shown in Figures
4(a) and 4(b), for m and K, respectively. Based on the
single u identification efficiency €,+/-, the dimuon, p"u~,
efficiency is calculated as a product of the single efficiencies:
€t €,+ X €,. For muons coming from 7" or K-
decays, misidentification probabilities are used: €, =
Pyp(m — w(p) or ¢, = Pyp(K —  u)(p), respec-
tively, for 7w and K, and for prompt muons €,+- = €p = 0.98.

The pair efficiency is extracted in each kinematic phase
space point and is shown as a function of the dimuon invari-
ant mass, transverse momentum, and rapidity in Figure 5.
This efficiency is used to correct dimuon spectra obtained
with the uncorrelated background PyTHIA simulations.

4. Quarkonium Production Studies in p + H
Collisions at /s =115 GeV

In this section, we show results on the quarkonium
production studies in the dimuon decay channels, with
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the dominant background sources. Simulations have been
performed for a 7 TeV proton beam on a hydrogen target
(p+ p), which gives /s = 115 GeV. We consider an integrated
luminosity of 10 fb™" which is expected to be obtained after
half of a LHC year with the crystal mode, as described in
Section 1 and Table 1.

4.1. Background Studies. These simulations allow us to quan-
tify the background sources in the quarkonium studies in
the dimuon decay channel, which could potentially make the
quarkonium signal extraction more difficult or even prevent
from obtaining a clear signal. In particular, this may be critical
for the excited states. We present here simulations of invariant
mass of opposite-sign muon pairs, 4"y, from the quarkonia
and from the dominant background sources, in two mass
ranges; see Figure 6. The first range corresponds to the J/y

and w(2S) invariant mass windows and the second one to
the mass range of the Y(1S), Y(2S), and Y(3S). The invariant
mass distributions are integrated over the whole transverse
momentum and rapidity ranges. The plots show the simulated
quarkonium signals and the background, separately from
the different sources, and the black solid line is a sum of
all contributions. The background sources correspond to an
integrated luminosity of 10 fb™".

In the J/y and y/(2S) invariant mass window, the dom-
inant background source is from uncorrelated y*y~ pairs,
mostly from 7%/~ and K™/~ decays. The contributions from
Drell-Yan and bb continuum are very small. In the case
of Y(nS) states, the Drell-Yan contribution is the dominant
one. Under the Y(nS) peak, the contribution from the cc
continuum is negligible, and it is not considered here.
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The significance (sig = S/+/(S + B), where S is the number
of signal counts and B is the number of background counts,
in the invariant mass range My + 30G) and the signal to
background ratio (S/B) of each quarkonium state are given
in the following:

(i) sigj;, = 134.6 10’0, S/B;;, = 4.21,
(ii) sig, (o5 = 735.20, /By 5) = 0.16,
(iif) sigy(,5) = 140.730, S/By5) = 1.75,
(iv) sigyys) = 45.290, S/By p5) = 0.48,
(v) sigy(g) = 25.750, S/Byzg) = 0.28,

for J/w, w(2S), Y(1S), Y(2S), and Y(3S), respectively.

Transverse momentum and rapidity distributions for the
quarkonium signals and for each background source were
also studied. As an example, the p; and y distributions
in the J/y mass range, 3.063 < M., < 3.129 GeV/c®
(corresponding to M;,, + 30y,,), are shown in Figure7.
It is visible that the distributions for the J/y and different
backgrounds differ. In more backward or forward rapidity
regions, the signal to background ratio increases. This can
also be seen in Figure 8, where the dimuon invariant mass
distributions in J/y and y(2S) mass window are shown in
three rapidity ranges. In terms of transverse momentum,
one can obtain a very clean signal when going to higher
pr. Above ~4GeV/c, the uncorrelated background starts
to vanish. Since cc, bb, and Drell-Yan simulations are LO
simulations, the p, spectra of these correlated background
sources are not shown here.

4.2. Quarkonium Simulations. We have also studied the
pr and rapidity coverage reach of the quarkonium sig-
nals. The transverse momentum distributions are shown in

Figure 9(a), for J/y, w(2S), Y(1S), Y(2S), and Y(3S), from the
top to the bottom distribution. Similarly, Figure 9(b) shows
the rapidity distribution for each quarkonium state. With an
integrated luminosity of 10 fb™" the quarkonium studies can
be carried out in a wide rapidity and p; range. It should be
possible to study Y (nS) signals up to p; = 10 GeV/c, and J /vy
and y(2S) could be studied even up to p; = 15 GeV/c. All the
quarkonium states can be measured down to p; = 0 GeV/c.

This study is limited by the rapidity range of 2 < y < 5, in
the laboratory frame, due to the pseudorapidity cuts on the
decay u. The red x-axis on the top of Figure 9(b) denotes the
rapidity in the center-of-mass frame. The rapidity shift for a
7 TeV proton beam on a fixed-target is —4.8; that is, yo =
0 — Y = 4.8. J/y and y(2S) signals can be studied in
the whole mentioned rapidity range, while the lowest rapidity
reach for Y(nS) is ~2.5-3.

5. Quarkonium Measurements in p + A Colli-
sions at \/s = 115 GeV and Pb + H Collisions
at \/s =72 GeV

5.1 Multiplicity in Proton-Nucleus Collisions. In proton-
nucleus collisions, the high track multiplicity may induce
a high detector occupancy and lead to a reduction of the
detector capabilities. Since LHCb has successfully measured
the J/y and Y production in p + Pb collisions at /sy =
5TeV [39, 40], one would expect a good capability of such
detector under similar particle multiplicity environment. In
the following, the charged particle multiplicity has been
generated with the EPOS generator [41, 42] in different
configurations: p + Pb collisions at /sy = 5 TeV in collider
mode (the lead goes in the detector direction), p + Pb
collisions at +/syy = 115GeV, and Pb + H collisions at
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vVSxn = 72GeV in fixed-target mode. The charged particle
multiplicity is dominated by the 7 multiplicity. By comparing
these three distributions as a function of the pseudorapidity
of the particle in the laboratory frame as shown in Figure 10,
one can conclude that the charged particle multiplicity in a
fixed-target mode never exceeds the one obtained in p + Pb
collisions at \/syy = 5TeV in the collider mode in the full
pseudorapidity range: a detector with the LHCb capabilities
will be able to run in such conditions.

5.2. Prospects for the Measurements of the Nuclear Modifica-
tion Factors for J/y and Y in p+ Pb Collisions at /sy =
115 GeV. To illustrate the potential offered by AFTER@LHC
in p + Pb collisions at \/syy = 115 GeV, we have evaluated,
in this section, the impact of the nuclear modification of the
gluon densities in nucleons within large nucleus, generically
referred to as gluon shadowing, and its uncertainty as
encoded in the nuclear PDF set EPS09. For that, we have
used the probabilistic Glauber Monte-Carlo framework, JIN
[43, 44], which allows us to encode different mechanisms for
the partonic production and to interface these production
processes with different cold nuclear matter effects, such as
the aforementioned shadowing, in order to get the produc-
tion cross sections for proton-nucleus and nucleus-nucleus
collisions. JIN also straightforwardly computes any nuclear
modification factor for minimum bias collisions or in specific
centrality classes. In the case of proton-nucleus (p + A)
collisions, it is the ratio of the yield per inelastic collision in
p+A collisions to the yield in pp collisions at the same energy

multiplied by the average number of binary collisions in a
typical p + p collision, (N_y):

Ry = —24 @)
P <Ncoll> dep

In the presence of a net nuclear effect, R,, is defined such
that it differs from unity. In the simplest case of minimum
bias collisions, one should have
do,a
Rpa = Ado,,
pp

3)

As in [45], we have used the central curve of EPS09
as well as four specific extreme curves (minimal/maximal
shadowing, minimal/maximal EMC effect), which reproduce
the envelope of the gluon nPDF uncertainty encoded in
EPS09 LO [46].

In addition to the modification of the partonic densities,
quarkonium production in p+ A collisions can be affected by
other effects, for instance, by the nuclear absorption which
depends much on the nature of the object traversing the
nuclear medium. If the meson is already formed, it may be
affected more than a smaller preresonant pair. To discuss such
an effect, it is useful to introduce the concept of the formation
time, f;, based on the Heisenberg uncertainty principle and
the time, in the rest frame of the meson, to discriminate
between two S states, for instance, the J/y and the w(2S).
In fact, one finds [45, 47] that such a time is similar for the
charmonium and bottomonium states and is on the order
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of 0.3-0.4 fm. Obviously, this time has to be boosted in the
frame where the nuclear matter sits. For ¢ ; smaller than the
nucleus radius, the quarkonium is formed before escaping it.
In the fixed-target mode with a proton beam and a nuclear
target, the boost factor is simply y(y,,) = cosh(y,). We
therefore obtain ¢ ¢ as in Table 4.

One sees that looking at quarkonium production in p+Pb
collisions at different backward rapidities allows one to look
at quarkonia traversing the nuclear matter at very different
stages of their evolution. This effect could theoretically be
studied by giving an ad hoc rapidity dependence to the
effective absorption cross section, <™, This is left for

TABLE 4: Boost and formation time in the (target) Pb rest frame of
J/w and Y as a function of its c.m.s. rapidity at /sy = 115 GeV.

Yame Y V0m) D) Jems Yo Y0) 5 0)

=25 23 5 1.75fm  -05 43 37 13fm
-15 33 14 5fm 0.0 4.8 61 21 fm
-10 3.8 22 8 fm 0.5 53 100 35fm

a future study since, here, we wish to consider only the
nPDF effects and the expected statistics. Other effects to be
considered are the coherent energy loss [48] (expected to
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grow in the forward region) and the rescattering by comovers
[49] (expected to grow with the multiplicity along the J/y
direction).

Since we wish to assess the discriminating power of the
possible data to be taken with AFTER@LHC, we attribute
to the EPS09 central values statistical uncertainties which
directly follow from the differential yields, respectively,
expected in p + p and p + Pb collisions. For that we
take an integrated luminosity of 10fb™" for the p + p runs
and 100 pb~" for the p + Pb runs, in accordance with the
luminosities discussed above (see Table 1). As this stage, we
do not consider additional systematical uncertainties. This
simplifying assumption could be lifted in a more detailed
study which would also take into account a possible detector
acceptance (and related efficiencies) as done in the previous
section. In particular, we do not expect that the rapidity
region for ycyg > 1.5 would be easily accessible.

In Figure 11, we show the rapidity dependence of R, p,
for Y and its p; dependence near y = 0. The only million
of Y to be collected per year allows for the measurement
of a R, p, with a much better precision than the gluon
nPDE nearly up to x — 1. In addition, one notes that
the nuclear modification factor is certainly measurable up to
pr =10GeV/c.

In Figure 12, we also show the rapidity dependence of
R,.pp for J/y and its p; dependence near y = 0. In both
cases, the luminosity to be taken in a year at AFTER@LHC
yields to statistical uncertainties which are largely negligible
as compared to the nPDF uncertainties; the statistical uncer-
tainties are not even visible in Figure 12. We expect this to
hold also for the y/(2S) although its yields are down by a factor
of 100.

As aforementioned, the nPDFs do not account for all
the expected nuclear matter effects. However, it is clear
that combining the measurements of Y, J/y, and y(2S) for

-3 < Yems < 0 (as a LHCD-like detector would do) will allow
one to pin down the existence of a possible gluon EMC and

antishadowing effect. We also stress that the complications
effective

induced by a rapidity dependence of o, " could be avoided
by the parallel measurement of R, p, for nonprompt J/y
which can only be sensitive to the energy loss since the b
quark decay (weakly) into the ]/, way outside the nucleus.
Figure 13 shows that the trend is similar compared to Y.
Measuring the p; dependence of R, p, for prompt J/y and
Y should also avoid the sensitivity on formation time effects.

6. Prospects of Pb + A Measurements at
\s=72GeV

The charged particle multiplicity has been generated with the
EPOS generator [41, 42] in different configurations: Pb + Pb
at \/syy = 5.5TeV in collider mode, Pb + Ar, Pb + Xe,
and Pb + Pb at /sy = 72GeV in fixed-target mode. By
comparing these three distributions in the pseudorapidity of
the particle in the laboratory frame as shown in Figure 14,
one can conclude that the charged particle multiplicity in a
fixed-target mode never exceeds the one obtained in Pb + Pb
collisions at /syy = 5.5TeV obtained in a collider mode
in the full pseudorapidity range: a detector with the ALICE
MFT+Muon detector [50] capability will be able to run in
such conditions. Detailed studies are needed to evaluate up
to which multiplicity a detector such as LHCb would be able
to take good quality data.

7. Conclusion

In summary, we have shown that in a fixed-target mode
with an integrated luminosity of 10 fb™!, using 7 TeV LHC
proton beam on a hydrogen target, and with a detector setup
and performances similar to the LHCb detector, quarkonium
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studies in the dimuon decay channel can be performed
over a wide transverse momentum range and rapidity in
the center-of-mass from ~-2.8 for J/y and y(2S) and
~=2 for Y states to ~0. We have performed simulations
of the dominant background sources contributing to the
p'y” invariant mass spectrum. The uncorrelated background
was obtained using PyTHIA generator and dimuons from
correlated background sources, cC, bb, and Drell-Yan, were
simulated using both HELAC-ONi1a and PyTHIA generators.
The estimated background level allows for ] /v, w(2S), Y(1S),
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FIGURE 14: Averaged number of charged particles in A + A collisions
as a function of the pseudorapidity in the laboratory frame.

Y (2S), and Y(3S) measurements in the dimuon decay channel
with good signal to background ratios.

These simulations set the stage for further ones including,
on the one hand, the detection of photon from P wave or #,
decay or from the production of a J/y + y pair, whose studies
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at low transverse momentum can provide important insight
on the gluon transverse dynamics [51-54], and, on the other
hand, the large combinatorial background typical of p+A and
A + A collisions in which the study of excited quarkonium
at AFTER@LHC energies is of paramount importance [1, 13].
We note that the DELPHES [55] framework seems particularly
well suited to account for the photon detectability in such
prospective studies.

Along our investigations, we have also noted that the
main source of dimuons around the Y (nS) masses is from
the Drell-Yan process (see Figure 6(b)). This gives us great
confidence that the corresponding cross section can easily be
extracted in this mass region in p + p collisions, a fortiori
with a vertex detector allowing for tagging the heavy-flavour
muons. We therefore consider that the single-spin asymme-
tries for Drell-Yan pair production can indeed be extracted
using a light polarised target. Motivations for such studies are
discussed in [15, 16, 56]. Quarkonium polarisation measure-
ments are of course also possible, given the large statistical
samples.

As regards the case of p + A collisions, we have had a first
look at the charged particle multiplicities as a function of the
laboratory pseudorapidity. We have found out that, for all the
possible fixed-target modes, p + Pb, Pb + H, and Pb + Pb,
these are smaller than the ones reached in the collider modes,
where the LHCb was used (p + Pb and Pb + p at 5TeV). We
therefore believe that a detector with similar characteristics as
compared to LHCb can very well be used in the fixed-target
mode (our observation is obviously supported by the prelimi-
nary analysis of the LHCb-SMOG data taken during the pilot
run of p* beam (Pb beam) on a Neon gas target from 2012
(2013) at a c.m.s energy of /sy = 87 GeV (54 GeV) [57]).

In view of the above, we have evaluated the impact, and
its uncertainty, on the nuclear modification of the gluon
densities on prompt and nonprompt J/y and Y in the form
of R, pp,. We have found that the measurements at backward
rapidities allow one to search for the gluon antishadowing,
the gluon EMC effect, and even the Fermi motion effect
on the gluons with the unheard statistical precisions. The
statistics are large enough to perform such measurement with
the y(2S) and probably also with Y(2S) and Y(3S) allowing
for thorough investigations of the formation time effect of the
meson propagating in the nuclear matter. Overall, our results
confirm the great potential of AFTER@LHC for heavy-quark
and quarkonium physics.
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We explore the effects of shadowing on inclusive J/y and Y(1S) production at AFTER@LHC. We also present the rates as a function
of p; and rapidity for p + Pb and Pb + p collisions in the proposed AFTER@LHC rapidity acceptance.

1. Introduction

The AFTER@LHC quarkonium program has the unique
opportunity to study quarkonium production at large
momentum fractions, x, in the target region [1]. The most
favorable configuration for high rates at large x for the
nucleus is a proton beam from the LHC on a heavy nuclear
target. In this case, the nucleon-nucleon center of mass
energy is more than half that of the RHIC collider, /sy =
115 GeV, for the top LHC proton beam energy of 7 TeV. How-
ever, the fixed-target configuration is an advantage because
of the higher intensity on target. The longer LHC proton runs
give a luminosity over a 10" s LHC “year” On a 1 cm thick Pb
target, with p + Pb collisions, # = 16Aub~'s™'. When a
lead beam is extracted, the run time is shorter and an LHC Pb
“year” is 10° 5. The lower Z/ A ratio also results in a lower cen-
ter of mass energy of \/syy = 72 GeV for the top lead beam
energy of 2.76 TeV. On a liquid H, target, for Pb+ p collisions,
Z = 8Ap, mb ! s7! per centimeter target length so that a 1 m
target gives a luminosity of # = 800A ,, mb~' s~ [1].

Here, we will consider the inclusive J/y and Y(1S) rates
in p + Pb collisions at /sy = 115 GeV and Pb + p collisions
at /sy = 72 GeV. The results are presented as a function

of rapidity, y, and transverse momentum, pr, of the quarko-
nium state. We choose to present the p; results in a 0.5-unit
wide rapidity bin in the backward region of the center of mass
of the collision, =2.5 < y ¢ < =2.0 for /sy = 115 GeV and
=19 < Yuue < —14for sy = 72GeV. This is a region
that has been virtually unexplored in previous quarkonium
production measurements but, as we will show, can be studied
by AFTER@LHC with relatively high statistics in most cases.

Our calculations are done in the next-to-leading order
(NLO) color evaporation model (CEM) [2] and employ the
EPS09 NLO parameterization [3] of the effects of modifi-
cation of the parton distribution functions in the nucleus,
referred to here as “shadowing?” Since this set also provides an
uncertainty band, the results are representative of the range of
shadowing parameterizations produced by other groups.

We also present the nuclear suppression factor ratios,
R, py, for p+Pb collisions and Ry, for Pb+ p collisions. These
quantities are the ratio of the per nucleon cross sections in
p + Pb (Pb + p) collisions relative to the same cross section
in p + p collisions at the same center of mass energy. These
ratios are also given as a function of pr and y.

In Section 2, we will show the EPS09 NLO shadowing
parameterizations at the appropriate factorization scale for
J/y and Y production as a function of x with emphasis on
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the appropriate x regions for the AFTER@LHC kinematics.
We present the ratios and rates obtained with the EPS09 NLO
parameterization in Section 3. We conclude with some final
remarks in Section 4.

2. Shadowing Parameterization

Our calculations employ the EPS09 shadowing parameteriza-
tion [3]. At NLO, it is based on the CTEQ6M proton parton
densities (PDFs) [4, 5]. In our calculations of quarkonium
production [6, 7], we use the CT10 [8] proton PDFs with the
EPS09 NLO parameterization. As long as both calculations
are at NLO, the choice of proton PDFs used to calculate
quarkonium production does not affect the shape or magni-
tude of the nuclear suppression factors [9].

One possibility for the AFTER@LHC experiment is to use
the LHCb detector, either as is, with 2 <y, < 5, or an
improved LHCb (LHCb+), with 1 < y;,, < 5.

In the fixed-target kinematics of AFTER@LHC, with
a 7TeV proton beam, the rapidity range is Ay = 438,
corresponding to a center of mass rapidity coverage of 2.8 <
Yems < 0.2for LHCbor 3.8 < y .« < 0.2 for LHCb+in p+Pb
collisions at /sy = 115 GeV. In this case, the Pb nucleus is
the target. If x, refers to the momentum fraction probed in
the proton beam and x, is the momentum fraction probed
in the lead target, in these kinematics, the negative rapidity
means that x, is large, x, > 0.1. This x, range has not been
explored since early nuclear deep-inelastic scattering (nDIS)
measurements, such as the European Muon Collaboration
[10, 11] and SLAC [12], and has never been explored by
gluon-dominated processes such as quarkonium production.
AFTER@LHC would be the first experiment to probe these
kinematics since most fixed-target configurations studying
quarkonium have placed the detectors downstream where
X, > X, as the CERN SPS [13, 14] and the Fermilab Tevatron
[15]. The only quarkonium experiment to measure part of this
backward large x, region was HERA-B with its foils placed
around the edges of the proton beam at HERA [16].

On the other hand, with a 2.76 TeV lead beam, the rapidity
range is Ay = 4.3, corresponding to a center of mass rapidity
coverage of —2.3 < y_.« < 0.7 for LHCb or -3.3 < y_,, < 0.7
for LHCb+ in Pb + p collisions at \/syy = 72 GeV. In this
case, the proton is the target, with x,, and the lead beam is
assigned as x,. Thus, the nuclear momentum fractions probed
are moderate, x; ~ 0.01. This x region has been well studied
in nDIS experiments but, again, not for final states dominated
by initial-state gluons.

Global fits to the nuclear parton densities (nPDFs), such
as EPS09, typically include nuclear deep-inelastic scattering
data (F, in I + A and dF,/d InQ?%), Drell-Yan data, and,
more recently, RHIC data such as 7° production [3]. The
range over which DGLAP evolution can be applied (Q* >
1 GeV?) for fixed-target nDIS limits the minimum x values
probed. In addition, such analyses do not take into account
the possibility of any other cold nuclear matter effects so
that the possibility of an effect such as initial-state energy
loss in matter by quarks in Drell-Yan dilepton production
is folded in with the global analysis of nuclear shadowing.
Quarkonium production is particularly subject to other cold
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nuclear matter effects such as energy loss in matter, breakup
of the quarkonium state by nucleons (nuclear absorption),
and interactions with comoving hadrons; see, for example,
[17] for a discussion. Regarding the purposes of this paper,
we focus only on the expected effects of shadowing.

Figure 1 shows the EPS09 NLO gluon shadowing param-
eterization as a function of momentum fraction, x. The scales
at which the results are shown correspond to those used in the
CEM for J/y (Figures 1(a) and 1(c)) and Y (Figures 1(b) and
1(d)) production. Along with the central set, denoted by the
solid curves, the dotted curves display the uncertainty band.
EPS09 obtains 30 additional sets of shadowing ratios by vary-
ing each of the 15 parameters within one standard deviation of
the mean. The differences are added in quadrature to produce
the uncertainty band in the shadowing ratio S . (We note that
the uncertainties in the corresponding LO set are larger while
the central shadowing effect is greater at LO than at NLO. For
more details concerning this set as well as differences between
other available nPDF sets, see [9].)

The vertical blue line in Figure 1 shows the average x value
for the final quarkonium states at each energy, p + Pb on top
and Pb + p on the bottom. This is obtained by estimating the
average x value from the simpler 2 — 1 kinematics of the
LO CEM with x,, = (2m//syy) exp(+y) and replacing m
by my = \/m? + p2 with py. = O.S(p%Q + p%a). The x value
from the LO CEM represents a lower limit on x relative to
the actual 2 — 2 and 2 — 3 kinematics of the LO and
NLO contributions to the full NLO CEM calculation. The
average center of mass rapidity, (y ), shown in Figure 1
is the approximate midpoint of our chosen rapidity interval
in each case. The average pr of ~2GeV is near the peak of
the p distributions. These values should not be thought of
as having the most weight in the actual calculations which
integrate over the rapidity interval for the p; distributions
and all pr for the rapidity distributions. Indeed, since the
rapidity distributions are steeply falling, the preponderance
of the rate comes from the upper end of the range in each
case. Thus, the vertical lines represent an estimate of the lower
bound on the x range at the given value of py.

The p + Pb kinematics emphasize high x in the nucleus
(Figures 1(a) and 1(b)) and thus explore an x range rarely
probed, especially by gluon-dominated processes. It is partly
in the “EMC” region of the x range and also moves into the
regime of “Fermi motion”” See a discussion of how the various
x regions are parameterized by Eskola and collaborators in
[18, 19]. Given the shortage of direct gluon-induced data
in the global analyses, the gluon shadowing ratios are con-
strained by the momentum sum rule. The gluon shadowing
ratios shown in Figures 1(a) and 1(b) are plotted on a
linear scale to highlight the large x region. Here, the scale
dependence is very weak, illustrated by the similarities in the
results for the two quarkonium scales shown, while the uncer-
tainties in the nPDF extraction are the largest. AFTER@LHC
measurements could help narrow this uncertainty range.

On the other hand, the Pb + p kinematics are in an x
region where quark-dominated processes, as in nDIS, are
well measured and the uncertainties can be expected to be
relatively small, see Figures 1(c) and 1(d).
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FIGURE 1: The EPS09 NLO shadowing ratios for J/y (a, ¢) and Y(1S) (b, d) production. The solid curve in each plot is the central EPS09 NLO
result, while the dotted curves outline the shadowing uncertainty band. (a, b) are on a linear scale to emphasize the large x region, while (c,
d) are on a logarithmic scale to expand the low x region. The approximate kinematic area of interest is indicated by the vertical line in each

case.

3. Cold Nuclear Matter Effects and
Quarkonium Production Rates

There are other possible cold matter effects on J/y production
in addition to those of shadowing: breakup of the quarko-
nium state due to inelastic interactions with nucleons (ab-
sorption) or produced hadrons (comovers) and energy loss
in cold matter.

The quarkonium absorption cross section at midrapidity
was seen to decrease with center of mass energy in [20],
independent of whether shadowing effects were included or
not. It was also seen that incorporating shadowing into the
extraction of the absorption cross section required a larger
effective cross section [20]. Extrapolating from the results
of [20] to the energy range of AFTER@LHC, we can expect
an effective absorption cross section of a few millibarns at



midrapidity. Away from midrapidity, the effective absorption
cross section was seen to rise at forward Feynman x, x [20],
which could be attributed to energy loss in matter [21, 22].
When a similar analysis was extended to the RHIC collider
geometry, the effective absorption cross section was also seen
to increase in the backward region [23]. Such behavior could
be attributed to the quarkonium state being fully formed
inside the nucleus. The p + Pb kinematics of AFTER@LHC
would be an ideal environment to study absorption in the
target if other observables such as direct photon production
can also probe shadowing effects to disentangle the two.

The shadowing results shown here are obtained in the
color evaporation model (CEM) [24, 25] at next-to-leading
order in the total cross section [2]. In the CEM, the quarko-
nium production cross section is some fraction, F, of all Qa
pairs below the HH threshold where H is the lowest mass
heavy-flavor hadron:

4m§_1
oc™M(s) = F) L ds J dx, dx, fF (xy, 417
hj T ©

SHENA AR

where ij = gq or gg and 6;(5) are the ij — QQ subprocess
cross section. The normalization factor F is fit to the forward
(integrated over xp > 0) J/y cross-sectional data and the
combined Y(nS) state data at midrapidity. We use the code
of [26] with the mass cut implemented.

The same values of the central charm quark mass and
scale parameters are employed as those found for open
charm, m, = 127 + 0.09GeV, ugp/m, = 2.10:2):22, and
pp/m. = 1.60*01) [6]. The normalization F is obtained for
the central set, (m,, up/m,, pup/m,) = (1.27 GeV, 2.1, 1.6). The
calculations for the extent of the mass and scale uncertainties
are multiplied by the same value of F to obtain the extent
of the J/y uncertainty band [6]. These values reproduce the
energy dependence of J/y production from fixed target to
collider energies. The resulting rapidity and p; distributions
also agree with the p + p data from RHIC and the LHC at
/s =200 GeV and 7 TeV, respectively [6].

We calculate Y production in the same manner, with the
central result obtained for (1my, pup/my, pg/m,) = (4.65GeV,
1.4,1.1) [7]. We have also found good agreement with
Vs and p; distributions from previous measurements [7].
Unfortunately, the uncertainties from RHIC measurements
are rather large and few data are available on the shape of the
Y rapidity distributions.

To obtain the quarkonium p; distributions at low pr,
intrinsic transverse momentum, kp, smearing for quarko-
nium is included in the initial-state parton densities [27].
Since the MNR code cancels divergences numerically, instead
of slowing the calculations by adding more integrations, the
k kick is added in the final, rather than the initial, state [26].
The Gaussian function gp(kT) = ﬂ(k%);lexp(—k%/(k%)f,)
[28] multiplies the parton distribution functions for both
hadrons, assuming that x and k; dependencies in the initial
partons completely factorize. If factorization applies, it does
not matter whether the k dependence appears in the initial
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or final state if the kick is not too large. The effect of the
intrinsic k- on the shape of the J/y p; distribution can be
expected to decrease as /s increases because the average pr of
the J/y also increases with energy. However, the value of (k7.)
may increase with +/s. We can check the energy dependence
of (k2) by the shape of the J/y p; distributions at central
and forward rapidity at RHIC. We find that (k%) =1+
(1/12)In(+/s/20) = 1.19 GeV* at /s = 200 GeV agrees well
with the J/y pr distributions [6]. All the calculations are
NLO in the total cross section and assume that the intrinsic
kr broadening is the same in p + p as in p + Pb. While the
broadening is expected to increase in collisions with nuclei
as projectile, target, or both, the agreement of the J/y p +
Pb ratio R,p,(pr) with the LHC data is better without any
additional broadening [9]. Therefore, we do not change the
value here.

3.1 J/y and Y(1S) Production in p + Pb Collisions at /sy =
115 GeV. In this section, the results for J/y and Y shadowing
in p+Pb collisions at \/Syy = 115 GeV are presented. Figure 2
shows the results for J/y while Figure 3 shows the Y results.
In both cases, the left-hand side shows the ratios R,p;, as a
function of y (Figures 2(a) and 3(a)) and p; in the rapidity
range —2.5 < Yo < —2 (Figures 2(c) and 3(c)). The rates to
dileptons in the rapidity acceptance, assuming a lead target,
are shown in Figures 2(b), 2(d), 3(b), and 3(d).

In the kinematics of this configuration, the large x, in the
nucleus puts the peak for Fermi motion at the most negative
rapidities. (The full center of mass rapidity range for J/y’s
produced at this energy is |y.,s| = In(+/s/m) < 3.8 for the
mass and scale parameters appropriate for the CEM calcu-
lation.) The EMC region is in the ]/ rapidity acceptance.
There is a steep drop in Rppy(Vems) @S Yems decreases from
—2 to —2.5, changing the central value of R py,(¥ms) by ~30%
over the range. The decrease into the EMC region is more
apparent as a function of p; where the region is expanded
for pr < 10GeV. The large uncertainty in this x range, as
emphasized in Figures 1(a) and 1(b), is enhanced here.

The rates as a function of rapidity for J/y and Y(1S)
decays to lepton pairs are shown in Table 1. While the rates are
shown for the entire rapidity range, the broad LHCb+ center
of mass rapidity acceptance ends at y.,, ~ 1. The rates are
given in the bins of Ay . = 0.5 with the value of y_, at
the center of the bin shown in Table 1. The rates include the
branching ratios to lepton pairs.

The J/y rates in p + Pb collisions are very high. The rate
is BAN/dy ~ 2.7 x 10 in the chosen backward rapidity bin
of -2.5 < y.., < —2; see Figure 2(b). The cross section
is rather high since ./syy is above the region where the
production cross section is still increasing steeply with /sy
In addition, the J/y production range in rapidity is fully
within the AFTER@LHC acceptance.

Finally, even though the rates fall off quickly with pr,
more than 100 events can be collected at p; ~ 9.5 GeV; see
Figure 2(d) and the upper part of Table 2, which is likely
enough to determine where R,p,(pr) lies within the EPS09
band.
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The Y(1S) rates, shown in Figure 3, are significantly lower.
At this energy, the production cross section is still increasing
rapidly so that the available phase space for Y production is
| Yems| < 2.9 in the CEM calculation. Thus, the AFTER@LHC
acceptance is just inside the lower end of this range and the
rate for Y production in this region is relatively low. While
the rates over all phase space can be quite high, with nearly
10° events at midrapidity, there are less than 10* events in the
region —2.5 < y .. < —2; see Table 1 and Figure 3(d).

As shown in Table 2, the Y states that are produced in
the AFTER@LHC acceptance are primarily at low pp, pr <
3 GeV. Indeed, there are fewer than 10 events per year for
pr > 6 GeV so that any division into p; bins for p; > 5GeV
is unlikely to be feasible.

The AFTER@LHC rapidity bin is in the EMC region and
touching on the Fermi motion region at y..,, ~ —2.5, as
seen on Figure 3(a). The p-dependent ratio reflects the large
uncertainty of the EMC region and is almost independent of
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pr until pr ~ 9 GeV in the EPS09 parameterization where it
increases sharply. The low rate will make it difficult to study
this interesting region in detail.

3.2. J/y and Y(1S) Production in Pb + p Collisions at /sy =
72 GeV. In this section, the results for J/y and Y shadowing
in Pb+ p collisions at /sy = 72 GeV are presented. Figure 4
shows the results for J/y while Figure 5 shows the Y results.
In both cases, Figures 5(a) and 5(c) shows the ratios Ry, as

a function of y_.. (Figure 5(a)) and p in the 1.9 < y_ . <
—1.4 rapidity bin (Figure 5(c)). The rates to dileptons in the
rapidity acceptance, assuming a 1m long liquid hydrogen
target, are shown in Figures 4(b), 4(d), 5(b), and 5(d)and in
the bottom parts of Tables 1 and 2. The lower cross sections
at this reduced energy still result in rather high rates for the
long liquid hydrogen target, at least at midrapidity.

In these kinematics, the rapidity bin -1.9 < y_, < -1.4
now corresponds to the more typical fixed-target kinematics
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TABLE 1: The rates per 0.5-unit rapidity for J/y and Y(1S) in the two
scenarios discussed in the text. The values are given for the EPS09
NLO central set.

TABLE 2: The p-dependent rates per 1 GeV p;. bin for J/y and Y(1S)
in the two scenarios discussed in the text. The values are given for
the EPS09 NLO central set.

System Yems N(J/y = I'l')  N((Q1S) — I'I") System pr(GeV) N(J/y — I'lI') N(Y(Q1S) — I'I)
-3.75 232%x10° — 0.5 3.83 x 107 1.06 x 10°
-3.25 1.67 x 107 — L5 6.62 x 10 1.79 x 10°
-2.75 9.56 x 107 — 2.5 2.83 x 107 1.04 x 10°
-2.25 2.69 x 10° 8.68 x 10° 35 6.69 x 10° 3.40 x 107
-1.75 5.50 x 10° 1.10 x 10° p+Pb 4.5 9.78 x 10° 7.93 x 10"
-1.25 8.88 x 10° 3.56 x 10° @5, 5.5 2.03 x 10° 1.84 x 10"
p+Pb -0.75 1.11 x 10° 6.81 x 10° 6.5 2.96 x 10* 4.64 x 10°
VSnN = -0.25 1.14 x 10° 9.33 % 10° 75 6.20 x 10° 1.62 % 10°
15 GeV 0.25 1.02 x 10° 9.47 x 10° 8.5 1.12 x 10° 3.40x 107"
0.75 8.36 x 10° 6.96 x 10° 95 2.60 x 10 6.51 x 1072
1.25 6.10 x 10° 3.85 % 10° 10.5 3.96 x 10" 1.03 x 1072
1.75 3.86 x 10° 1.39 x 10° 0.5 1.38 x 10° 1.39 x 10"
225 2.10 x 10° 1.15 x 10* 15 2.36 x 10° 2.26 x 10
2.75 9.25 x 107 — 2.5 1.33 x 10° 1.20 x 10"
3.25 2.04 x 107 — 35 3.90 x 10* 3.39 x 10°
375 2.13%10° — Pb+ p 45 7.69 x 10° 744 x 107"
-3.25 1.54 x 10° — VSan=72GeV 55 1.16 x 10° 1.71 x 107"
-2.75 1.05 x 10° — 6.5 2.11 x 10* 4,69 x 107
-2.25 4.36 x 10° — 75 4.15 % 10 1.28 x 107
-1.75 9.67 x 10° 5.36 x 10 8.5 8.62 x 10° 3.25%10°°
-1.25 1.78 x 10° 5.10 x 10? 9.5 1.89 x 10° 6.72x 107
Pb+ p -0.75 2.79 x 10° 1.20x 10° 10.5 339% 107" 1.65x107*
VSN = -0.25 3.72 x 10° 1.66 x 10°
72Gev 0.25 4.15 % 10° 1.59 x 10°
0.75 3.64 x 10° 1.03 x 10°
125 242 x 10° 378 x 107 The J/y rates for this system are still high; see the lower
. , half of Table 1. Thanks to the length of the H, target, for the
1.75 1.24x10 3.77x10 lead beam, the p,-integrated rates in this configuration are
2.25 4.58 x 10 — still on the order of 10° in the AFTER@LHC acceptance. The
2.75 8.68 x 10* _ pr-dependent rates show that the statistics become poor for
325 155 x 10° - the J/y at pr > 7 GeV. The rates at this energy are helped

with the lead nucleus at the lower x,. Here, the ratio
Rpp,p(Yems) is reversed. The x range for the J/y is in the higher
x end of the shadowing region while the Y is just entering the
antishadowing region; recall Figure 1.

The antishadowing peak for J/y in Figure 4(a) is actually
just at forward rapidity instead of being in the y_ . < 0 region.
(The full center of mass rapidity range for J/y production at
this energy is |y s/ < 3.3.) Within the chosen rapidity bin,
the pr-dependent ratio has the largest uncertainty at the low
pr where there is still some shadowing. However, at p; >
5GeV, the x values move somewhat into the antishadowing
region (Figure 4(c)).

somewhat since there is antishadowing for p; > 8 GeV while
there is strong shadowing at /sy = 115 GeV; see Figure 2.

The situation with Y(1S) is similar; see Figure 5 and
Table 1. (The rapidity range for Y production is | y..,s| < 2.4 so
that again the AFTER@LHC acceptance is on the edge of the
Y range.) The shadowing (or antishadowing) effect is on the
order of a few percent. While there are a few thousand Y in a
year at midrapidity, the rate in the AFTER@LHC acceptance
is rather low, under 100 per year, as shown in Figures 5(b) and
5(d) and in Table 2. Indeed, there is effectively no rate for the
Y rate for p; > 4 GeV.

4. Conclusions

We have only presented a bare minimum of the rates for
the breadth of quarkonium studies possible at AFTER@LHC.
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The fixed-target configuration, especially for long runs with
the dedicated proton beam, allows detailed measurements
with a range of nuclear targets. We have only shown the Pb
results here because the larger nuclear mass number produces
what is expected to be the maximum effect due to shadowing.

The large x region available for nuclear targets in the
AFTER@LHC kinematics with a proton beam has the unique
capability to make unprecedented studies of this heretofore

unexplored range. The AFTER@LHC measurements would
bridge the gap between the dedicated fixed-target experi-
ments in the range 17.2 < /sSyy < 41 GeV and the d + Au
and the upcoming p + A collider experiments at RHIC, albeit
in an x range never before studied.

In the AFTER@LHC configuration with a Pb beam, the
rates are smaller, though still significant, and the more con-
ventional x range is probed.
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High luminosity data in a fixed-target experiment allow studying interactions of heavy quarks with nuclear matter in the
intermediate energy range with extremely high precision. We present a feasibility study for open charm and bottom production
measurements in the energy range of a fixed-target experiment at the LHC (AFTER@LHC). We demonstrate, that high-precision
data from AFTER will allow answering two open questions: if there is a collective behavior of charm quarks in p + A collisions
at RHIC energy and if charm production is suppressed in the energy range of +/syy = 60-80 GeV. We argue that simultaneous
measurement of D° suppression as a function of traverse momentum at midrapidity and forward rapidity can help to pin down the
mechanism of charm energy loss in the hot and dense nuclear medium.

1. Introduction

Relativistic heavy ion collisions provide a unique opportunity
for studying quark-gluon plasma (QGP), a new state of
nuclear matter with properties determined by quark and
gluon degrees of freedom. Its properties can be studied with
heavy quarks: charm and bottom. They are produced very
early in the collision, in the initial interactions with large
momentum transfer. Their production and both total and
differential cross sections are well described by perturbative
QCD calculations. Moreover, due to large masses, they are
expected to interact with the nuclear matter differently
compared to light partons.

We can infer properties of the QGP by studying modifi-
cation of heavy quarks production in the heavy ion collisions
compared to proton-proton baseline (for details, see [1]
and references therein). Energy loss and elliptic flow of
open heavy flavor are sensitive to the dynamics of the
medium; such measurements could be used to determine the
fundamental properties of the QGP, for instance, transport
coeflicients. Elliptic flow of heavy quarks can give insights
into degree of thermalization of the created nuclear matter
and can help to discriminate between different models of
heavy quark interactions with the QGP.

Heavy flavor production at RHIC (measured via D° and
electrons from semileptonic decays of heavy flavor hadrons,
™) in Au + Au collisions at /Sy = 200 GeV is suppressed

at high transverse momentum (p;) and e"* have a signif-
icant elliptic flow v, (elliptic flow is defined as the second
harmonic in the Fourier expansion of the particle azimuthal
distribution with respect to the reaction plane [2]). These
results suggest that charm quarks are strongly coupled with
the medium: heavy quarks loose a large amount of energy
and acquire a significant elliptic flow during interaction with
matter created at top RHIC energy.

Beam energy scan (BES) program at RHIC was carried
out recently to study the phase diagram of nuclear matter
and search for a phase transition and a critical point. BES
results show that elliptic flow of inclusive charged hadrons
is approximately independent of beam energy (the difference
is less than 10% for 0.5 < p;r < 3GeV/c) and light
hadron production is suppressed at high p; in the energy
range of 39-200GeV. In Au + Au collisions at +/syy =

62.4 GeV, production of ™" is not suppressed (within large
uncertainties). Moreover, measurements of elliptic flow of
e™ in Au + Au collisions at \/Syy = 62.4 and 39 GeV [3]

showed that v, of e"™" is consistent with zero. This is a different
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TABLE 1: Average number of participants (N,,,) and binary collisions (Ny,,) in p-Pb collisions at /syy = 115GeV for centrality classes
defined as percentiles of the hadronic cross section. The mean values and the RMS are obtained with a Glauber Monte Carlo calculation.

Centrality b, [fm] ) [M] (Npi) RMS(Ny;,) (Npart? RMS(N,ort)
0-10% 0 2.41 8.0 2.7 9.0 2.7
10-20% 2.41 3.42 7.3 2.6 8.3 2.6
20-30% 3.42 4.19 6.6 2.4 7.6 2.4
30-40% 4.19 4.83 5.8 2.3 6.8 2.3
40-50% 4.83 5.41 4.9 2.1 59 21
50-60% 5.41 5.93 3.9 1.8 4.9 1.8
60-70% 5.93 6.43 2.9 1.5 3.9 1.5
70-80% 6.43 6.95 2.2 1.2 3.2 1.2
80-90% 6.95 7.60 1.6 0.8 2.6 0.8
90-100% 7.60 19.80 1.2 0.4 2.2 0.4

behavior than that for light hadrons, where a positive v,
is observed and the difference between /sy = 200 GeV
and 39 GeV is small. These results suggest that there is a
difference in the interactions of the heavy quarks with the
surrounding nuclear matter at 200 GeV compared to the two
lower energies and there is already a change of the nuclear
matter properties in the energy range of 62.4-200 GeV. High
luminosity data of a proposed fixed-target experiment at the
LHC (/syn =72 GeV) together with a wide rapidity coverage
could shed new light on the energy loss mechanism for charm
quarks (which we discuss in Section 5) and give a precise
answer if heavy flavor production is suppressed or not at high
pr-

For the interpretation of the results from heavy ion
collisions, it is important to have a good handle on the
so-called cold nuclear matter (CNM) effects. This category
includes modifications of the particle yields not related to the
QGP formation, such as a shadowing (modification of parton
distributions in a nucleus) or a Cronin effect (an enhance-
ment of transverse momentum in p + A with respectto p+ p
collisions). Experiments at RHIC and LHC recently reported
collective behavior of light hadrons in high multiplicity d +
Au [4] and p + Pb collisions [5], where these hadrons have
significant elliptic flow with a characteristic mass-splitting
pattern [6]. These observations triggered speculations that an
enhancement of ™" production in central and minimum bias
d + Au collisions at midrapidity at RHIC [7] could indicate a
collective phenomenon (radial flow) of heavy quarks in d +
Au [8]. However, this enhancement could be also due to the
CNM effects: it can be reproduced assuming Cronin effect for
charm quarks [9]. A direct measurement of elliptic flow v,
of D° will answer the question of heavy quark collectivity in
p + A collisions. High luminosity p + A collisions at AFTER
will allow quantifying the CNM effects and measuring v, with
high precision to address these two issues.

In this paper we present estimates of the precision
expected for open heavy flavor measurements at the proposed
fixed target experiment at LHC (AFTER@LHC). We first
describe the simulation setup we use and then present and
discuss estimates for physical observables for open charm
and open bottom in p + A collisions at /sy = 115GeV

and Pb + Pb collisions at \/syy = 72 GeV. We argue that
these measurements at AFTER will address open questions
about heavy quark collectivity in p + A collisions and energy
dependence of the heavy quark interactions with a nuclear
matter.

2. Centrality Estimation

We estimate centrality bins in p + Pb collisions at /syy =
115 GeV and Pb + Pb at /sy = 72 GeV using Glauber Monte
Carlo calculations with the PHOBOS Glauber Monte Carlo
[10, 11] version 2.1. We assume that the nucleon-nucleon cross
section oy = 37mb at /sy = 72 GeV and the nucleon-
nucleon cross section oy = 39 mb at /sy = 115GeV, and
the rest of parameters have the default values.

Centrality bins are defined as percentiles of hadronic
cross sections. Figure 1 shows impact parameter distributions
in p-Pb collisions at /sy =115 GeV and (b) Pb-Pb collisions
at \/Syny = 72 GeV. Tables 1 and 2 show the average number
of participants (N,,,) and binary collisions (Ny;,) and their
root mean square (RMS) values for those two systems for the
centrality classes.

3. Simulation Setup

3.1. Detector Setup. We consider a detector with similar
apparatus as the LHCb experiment [12]. We assume rapidity
coverage in the laboratory frame of 2 < y;, < 5 and
similar particle detector capabilities and efficiencies (muon
detection capability and precise microvertexing detector).
The efficiencies reported by LHCD [13, 14] are used in our esti-
mates (Figure 2). We consider two experimental techniques
for open heavy flavor measurements: D’ measurements via
secondary vertex reconstruction and B — J/y determina-
tion via a pseudo-lifetime method.

Since both D° and J/y from B-hadron decays are mea-
sured at the forward rapidity in a laboratory frame with a
precise vertex detector, a large boost will strongly suppress the
background. Thus we neglect the background contribution to
the statistical uncertainties in our estimations. The large boost
also allows for D and B mesons and B — ]/y measurements
down to zero p; via displaced vertex reconstruction.
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TaBLE 2: Average number of participants (N,,,) and binary collisions (N;,) in Pb-Pb collisions at /Sy = 72 GeV for centrality classes
defined as percentiles of the hadronic cross section. The mean values and the RMS are obtained with a Glauber Monte Carlo calculation.

Centrality b [fm] Doy [fm] (Nyin) RMS(Nyin) (Npm) RMS(NPM)
0-10% 0 4.80 884.0 128.0 338.5 34.0
10-20% 4.80 6.77 557.2 82.2 241.8 25.6
20-30% 6.77 8.30 346.5 58.9 170.8 20.8
30-40% 8.30 9.59 206.2 429 1171 17.2
40-50% 9.59 10.72 115.4 30.6 76.7 14.6
50-60% 10.72 11.75 59.4 20.6 47.0 12.0
60-70% 11.75 12.69 28.0 13.0 26.6 9.5
70-80% 12.69 13.58 12.2 7.5 13.7 6.8
80-90% 13.58 14.55 52 4.0 6.8 4.2
90-100% 14.55 20.00 2.3 1.8 3.5 21
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FIGURE 1: Impact parameter distribution for percentiles of the hadronic cross section obtained from a Glauber Monte Carlo calculation in (a)
Pp-Pb collisions at /sy = 115GeV and (b) Pb-Pb collisions at /syy = 72 GeV.
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FIGURE 3: Charm quark differential cross section per nucleon-nucleon collision as a function of p; in p + Pb and Pb + Pb collisions.

3.2. Heavy Quarks Production Cross Sections. We obtain
charm and bottom quark production cross sections using
FONLL (fixed-order plus next-to-leading logs) program [15,
16], version 1.3.3 [17]. We run the calculation assuming charm
quark mass m, = 1.5GeV/c’ and bottom mass m, =
4.75GeV/c? using CTEQ6.6 [18] parton distribution function
convoluted with EPS09 [19] shadowing parametrization (cen-
tral value). Other parameters (scales) have the default values.
Figures 3 and 4 show charm and bottom quarks differen-
tial cross section per nucleon-nucleon collision as a function
of prin p + Pb and Pb + Pb collisions. Only central values
from FONLL are shown. Since experimental data for heavy
flavor production at RHIC energies are consistent with upper
limit on the FONLL calculations [20, 21] we believe that
the results in Figures 3 and 4 provide us with conservative
estimates of heavy quark cross section for those energies.

3.3. Charmed and Bottom Mesons Production. In the exper-
iments we measure the final-state particles (D°, B-meson
or J/y from B-meson decays). In this study we made a
few simplifications to estimate the expected yields based
on charm and bottom cross sections. For D° meson, we
assume that it has approximately the same p, spectrum as
charm quarks. Charm hadronization ratio to D° is 0.565
[22] and D° will be measured via D° — K 7" (branching
ratio BR = 3.8%) via secondary vertex reconstruction. We
used TPythia8Decayer from the ROOT framework [23] to
simulate B — J/y decays. For the input, we assumed that
B*, Bg, and B’ have the same p;. spectrum as bottom quarks,
rapidity has a uniform distribution in narrow bins we have
used (Ay = 0.5), and the hadronization fraction to B meson

is fb — B) = 0764 (fb — B°) = f(b — BY) =
(33.7 £ 2.2)% and f(b — Bg) = (9.0 £ 0.9)% [24]). The
branching ratio for B — J/y + X is taken as BR = 1.16%.
Figure 4(b) shows an input bottom quark spectrum and J /v
from bottom meson decays for |[y| < 0.25. At the energy of
VS = 115 GeV, we expect bottom quark production with py
up to 11 GeV/c, which allows for B — J/y measurement with
pr up to 10 GeV/c.

To calculate the production rates, we take an integrated
luminosity & = 160pb™" for p + Pb collisions at \/syy =
115GeV and # = 7nb~! for Pb + Pb collisions at /Syx
= 72GeV [25]. Finally, we apply the charmed meson and
J/y reconstruction efficiencies reported by LHCb (Figure 2)
to the simulated D° and B — J/y distributions to
estimate the yields and statistical uncertainties expected in
the experiment.

3.4. Energy Loss of Charm Quarks. The suppression of open
heavy flavor production observed at RHIC is comparable
to that for light hadrons. This was a surprising result at
the beginning because models which described well the
light flavor data assuming gluon radiation (radiative energy
loss, dE/dx,,q) predicted that the heavy quark production
will be less suppressed than light partons [26]. This led
to introduction of collisional energy loss dE/dx .y due to
binary interactions of partons with other objects in the QGP.
One difficulty in modeling heavy quark energy loss is that
the relative contributions of dE/dx., and dE/dx.4 are
unknown. To understand better the interplay of these two
processes, precise measurements of suppression of charm and
bottom separately are necessary. We argue that measurements
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in Pb + Pb collisions at /sy = 72 GeV in different rapidity
ranges can help to estimate what are the shares of dE/dx,,4
and dE/dx_, in the observed suppression.

To model charm quark energy loss, we use predictions
from [27] for radiative and collisional energy loss of heavy
quark. Figure 5 shows the expected energy loss per unit of
distance traveled in a nuclear matter for charm quarks from
model Iin [27] with a coupling constant «; = 0.3, an infrared
regulator y = 0.4 GeV, and temperature T' = 200 MeV (see

[27] for details). For low energies of heavy quarks, dE/dx_.;
dominates but the radiative energy loss increases fast with
increasing heavy quark energy and dE/dx,,q overshadows
dE/dx_ gy for E > 5 GeV.

A large acceptance of planned AFTER experiment allows
probing different regimes of the energy loss, despite limited
D° pr range available experimentally, because charm quark
at forward/backward rapidity will have a larger overall energy
for the same p compared to midrapidity.

To model the suppression of heavy quark production, we
assume that the average path length in the nuclear matter (L)
is approximately equal to the averaged transverse path length
(L,,) (distance traveled in a plane perpendicular to the beam
axis) traversed by a quark from a production point to the
edge of the created fireball. We adopted a definition of (L) =

\Jo2 + 0}2, from [28], where o2 and o*; are variances of x and

y positions of the participant nucleons, respectively. afc and
0; are obtained using PHOBOS Glauber Monte Carlo and
(L) = 4.104 fm for 0-10% most central collisions. We use a
nuclear modification factor R, to quantify the modification
of the charm quark p; spectrum due to energy loss:

Ry (py) = Ngfss (pr) )
T) = Taia 7

AA N oa (Pr)

where N is a yield with energy loss applied and Ny, 104

is a heavy quark yield without any energy loss for a given
centrality class and a given rapidity bin.

Figure 6 shows a nuclear modification factor R 4 , (central
value) at midrapidity (Figure 6(a)) and backward rapidity
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(Figure 6(b)) for 0-10% most central Pb + Pb collisions
expected for dE/dx .y and dE/dx,, shown in Figure5.
The difference between dE/dx,, and dE/dx.; is more
pronounced at backward rapidity, even at relatively low
Pr> because quarks have much larger energy due to larger
longitudinal momentum. Measurement at these two rapidity
ranges simultaneously could help to pin down interplay of
these two mechanisms.

4. Nuclear Modification Factors and
Elliptic Flow in p + Pb Collisions at

V(syn) = 115 GeV

The sampled luminosity calculation in p + p collisions
is a significant source of the uncertainty when an energy
loss is studied comparing heavy ion and p + p collisions.
Alternatively, we can use a central-to-peripheral ratio R¢p to
quantify modification of the yields in p+A or A+ A collisions:

Perip Central
Nbin N (p T)

. , 2)
Ngintral N Perip ( pT)

Rep (pr) =

where N and NP are yields in central and peripheral
A + A collisions, respectively, for a given rapidity range
and NS and N]f;rlp are the average numbers of binary
collisions for central and peripheral collisions. We use 0-10%
most central collisions as a central bin and 60-80% bin as a
baseline in R calculations.

Figure 8(a) shows the expected statistical uncertainties
for nuclear modification factor R¢p for D° at midrapidity and
backward rapidity. Figure 7 presents the results for B — [ /.
The expected precision will allow a precision study of the
cold nuclear matter effects for both charm and bottom for
pr < 6GeV/c. Figure 8(b) shows statistical uncertainties for
elliptic flow measurement. High luminosity data expected
from AFTER would give a precise answer if there are any signs
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FIGURE 7: Expected statistical uncertainty of R, for B — J/yin p
+ Pb collisions at /sy = 115 GeV.

of collective behavior of charm quarks in p + A collisions at
the intermediate energy at RHIC.

5. Nuclear Modification Factor for
Charmed Meson in Pb + Pb Collisions at

SN = 72 GeV

Figure 9 shows the expected precision of Rqp for charmed
meson as a function of p; at midrapidity and backward
rapidity. We show estimates for pure collisional and radia-
tive energy loss scenarios based on Figure 5. The expected
integrated luminosity for a single year will allow addressing
the question if charm production is suppressed at high
transverse momentum at /Sy = 72 GeV. The comparison
of results at different rapidity ranges will help to pin down
the interplay of energy loss mechanisms at this energy range.
The measurements of D° suppression for various collisions
systems (which is feasible in a multiple-year physics program
at AFTER) are even more interesting since they will allow
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FIGURE 9: Expected statistical uncertainties of nuclear modification factor R, for D’ meson in Pb + Pb collisions at /Sy = 72 GeV.

studying the energy loss as a function of path length and
energy density of the created system.

6. Summary

We presented prospects for open charm and bottom produc-
tion measurements in a fixed target experiment at LHC. We
argue that such measurements will address important open
issues about interactions of heavy quarks with the nuclear
matter. High luminosity p + A and Pb + Pb data will help
answer questions if there is a collective behavior of heavy
quark in p + A collisions at RHIC and what is the mechanism
of energy loss of heavy quarks. Measurements at /Sy =
72 GeV can shed new light on energy dependence of heavy
quark interaction with the nuclear matter and thus on the
phase diagram of nuclear matter.
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We discuss the application of an open storage cell as gas target for a proposed LHC fixed-target experiment AFTER@LHC. The
target provides a high areal density at minimum gas input, which may be polarized 'H, *H, or *He gas or heavy inert gases in a
wide mass range. For the study of single-spin asymmetries in pp interaction, luminosities of nearly 10**/cm” s can be produced with

existing techniques.

Devoted to Professor Willy Haeberli (Wisconsin) on his 90th birthday on June 17, 2015, who presented the first ideas on a
polarized storage cell target 50 years ago at the 2nd Polarization Symposium, 1965, in Karlsruhe (Germany) and who pioneered

1. Introduction

Colliding beam facilities are indispensable tools for achieving
the highest possible collision energies +/s. Their range of
application may be enlarged by adding a fixed-target experi-
ment, for example, using a thin internal gas target which does
not affect the luminosity life time significantly. Experiments
based on such targets offer distinct features as compared with
collider experiments [1, 2]:

(1) Accessing the large negative Feynman x; domain,

(2) achieving high luminosities with dense targets,

(3) varying the atomic number A of the target in a wide
range,

(4) polarizing light target atoms (*H, *H = D, *He) with

polarization of the nuclear spin s.

The target proposed consists of an open storage cell, a narrow
straight tube with thin walls of length L located in the

this technique and brought it to maturity

machine vacuum along the beam axis into which gas is
injected at the center in two modes:

(i) polarized atomic beam (e.g., H) into a feed tube of low
gas conductance;

(ii) unpolarized gas via capillary from a gas handling
system.

The gas diffuses through the cell openings into the machine
vacuum system, usually a powerful differential pumping
system, and constitutes within the cell a density distribution
of triangular shape with its maximum p, [atoms/cm’] at
the center. The areal target density 0 is then 6 = p, - L/2
(see Section 3). Such kind of gas targets for storage rings is
reviewed in [3]. Targets for proton beams at intermediate
energies have been applied at the cooler ring COSY (FZ
Jiillich) [4-6] and at the IUCF Cooler Ring [7]. At the 30 GeV
electron ring of the HERA collider (DESY Hamburg), the
HERMES H&D target [8] has been operated successfully
during 1996-2005. In 1995, prior to the HERMES H&D


http://dx.doi.org/10.1155/2015/463141

target, a polarized *He target [9] has been used for the
measurement of the neutron spin structure function.

In the following, the design and performance of the
HERMES H&D target which may be closest in design to the
proposed LHC target are reviewed in Section 2. First ideas of
astorage cell target in the LHC are presented in Section 3. The
paper is concluded by discussing some of the open problems
which need to be subject of further studies.

2. The HERMES Polarized Hydrogen and
Deuterium Target

An overview of the HERMES polarized H and D target [8] is
presented in Figure 1. It consists of three main components:

(i) the Atomic Beam Source (ABS) for the production
of an intense polarized atomic hydrogen beam, con-
sisting of a dissociator with cooled nozzle, a sys-
tem of sextupole magnets focusing the wanted hfs
components' into the feed tube of the cell, and
adiabatic rf-transitions® for setting and switching the
target polarization between states of opposite sign
(Endnotes™?);

(ii) the target chamber with T-shaped storage cell of
400 mm in length and elliptical cross section with
diameters horizontal/vertical of 21 and 9 mm, respec-
tively, and a longitudinal or vertical holding field B up
to 350 mT. The cell temperature could be set to values
between 50 and 300 K;

(iil) the diagnostic system for analyzing a weak sample
beam drawn from the target cell, consisting of the
polarimeter (BRP) measuring the substate population
and the target gas analyzer (TGA) detecting the
molecular fraction and thus the degree of recombina-
tion within the cell. From these parameters, the target
polarization as seen by the beam is deduced.

For details of the design, operation, and analysis of the data of
the diagnostic system the reader is referred to [8] and to the
references therein, in particular on the various subsystems.
Here a few important details are given, only. The ABS injects
a flux of =6.5 x 10'° atoms/s into the feed tube of the target
cell, corresponding to a recombined H,-flow rate of about
2.5 - 107> mbarl/s into the machine vacuum system. The
target particles (H, H,) are confined by the cell walls to
the close vicinity of the beam axis, thus increasing the areal
density to values of about 10"*/cm?, two orders of magnitude
higher than the density of the injected atomic beam. The Al-
walls of the cell are cooled to a temperature of about 100 K
for two reasons: (i) increasing the density 6 by +/3 and (ii)
buildup of a thin layer of frozen water which suppresses wall
recombination effectively. The water is produced within the
dissociator from a small O, admixture to the hydrogen gas
and flows with the atomic beam.

A “strong” guide field of sufficient homogeneity is
required for the target, either longitudinal for helicity mea-
surements or transverse for transverse spin effects. The
strength of about 300 mT = 6 - B, (B, = 50.7 mT is the critical
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field of the H atom) for the longitudinal field was chosen such
that (i) proton and electron spins are fully decoupled and (ii)
there is no depolarizing resonance due to the periodic bunch
field of the beam. The target polarization® is deduced from
the data continuously recorded by the diagnostic system. The
density-weighted target polarization along z can be related to
the sample beam data using assumptions about the relaxation
mechanisms which contributes to the error.

The stability of the target is demonstrated in Figure 2,
where the raw data of the transverse proton run 2002/03 are
shown. For 2002, the average target polarization corrected for
guide field and degree of dissociation was |P,| = 0.74 + 0.06
only, partly due to a less stable operation of HERA and to
a weaker guide field of the normal-conducting transverse
magnet, in contrast to the 1996/97 longitudinal proton run
with average polarization |P,| = 0.851+0.033 (see Endnote?).

Polarized deuterium has been run in 1999/2000 with
longitudinal field. In 2000, a very stable operation had been
achieved, resulting in the following parameters: (D) = 1.05-
10" /cm?, with P, = +0.851 + 0.029 and —0.840 + 0.026 and
P,, = +0.891 + 0.027 and —1.656 + 0.049 [8] (see Endnote?).

It should be noted that the same target has been used with
unpolarized gas in a broad mass range for the study of the
A-dependence of various effects in DIS*. The *He target [9]
run in 1995 had the following characteristics: target density
6(*He) = 3.3 - 10"*/cm® and polarization P, = 0.46 + 0.02.
Today, the polarization of such optically pumped targets can
reach values of 0.8, that is, 80% of the maximum [12].

3. First Ideas on an LHC Storage Cell Target

3.1. Density Achievable for Polarized Hydrogen. The target
density 6 depends on the geometry of the storage cell and
the gas input. The required aperture at a beam waist may be
estimated with safety margin of 1 mm by

r=150,+1lmm (r=x,y), (1)

with 0, being the 1o beam radius in the horizontal and vertical
plane. With nominal parameters for the LHC IP° of o* =
16 - 10 ° m and the beta function f* = 0.55m (* = min.
values at IP), (1) results in a required aperture of 1.24 mm,
dominated by the safety margin. At z = +0.5 m the aperture
increases slightly to 1.46 mm. It seems unlikely that such
small apertures are compatible with a stable LHC operation.
Another criterion is required for first estimates on a possible
cell target for the LHC.

At the VELO detector [13-15] of LHCDb, the two halves can
be opened during injection and tuning. In the closed position,
anarrow tube of 1 cm in diameter and 100 cm in length is wide
enough to guide the LHC beam through the detector. In the
following we assume conservatively (see Figure 3) a size of
D, = l4cm and L, = 50cm for a cylindrical target cell,
that is, a full length of 100 cm, which may have the option
to open by being split into two halves. For the feed tube we
assume D, = 1.0cm and L, = 10 cm, a geometry for which
the HERMES ABS has been optimized.
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FIGURE 2: Results of the target analysis for the HERMES 2002/03 data taking period with transverse proton polarization as number of days,
since August 1, 2002 (taken from [8]): (a) degree of dissociation « measured by the TGA (« = 1: no molecules); (b) positive and negative vector
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The gas conductance of a tube in the molecular-flow
regime is given by [3]

3.81/(T/M) D}

GlUsl = =3y

2)

where T' is the temperature in K, M 1 the molecular
mass for atomic hydrogen, and L, D are in cm. The total
conductance C,, of the cell from the center outwards is
then C,,, = 2C,; + C, which at T 300K amounts to
Cior = 12.811/s. With a flux of polarized hydrogen atoms of
I =6.5-10" H/s into the cell, the central density p, is then

I 507-10"
=2

Ctot (3)

Po =

>

cm

resulting in an areal polarized hydrogen density of the 100 cm
long cell of 1.4 cm i.d. at T = 300 K of

0 =p,L, =2.54-10"/cm’. (4)

The pp luminosity of such a target installed at LHC at nominal
proton beam current of 3.6 - 10'® p/s is then

Ly =092 10¥/cm?s. (5)

For optimizing the cell wall conditions it might be necessary
to run the cell at a temperature of 100 K instead of 300 K, as
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FIGURE 3: Storage cell geometry. The proton beam is traversing the
beam tube of total length 2L ; the polarized atomic beam enters
“ballistically” via the feed tube into the center and diffuses outwards
along the three tube elements with a density maximum p, in the
center (figure taken from [3]).

for the HERMES target [8] (see Section 2). This would result
in a +/3 higher target density and a maximum luminosity of
Zyp (100K) =159 - 10*/cm?s.

If such a target is run in addition to other experiments,
it is important to know its effect on the life time 7, of a
stored LHC proton beam. Let us assume a maximum value
of £, = 1.6 - 10°°/cm?s. The loss rate is then given by
the product of &, with the pp loss cross section at a CM
energy of 162 GeV, which we estimate by 0.1b, resulting in a
loss rate dN/dt = N* = 1.6 - 10° p/s. The relative loss rate is
N°/N,, with the number of stored protons N, = 3.2 - 10",

which gives a relative loss rate of 5 - 107/s, corresponding
to a /e beam life time, the inverse of the relative loss rate, of
2-10° s or 23 days. We conclude that for the pp case additional
beam losses caused by the hydrogen target gas are negligible.
The target density given above is limited by the present target
technology, for example, the intensity of the source feeding
the cell target.

These are first estimates only, which need to be developed
further if the details of a fixed-target experiment at LHC
are known. The calculated target densities and the resulting
luminosities are within a favorable range. Clearly, several
aspects need to be investigated to make such estimates more
reliable, in particular (i) the amount of target gas the LHC
machine vacuum system can accept, (ii) the role of frozen
layers like water on the inner cell surface and whether
they might cause instabilities, (iii) problems of access and
reliability of running a complex pumping system in the LHC
tunnel, and so forth.

3.2. Density Achievable for Heavy Ion Collisions. As men-
tioned earlier, heavy unpolarized target gas could be injected
into the cell for the study of heavy ion collisions. In principle,
the gas flow from a Gas Feed System and thus the density
of a cell target can be very high. On the other hand, there
will be limitations due to the maximum gas flow the vacuum
system at a possible LHC target station can take. Another
limit might come from the rate capability of the detector
system. Here, we present estimates of a density limit set by
the requirement that the cell target filled with a heavy gas
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must not shorten the beam life time of a heavy ion beam, for
example, a Pb beam, by more than 10%. For the LHC in Pb-Pb
collider mode without gas target we assume a beam life time
of 10 h. As target gas we assume xenon with average molecular
weight M = 131. As a loss cross section we start with the
total hadronic cross section o, of Pb on Pb of 7.65b [16]. By
scaling with the nuclear radii, the Pb-Xe loss cross section is
estimated to be 6.6 b. We require that the additional “target”
life time® 7, = 10 - 10h = 3.6 - 10° s is related to the the loss
rate dN/dt = N° (N = number of stored Pb ions = 4 - 10'°)
by

N oL
N  36-10°s’
" (6)
hat is N* 4-10 5
that is N =m=1.1'10 /SZng-Xe'Gtot'

This results in a maximum Pb-Xe luminosity of Zp, x. =
1.7 - 10*®/cm® s and a maximum density of Xenon atoms of
Oy, = 3.8 - 10" /cm®. The xenon flow rate into the target cell
required to produce this density amounts to a value of 3.2 -
10~ mbar I/s. It should be noted that the LHC Pb-Pb design
luminosity in collider mode is 1-10*/cm* s. We conclude that
for the hypothetical Pb-Xe fixed-target case a high luminosity
in the order of the LHC Pb-Pb design luminosity can be
produced. The Pb-Xe fixed-target luminosity is not limited
by the storage cell technology but rather by other factors like
beam life time, detector rate, and so forth.

In Table 1, the results of this study are compared with past
or existing targets in storage rings, their main operational
parameters, and luminosities achieved.

4. Summary

In this study, the application and expected performance
of a storage cell target interacting with the LHC beam
are investigated. Using polarized light atoms (‘H, ?D, and
possibly *He) from external sources and a proton beam,
single-spin asymmetries of various processes for longitudinal
or transverse target polarization could be measured at high
rate. With unpolarized atoms or molecules in a broad mass
range from H, to Xe or beyond as target gas, heavy ion
collisions could be studied with flexible choice of the target
mass and target density. These estimates show that a high
luminosity for proton-proton and heavy ion collisions at the
LHC can be achieved using the storage cell technique. The
optimum density has to be determined taking a number of
operational aspects into account.

It should be noted that due to the strongly forward
peaked particle emission, the physics accessible by such an
ultrarelativistic fixed-target experiment depends very much
on the design of the detector. This is not subject of the present
study.

In summary, the promising results of this study indicate
that a storage cell target combined with the LHC beam
may open access to additional physics topics like the gluon
contribution to the proton spin, the gluon EMC effect, or
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TaBLE 1: Comparison of gas targets in storage rings with a hypothetical target for the proposed AFTER@LHC initiative [1, 2].The target gas

'H, 2D, or *He is assumed to be spin polarized.

Storage ring Particle [lé‘za\’;] Target type [an] [71;] [I/Lc?nmz( N Remarks Reference
HERA-e 31
+ Cell 100 2.5-10 HERMES exp.
2:}2{ 2007) e pol 276 'H, D, *He 04 25 2.5.10% 1995-2007 (4]
RHIC-p 30 Absolute p
BNL p pol. 250 Jet — — 1.7-10 polarimeter [10]
COSY 3.77 Cell'H, *D 10% ANKE exp. [4,5]
FZ Jillich p, d pol T = 49.3 MeV Cell 'H 04 3000 575102 PAX exp. [11]
Cell
IéII_EII({:N p unpol. 7,000 'H, 2D L0 100 10% Based on techn. of this paper
(oroposed) heavy ions 2,760 - A Xe : >100  107-10®  HERMES target bap
prop M ~ 131

deconfinement studies using the Pb beam with targets of
different mass, as discussed in [1, 2].
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Endnotes

Hyperfine structure components; see [3].

2. Radio-frequency transitions between hfs components;
see [3].

3. The vector polarization P, is bound to -1 < P, <1and
tensor polarization P,, for spin =1to -2 < P,, <1; see
3].

4. Deep inelastic scattering.

Interaction point, for example, collision point.

6. Note: the total target life time 7, is calculated from the
individual loss rates N; by 7, = (1/N] + 1/N; + -+ )y
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We present a review of the state of the art of our understanding of the intrinsic charm and bottom content of the nucleon. We
discuss theoretical calculations, constraints from global analyses, and collider observables sensitive to the intrinsic heavy quark
distributions. A particular emphasis is put on the potential of a high energy and high luminosity fixed target experiment using the

LHC beams (AFTER@LHC) to search for intrinsic charm.

1. Introduction

The existence of a nonperturbative intrinsic heavy quark
component in the nucleon is a rigorous prediction of Quan-
tum Chromodynamics (QCD). An unambiguous experimen-
tal confirmation is still missing and would represent a major
discovery. The goal of this paper is to summarize our current
understanding of this subject with a particular focus on the
potential of a high energy and high luminosity fixed target
experiment using the LHC beams (AFTER@LHC) [1-4] to
search for intrinsic charm.

Production processes sensitive to the intrinsic heavy
quark distributions of protons and nuclei are among the most
interesting hadronic physics topics that can be investigated
with AFTER@LHC. In contrast to the familiar extrinsic
contributions which arise from gluon splitting in perturbative
QCD, the intrinsic heavy quarks have multiple connections
to the valence quarks of the proton and thus are sensitive
to its nonperturbative structure. For example, if the gluon-
gluon scattering box diagram, gg — QQ — gg (the analog
of QED light-by-light scattering), is inserted into the proton

self-energy, the cut of this amplitude generates five-quark
Fock states of the proton luudQQ); see Figure 1.

Intrinsic strange, charm, and bottom quarks are thus
a fundamental property of the wavefunctions of hadronic
bound states [5-8]. While the extrinsic contributions to the
heavy quark parton distribution functions (PDFs) are most
important at low x and depend logarithmically on the heavy
quark mass Mg, the intrinsic heavy quark contributions
are dominant at high x and depend on 1 /Mé. Because the
extrinsic heavy quarks are generated by gluon splitting, their
PDFs are always softer than those of the parent gluon by a
factor of (1 — x). In contrast, the high x intrinsic heavy quark
contributions are kinematically dominated by the regime
where the [uudQQ) state is minimally off shell, correspond-
ing to equal rapidities of the constituent quarks. The resulting
momentum and spin distributions of the intrinsic Q and Q
can be distinct, for example, s(x) # 5(x), since the comoving
uudQQ quarks are sensitive to the global quantum numbers
of the protons.
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FIGURE 1: Five-quark Fock state |uudQQ) of the proton and the
origin of the intrinsic sea.

A finite intrinsic charm contribution to the nucleon has
been extracted from lattice QCD. An analysis by the MILC
collaboration [9] yields a probability for the charm matrix
element (N|cc|N) in the range of 5-6%, consistent with a
four-loop perturbative QCD calculation [10].

While the first experimental evidence of intrinsic heavy
quarks came from the EMC measurement of the large x
charm structure function [11], a variety of other charm
hadrons and charmonium measurements are consistent with
the existence of intrinsic charm. Open charm observables
in hadroproduction include forward A, production at the
ISR [12]. Similarly, the coalescence of comoving b, u, and d

quarks from the |uudbb) intrinsic bottom Fock state in the
proton can explain the high x, production of the A, (udb)
baryon, as observed at the ISR [12]. and asymmetries between
leading and nonleading charms (D mesons which share
valence quarks with the projectile and D mesons which do
not, resp.) measured as functions of x; and pr in fixed target
experiments, WA89 and WAS82 at CERN; E791 and SELEX at
Fermilab; see [13-15] and references therein. Previous fixed
target J/y measurements also give indications of important
intrinsic charm contributions, particularly from the nuclear
mass, or A, dependence, as measured by NA3 at CERN as
well as E772 and, later, E866 at Fermilab; see, for example,
[16]. Indeed, the A dependence, proportional to A%, is quite
different than the &« ~ 1 expected from extrinsic-type
production [17]. At large xp, there are indications of A*?
dependence, consistent with a nuclear surface-type interac-
tion instead of the volume dependence of pQCD. In addition,
the NA3 collaboration measured double J/y production at
forward xp in A interactions, difficult to explain without
an intrinsic charm mechanism [18]. All of these observables
can be studied with higher energies and luminosities at
AFTER@LHC, making precision measurements possible for
the first time.

In addition to the typical observables for intrinsic heavy
quarks, these intrinsic heavy quarks also contribute to a
number of more exotic observables and inclusive and diffrac-
tive Higgs production pp — ppH, in which the Higgs
boson carries a significant fraction of the projectile proton
momentum [19, 20]. There are also important implications
for intrinsic charm and bottom quarks in Standard Model
physics, as in the weak decays of the B-meson [21] and a novel
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solutionto the J/y — pm problem [22]. AFTER@LHC could
also shed light on these topics.

The rest of this paper is organized as follows. In Section 2,
we give an overview of the theoretical models predicting the
x-shape (but not the normalization) of the intrinsic charm
and bottom parton distribution functions. In Section 3, we
discuss the constraints on the normalization of the intrinsic
charm (IC) obtained in global analyses of PDFs. Section 4 is
devoted to the intrinsic bottom (IB) content of the nucleon,
for which there are currently no quantitative constraints.
In Section 5 we review collider observables sensitive to an
intrinsic charm or bottom PDE Finally, in Section 6 we
present our conclusions.

2. Theoretical Models

The QCD wavefunction of a hadron can be represented as a
superposition of quark and gluon Fock states. For example,
at fixed light-front time, a hadron wavefunction can be
expanded as a sum over the complete basis of free quark
and gluon states: [¥,) = ) |m) v, ,(x;, kr,;) where the
color-singlet states, |m), represent the fluctuations in the
hadron wavefunction with the Fock components |9,4,95)>
19192939)> 1919293¢¢), and so forth. The boost-invariant
light-front wavefunctions, v,,,(x;, kr;), are functions of
the relative momentum coordinates x; = k;/P" and kp;
where k; denotes the parton momenta and P the hadron
momentum. Momentum conservation demands Z?:l x; =1

and Y, %T’i = 0 where #n is the number of partons in state
|m). For example, as predicted by Brodsky and collaborators,
in the BHPS model intrinsic charm fluctuations [5, 23] can be
liberated by a soft interaction which breaks the coherence of
the Fock state [24] provided the system is probed during the
characteristic time that such fluctuations exist.

Microscopically, the intrinsic heavy quark Fock compo-
nent in the proton wavefunction, |uudcc), is generated by
virtual interactions such as gg — QQ where the gluons
couple to two or more valence quarks. The probability for cc
fluctuations to exist in a hadron is higher twist since it scales
as 1/m? relative to the extrinsic, EC, leading-twist production
by photon-gluon fusion [18].

The dominant Fock state configurations are not far oft

shell and thus have minimal invariant mass, M* = ¥ i, /x;,

where 72 = mi2

: + @%ﬁ is the square of the average
transverse mass of parton i. The general form of the Fock state
wavefunction for a hadron with mass m,, appropriate to any

frame at fixed light-front time is

> I'(xpky;
‘I’(x,»,kli) = ﬁ, (1)
where T'is a vertex function, expected to be a slowly varying,
decreasing function of m; — M”. The particle distributions
are then controlled by the light-front energy denominator
and phase space. This form for the higher Fock components
is applicable to an arbitrary number of light and heavy
partons. Intrinsic cc Fock components with minimum invari-
ant mass correspond to configurations with equal rapidity
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constituents. Thus, unlike extrinsic heavy quarks generated
from a single parton, intrinsic heavy quarks carry a larger
fraction of the parent momentum than the light quarks in the
state [5, 23].

The parton distributions reflect the underlying shape of
the Fock state wavefunction. Assuming that it is sufficient
to use (k7) for the transverse momentum, the probability
distribution as a function of x in a general n-particle intrinsic
cc Fock state is

dPyc 4 (1 - ZL x;)

=N ’
dxedv, " oyn )

where N, normalizes the n-particle Fock state probability.
At LO in the heavy quark limit, 71, iz > my,, i

'

dPyc x2x2
=N, 0| 1-
d.xi"'dxn n C) Zx (3)

(x, + xz

leading to

8
F;CCLO (x) = §xc (x)

dP )

8
9 J - “dxzdxi edxzdx,

There are many applications of intrinsic charm in charm
hadron production. See, for example, [13-16, 18] for more
details.

Paiva et al. have also calculated an intrinsic charm
component of the nucleon sea within the context of the
meson cloud model [25]. They assumed that the nucleon can
fluctuate into DA ,. The € distribution in the nucleon is then

1
= a0 H(2),
where
2
gDNA Fmax [_t"'(mAc_mN)] 5
f5() = osey J_OO dt - F2 (1), (6)
D

with F(t) being a form factor at the DNA vertex and ¢, =
myy — my /(1 — ). In this case they chose a monopole
form factor with A,, = 1.2 GeV. The coupling constant was

assumed to be gp,, = —3.795. From heavy quark effective

theories [26], the ¢ distribution in the D is expected to be
hard because, in the bound state, the ¢ exchanges momenta
much less than m,. They make the extreme assumption that
the entire D momentum is carried by the charm quark, ¢5 =
x8(x — y).

Next, Steffens et al. investigated all the charm structure
function data with two variants of intrinsic charm [27]. The
first was that of (4), called IC1 in their paper, while the second
was a meson cloud model, IC2. In the second approach, the ¢

distribution is obtained from the light-front distribution of

! ro i
167‘[2 0 +

5 )2 (7)

—0 .
D mesons in the nucleon:

() = f5(x) =

1-x
A hard charm momentum distribution was assumed 1n the
D, similar to that of [25]. The vertex function g 2(x, k ) is
parameterized as g2 = gé(A2 + mN)/(A2 + s, ) Where s,
is the square of the center-of-mass energy of the DA . system

and g¢ the coupling constant at s, = my,. For an intrinsic
c

charm probability 0of 1%, A = 2.2 GeV. The charm distribution
is then

IC2 _fA ( ) )

where the charm distribution in the A . isassumed tobec, ~
6(x —2/3)and fAC(x) = fp(1 - x).

Pumplin [28] considered a model where a point scalar
particle of mass m, couples with strength g to N scalar
particles with mass m;,m,, ..., my. The probability density

is then
dP = dx.5( 1-
(67" (N - 2>'ﬂx ( ZX>J
(5_50)N72 2 Y
'WU:(SN ,
s—m}

where s, = Zj\il
higher mass state contributions. If the quark transverse
momenta are neglected, with 71, much greater than all other
mass scales, and F(s) = 1, then the BHPS model is recovered.
Two types of form factors were studied, an exponential
|F(s))* = exp[—(s — mg)/Az] and a power law |F(s))?
1/(s+A%)" where the cutoff A is varied between 2 and 10 GeV.

Hobbs et al. employed a meson cloud type approach
but specified the spin and parity of all lowest mass charm
meson-baryon combinations from the 5-particle |uudcc)
Fock states of the proton [29]. They pointed out that treating
quarks as scalar point-like particles, as in, for example,
[28], does not conserve spin and parity. They calculated the
appropriate meson-baryon splitting functions for the meson-
baryon combinations and found that the production of charm
mesons would be almost entirely through D* mesons. To
study the phenomenological distributions of charm mesons
and baryons in this approach, they studied exponentlal and
conﬁmng vertex functions, oc exp[—(s — mD) /A?] and (s —
mD)exp[ (s— mD) /A%, respectively. They used these results
to compare to the A . distribution from the ISR [30] and the
A, /KC asymmetry from SELEX [31]. See [29] for details.

2
(m r /xj). The form factor F(s) suppresses



3. Global Analyses of PDFs with
Intrinsic Charm

In the standard approach employed by almost all global
analyses of PDFs, the heavy quark distributions are generated
radiatively, according to DGLAP evolution equations [32-
34], starting with a perturbatively calculable boundary con-
dition [35, 36] at a scale of the order of the heavy quark mass.
In other words, there are no free fit parameters associated
with the heavy quark distribution and it is entirely related to
the gluon distribution function at the scale of the boundary
condition. As a consequence, also the PDF uncertainties for
the heavy quark and the gluon PDFs are strongly correlated
as has been discussed in the context of inclusive Higgs
production at the Tevatron and the LHC [37]. However,
a purely perturbative treatment might not be adequate in
particular for the charm quark with a mass m, = 1.3GeV
which is not much bigger than typical hadronic scales but
also for the bottom quark with a mass m;, = 4.5GeV.
Indeed, as discussed above, light-front models predict a
nonperturbative (“intrinsic”) heavy quark component in the
proton wavefunction [5, 23]. Motivated by the theoretical
predictions of the BHPS light-front model, analyses of the
charm distribution in the proton going beyond the common
assumption of purely radiatively generated charm date back
almost as far as the BHPS predictions themselves. For
definiteness, in the following we refer to the radiatively
generated charm by ¢;(x,Q) and to the intrinsic charm by
¢,(x,Q). The full charm parton distribution is then given by
the sum c(x, Q) = ¢(x, Q) + ¢;(x, Q). Strictly speaking, this
decomposition is defined at the initial scale Q, = m, of the
DGLAP evolution but holds to a good approximation at any
scale since the intrinsic component ¢, is governed (to a very
good approximation) by a standalone nonsinglet evolution
equation [38]. A similar decomposition is understood for the
bottom quark which will be discussed in Section 4.

The BHPS model of the |uudcc) Fock state predicts a
simple form for F, (x):

F;CC (x) = <§x> %Nsx2 [% (1-x) (1 + 10x+x2)
(10)
+2x(l+x)lnx].

If there is a 1% intrinsic charm contribution to the proton
PDE, N, = 36.

Hoffmann and Moore incorporated mass effects and
introduced next-to-leading order corrections as well as scale
evolution [39]. They compared their result to the EMC F,,
data from muon scattering on iron at high x and Q> with
the intrinsic charm contribution added to the leading order
calculation of F,, by photon-gluon fusion.

A complete next-to-leading order analysis of both the
“extrinsic” radiatively generated charm component and the
intrinsic component was later carried out by Harris et al. [7].

The EMC data with ¥ = Q?/2m,% = 53, 95, and 168 GeV
were fit by a sum of the extrinsic and intrinsic components
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[7]. The normalization of the two components was left as free
parameters:

F,. (x, W, mf) = eF)¥ (x, yz,mf) +OFC (x, W, mf), 1)

with the scale u = +/mZ + Q% The parameter ¢, typically
larger than unity, was considered to be an estimate of the
NNLO contribution to the extrinsic contribution. Since a
1% normalization of the IC component was assumed in (11),
the fitted value of § is the fraction of this normalization.
Given the quality of the data, no statement could be made
about the intrinsic charm content of the proton when 7 =
53 and 95 GeV. However, with ¥ = 168 GeV an intrinsic
charm contribution of (0.86 + 0.60)% was indicated. These
results were consistent with those of the original analysis by
Hoffmann and Moore [39].

The BHPS light-front model assumes that ¢, (x) = ¢;(x).
Meson cloud models, introduced later, treat the 5-particle

Fock state as a combination of (predominantly) BOAJ; In
this case, of course, ¢;(x) # ¢,(x) with the ¢ quark in

the D’ carrying more momentum than the ¢ quark in the
charm baryon. An analysis by Steffens et al. in the context
of the meson cloud model and using a hybrid scheme
to interpolate between massless evolution at high Q* and
“extrinsic” production at low Q? found a limit of ~0.4% [27].

Regardless of whether or not the models predict ¢, (x) —
¢ (x) > 0, intrinsic charm should provide the dominant
contribution to the charm density in the proton at large x
[28].

For some time, no other analyses of the charm struc-
ture function were made. The EMC data remain the only
measurement of the charm structure function in the relevant
(x,Q%) regime and are the only DIS data cited as evidence for
intrinsic charm. The HERA data on F,, were at too low x to
address the issue.

The first global analyses of the proton PDFs with an
intrinsic charm contribution included were performed by
members of the CTEQ collaboration [40, 41]. In addition to
the BHPS and meson cloud approaches, they also allowed
for a “sea-like” contribution with the same shape as the
radiatively generated charm distribution. They characterized
the magnitude of the intrinsic charm component (¢, (x, Q%)
by the first moment of the charm distribution at the input
scale Q, = m, = 1.3 GeV (Note that at Q, = m, the radiatively
generated charm component (¢ (x, Q?)) vanishes at NLO in
the MS scheme so that ¢(x, Qé) = ¢ (x, Qg).):

1
a(N=1,Q) = J dx ¢ (x,Q}) = 0.01, (12)
0
which translates into a momentum fraction
1
(%) ¢4z, = J dx x [c1 (x, Qg) +c, (x, Qg)] =0.0057. (13)
0

They found that the global analyses of hard-scattering data
provided no evidence for or against the existence of intrinsic
charm up to (x)..¢ 0.0057; that is, the quality of

the fit is insensitive to (x) .z in this interval. They also
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found that the allowed range was greatest for the sea-like
IC expected since this shape is rather easily interchangeable
with other sea quark components while the other, harder,
charm distributions are not [40]. In addition, they concluded
that the enhancement due to IC relative to analyses without
it persisted up to scales of ~100GeV and could have an
influence on charm-initiated processes at the LHC, as is
discussed later. The CTEQ6.6C proton PDFs were generated
as a result of this analysis [41].

There are two recent updates to the global analyses, reach-
ing different conclusions about the importance of intrinsic
charm. The first, by Dulat et al. [42], follows the previous work
in the context of the CTEQ collaboration [40, 41]. The second,
by Jimenez-Delgado et al. [43], included more lower energy
data than the previous global analyses.

The result of Dulat et al. [42] was based on the CTI10
NNLO parton densities. Here the strong coupling, ag(Q), the
evolution equations, and the matrix elements are calculated
at NNLO. Only the inclusive jet data still required NLO
expressions. Their analysis included DIS data from BCDMS,
NMC, CDHSW, and CCFR; SIDIS data from NuTeV and
CCFR; the combined DIS and F,, data from HERA; Drell-Yan
production; the W charge asymmetry and Z° rapidity from
CDF and D0; and the inclusive jet measurements from CDF
and DO; see [42] for a complete list.

Two models of IC were considered: the BHPS light-front
model and the sea-like IC introduced in [40]. They found
a broader possible probability range for IC in this analysis,
(X)1c = (x)CIJrE1 (Q(Z)) < 0.025 for BHPS and (x)c < 0.015 for
the sea-like IC, summarized in Figure 2. This finding differs
from the previous work which found a larger upper limit on
IC for the sea-like model. They believe that the difference is
caused by the improved treatment of the charm quark mass
in the later study [42].

In addition to the global fit, they also tested the sensitivity
of their result to individual experiments by introducing a
penalty factor, T, (i), for each experiment i. This penalty factor
is designed to increase more rapidly than the y7 for that
experiment when y7 goes beyond the 90% confidence level.
The penalty factor employs an equivalent Gaussian variable S,
which measures the goodness of fit for each individual data
set. Values of S, < |1| are considered good fits, S, > 3 is
considered to be a poor fit, and values of S,, < —3 are better
fits than expected from usual statistical analyses. Using the
S, dependence on (x);¢, they determined which of the data
sets used in the global analyses are most sensitive to intrinsic
charm. The upper limit on the BHPS value of (x);- comes
from the CCFR structure function data while the HERA
combined charm data sets the upper limit on IC from the sea-
like model [42].

They also studied the sensitivity of their sea-like result
to the charm quark mass and found that if the charm quark
mass was raised from 1.3 GeV, as in the CT10 fits, to 1.67 GeV,
then the minimum y? for the global analyses would support
(x)1c = 0.01 rather than 0 although the global X2 is worse for
the larger charm mass [42]. Finally, they showed how W and
Z production at the LHC might be affected by a nonzero IC
contribution.

3160

3120 +

3080 +
o Ry
=
3040 +
3000 F
2960 L L
0 0.01 0.02 0.03
<x)1c
—— BHPS BHPS + T,
—— SEA SEA + T,

FIGURE 2: The global chi-square function versus charm momentum
fraction (x)c. The two curves are determined from fits with many
values of (x);c. Two exemplary fits for each IC model are shown as
dots. Blue dots denote the BHPS model; the dots have (x),c = 0.57%
and 2%, which are denoted as BHPS1 and BHPS2. Red denotes SEA
model; the dots have (x),c = 0.57% and 1.5%, which are denoted
as SEA1 and SEA2. Additionally the dotted lines show global chi-
square function with additional penalty, T, (i), used to set the upper
limits on the allowed IC component (figure taken from [42]).

In the most recent study, Jimenez-Delgado et al. [43]
included the full range of high energy scattering data by using
looser kinematic cuts Q* > 1 GeV? and W? > 3.5GeV>. In
particular, they included the lower energy SLAC fixed target
data which did not pass the more stringent standard DIS cuts
on the (Q*, W?) plane applied in the previous work [40-42].
The EMC F,, data, cited as the strongest evidence for intrinsic
charm in DIS, are used as a consistency check. The low energy,
high x, fixed target data lie precisely in the region where IC
is expected to be most important. Thus including these data
could enhance the sensitivity of the global fit to IC. Note,
however, that some of these newly added data are on heavier
targets than the deuteron and thus target mass corrections,
nuclear corrections for A > 2, and higher-twist effects need
to be taken into account [43].

They followed the framework of the JR14 [44] global
fit which decomposed F, into light and heavy components.
The charm component is itself separated into the “extrinsic”
and intrinsic charm components. The fixed-flavor number
scheme is used to compute the extrinsic contribution. In this
scheme, the charm quark mass enters the PDF evolution only
indirectly through the running of «, [43]. They employed a
charm quark mass of 1.3 GeV, as did Dulat et al. [42]. They
used all three intrinsic charm models previously considered:
BHPS, the meson cloud model (this time including pseu-
doscalar and vector mesons as well as spin 1/2 and spin 3/2
charm baryons—the CTEQ analyses only included the scalar
BAE fluctuation), and the sea-like component [43]. The IC
contribution was evolved up to NLO.



300

250

200

I 150

100

50

04

0 0.2 0.4 0.6 0.8 1
(1 (%)

e Total ° H1 Fp,

= E605 Dimuon

= E866 pp ° JLab p
E866 pd JLab d

o SLAC p ° Jets ZEUS
E866 rat Jets H1

a SLACd ° Jets CDF
HERA ° Jets DO

v E665 ° BCDMS F,

v NMC ° BCDMS F;,

+ BCDMS p ° E140x F,

+ BCDMSd ° E140x F},

° NMC rat ® HERA o,

« HIF,

FiGURe 3: Contributions to the total XZ (black circles), relative to
the value Xg for no IC, of various data sets as a function of the
momentum fraction (x). (figure taken from [43]).

They found that the total y* is minimized for {(x);c = 0
with (x);c < 0.1% at the 50 level. When a hadron suppression
factor to suppress charm contributions near threshold is
applied, they find a minimum XZ at (x);c = (0.15 £ 0.09)%
for the full data set. The SLAC F, (large x), NMC cross
sections (medium x), and HERA F,. (low x) display the
greatest sensitivity to IC; see Figure 3 for details. However, fits
without the SLAC data still give a low IC contribution [43].
The difference between their results and previous results is in
part due to the very different tolerance criteria, Ay* = 1 for
their fit and A X2 = 100 for Dulat et al. [42]. Increasing the
tolerance to Ay* = 100 would also accommodate (x);c = 1%
at the 1o level [43]. (For a critical discussion of the analysis in
[44] and in particular of the tolerance criterion A XZ =1 see
(45, 46].)

When checked against the EMC F,, data, a clear pref-
erence for IC is found, as expected, for the highest x data.
(The EMC p-p data have not been included in some global
analyses because of a possible conflict with HERA e-p data
at very low x; however, the relative suppression of the low
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x and low Q* EMC data could be accounted for by nuclear
shadowing, suppressed evolution, higher twist, and other
effects.)

Given that the two most recent analyses set significantly
different limits on IC, it is important to collect further large
x data, particularly on F,, to try and place greater confidence
on the limit of IC in the nucleon. This would be an important
measurement at the future electron-ion collider.

4. Predictions for Intrinsic Bottom

In contrast to the case of intrinsic charm, there is currently no
global analysis available that investigates the possibility of an
intrinsic bottom (IB) content of the nucleon. The main reason
for this is the lack of experimental data that could constrain
it. The BHPS light-front model [5] predicts the existence of
IB with an x-shape very similar to the one of IC given in (10)
but with a normalization which is parametrically suppressed
by the ratio m?/m;. This fact, together with the observation
that the IB PDF is governed (to an excellent approximation)
by an independent nonsinglet evolution equation [38], can
be used to investigate IB in a flexible way without the need
of a dedicated global analysis. Such a study has been done
in [38] where a set of decoupled IB (and IC) PDFs has been
provided and used together with the CTEQ6.6 PDFs [41] to
estimate the impact of the IB on new physics searches at the
LHC. The advantage of this approach is that the provided IB
(IC) PDF can be used with any standard set of PDFs and
the normalization of the intrinsic component can be freely
adjusted. This is especially useful for studies of possible IB
effects, as, in that case, there are no experimental limits on
what amount of IB is allowed.

In the following we show some of the results found
in [38]. In this work, the boundary condition for the IB
distribution was modeled using the IC distributions in the
CTEQ analyses [40, 41] scaled down by the mass factor
mf /mi. The result of such an intrinsic bottom distribution

b (x, Q?%), with normalization _[01 dx b (x, m?) =0.01 xm? /mﬁ,
is shown in Figure 4, where the ratio of the intrinsic (b;) and
the radiatively generated (4,) component of the bottom PDF
is plotted. As always in the light-front models the intrinsic
component is mostly present at large x values. We can see that
for low scales Q ~ 10 GeV the modification of the bottom
PDE «;, = 1 + b, /by, can reach «;, = 2.5. However, it decreases
rapidly with the rising scale. Since b, evolves independently
of the other PDFs the change in the normalization of the
IB component in Figure 4 can be done by simply rescalin§
the curves in the figure. If we allowed for a 0.035 x m’/m;
normalization of the IB the modification of the bottom PDF
would be given by x, = 1 + b, /b, x 3.5, which for high x and
Q ~ 10 GeV would result in an enhancement of the bottom
PDF by a factor ~6.25. However, at a scale of around 100 GeV
and x below 0.2-0.3, even with the higher IB normalization,
the effect is becoming negligible.

In Figure 5 we show the sum of the intrinsic bottom PDF
b, and the dynamically generated PDF b, from CTEQ6.6 for
different normalizations of the IB component, namely, 0.01
and 0.035 x m” /. We compare this sum to the asymmetric
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FIGURE 4: Ratio of intrinsic (b)) and dynamically generated (b,)
bottom PDFs for various Q scales. The perturbative bottom PDF
from CTEQ6.6¢0 [41] is used; the normalization of the IB is taken
to be such that jol dx b, (x,m?) = 0.01 x m’/m; (figure taken from
[38]).
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FIGURE 5: CTEQ6.6 + b, for different normalizations of the intrinsic
bottom quark PDF at the scale Q = 10GeV, compared to the
asymmetric PDF errors from the same set (a). Also shown is the ratio
of the same PDF sets to the central value of CTEQ6.6 (b).

uncertainties (The asymmetric errors are computed following
[47, 48].) of the CTEQ6.6 PDF set (a). In the same figure is
also shown the ratio of the same PDFs to the central value of
CTEQ6.6 (b). As can be seen, the IB curve with the 0.035 x
m? /m} normalization clearly lies outside the uncertainty
band whereas the one with the smaller normalization is
marginally outside the band (up to x < 0.6).

If we are looking for new physics with couplings pro-
portional to the mass, the suppression of IB compared to
the IC would be partly compensated by the square of the
coupling. For a more detailed study of the relevant parton-
parton luminosities please see [38].

5. Collider Observables

Several collider observables receive large contributions from
heavy quark initiated subprocesses and are hence potentially
sensitive to an intrinsic charm content in the nucleon. In
order to expect optimal effects the heavy quark PDF should
be probed at large x > 0.2 (for light-front models) and
not too large factorization scales. This kinematic region
is best accessible at lower energies in the center-of-mass
system (cms) and/or large rapidities. Therefore, a fixed target
experiment like AFTER@LHC [1-4] operating at cms energy
Vs = 115GeV with a high luminosity is ideally suited for
searches of IC effects. In the following we review some of the
collider processes which have been studied in the literature in
this respect.

5.1. Open Heavy Flavor Production. Inclusive charm hadron
(D°, D*,D**, A,...) production in hadronic collisions was
advocated in [49] as a laboratory to probe IC inside the col-
liding hadrons. In this analysis, predictions for the differential
cross section in dependence on the transverse momentum
pr were obtained in the general-mass variable-flavor-number
scheme (GM-VENS) [50-52] at next-to-leading order (NLO).
In this scheme, the charm quark is an active parton and
the differential cross sections of inclusive charm meson
production depend heavily on the PDF of the charm quark.
The sensitivity of these cross sections to IC was studied for
the Tevatron at cms energy of 1960 GeV and the Relativistic
Heavy Ion Collider (RHIC) at cms energies of 200 GeV
(RHIC200) and 500 GeV (RHIC500). The different IC models
from the CTEQG6.5¢ global analysis [40] were employed
together with the fragmentation functions for charm mesons
from [53]. While the effects at the Tevatron were found to
be very moderate and likely not testable, large enhancements
were found at RHIC200 reaching values of ~3 at p = 20 GeV.
Unfortunately, the measurements at RHIC200 are limited by
the luminosity. At RHIC500 the cross section is increased by
about a factor 3.6. However, the sensitivity to IC for the light-
front models is greatly reduced.

More recently, the GM-VENS was applied to obtain
predictions for the production of inclusive D mesons at the
LHC for cms energy of 7TeV (LHC7) [54]. It was found
that the production cross sections at large rapidities y > 4
are sensitive to an IC component. These predictions can be
tested by measurements at forward rapidities with the LHCb
detector.
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FIGURE 6: NLO predictions for inclusive D* meson production at AFTER@LHC versus the transverse momentum of the D meson. (a)
Differential cross section on an absolute scale without intrinsic charm. (b) Ratio with respect to to the central prediction of (a). Shown are
results using the IC parametrizations from [40] for n = 1 (red, solid line), 2 (violet, dotted line), 3 (blue, dashed line), 4 (green, long dashed
line), 5 (cyan, dot-dashed line), and 6 (orange, double-dot-dashed line). In both figures, the black dotted lines have been obtained by varying
the renormalization scale around the central choice (u; = my) to g = my/2 (upper line) and p = 2m. (lower line).

The ideal experiment to search for the effects of IC
would be a high luminosity fixed target experiment such
as AFTER@LHC operating at cms energy of 115GeV. In
Figure 6 we show results for inclusive D* meson production
as a function of the transverse momentum of the D* meson
integrated over the rapidity range 2 < y < 5 (in the laboratory
frame) in essentially the same setup as in [49] to which we
refer for details. The only difference is that, following [55], the
default choice for the renormalization and factorization scales
\ P7 +m? is the
transverse mass. The theoretical predictions are shown on an
absolute scale in Figure 6(a) and as a ratio with respect to the
default results in Figure 6(b). In both figures, the black dotted
lines have been obtained by varying the renormalization scale
around the central choice to pi = m/2 (upper line) and py =
2my (lower line). In Figure 6(b) we repeat the calculation
of the central prediction in turn with PDF sets CTEQ6.5Cn
for n = 1,...,6 and normalize the outcome to the default
prediction with zero IC of Figure 6(a). We observe that the
ratios for n = 1,2, 3,4 corresponding to the BHPS (n = 1,2)
or meson cloud (n = 3,4) models become very large at
large p;. Indeed, the default cross section can be increased
by more than a factor 5 at p = 20 GeV in scenarios with
maximally allowed intrinsic charm (n = 2,4). Even for the
IC sets with smaller normalization (n = 1, 3) corresponding
to (x); 4z, = 0.57% and (x).,z = 0.96% the cross section
would be enhanced by a factor larger than 2 (red solid line)
or 3 (blue dashed line) at p; = 20 GeV. It is also interesting to
note that the phenomenological models for a sea-like IC (1 =
5,6) lead to a significant enhancement of the cross section at

. !
is g = my, pp = pp = my/2, where mp =

small pr ~ m, which would be probed at AFTER@LHC as
well.

5.2. Production of a Photon in Association with a Charm
Quark. Another process with a wide range of phenomeno-
logical applications in pp, pA, and AA collisions [56-58]
which is very sensitive to the heavy quark PDF is the
associated production of a photon with a heavy quark. A
dedicated study of this process at the LHC operating at
\/s = 8 TeV (LHCS8) was performed in [59, 60] where it was
demonstrated that the existence of IC in the proton can be
visible at large transverse momenta of the photons and heavy
quark jets at rapidities 1.5 < [y, | < 2.4, [y,| < 2.4. Indeed,
for the BHPS model the cross section can be enhanced by a
factor of 2-3 for p% > 200 GeV (see Figure 5 in [60]). This
comes with the penalty that the cross section falls rapidly with
increasing transverse momentum so that this measurement
will be limited by statistics.

Again, as for open heavy flavor production, the lower cms
energy together with the high luminosity makes a fixed target
experiment like AFTER@LHC the ideal place to discover IC
using y + ¢ production. This can be seen in Figure 7, where
the differential cross section is enhanced by a factor 5 at pl. =
20 GeV (b) with a not too small cross section (a).

5.3. Vector Boson Production. Dulat et al. [42] studied the
sensitivity of W* and Z° production to the presence of IC.
Vector boson production at the LHC is an interesting testing
ground for IC because they are produced at relatively large x
and Z° — ['I” is a rather clean final state. They did a NNLO
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varying the central factorization scale y = pl. by a factor 2 up and down (blue, dotted curves). (b) Depicting the ratio of the curves in (a)

with respect to the central prediction without intrinsic charm.

calculation of W and Z production including IC based on
their global fits at 4/s = 8 and 14 TeV. They also studied the
ratio doyy+ - (y)/doz(y) relative to the result with no IC.
Neither of these calculations showed an effect larger than the
uncertainties due to the CT10 sets themselves. However, when
the Z° py distribution with IC was compared to that without,
they saw a factor of two enhancement at p; ~ 500GeV
for /s = 8TeV in the range || < 2.1. The corresponding
enhancement at 14 TeV was smaller at the same p; because
the x value reached is reduced at the higher energy [42].

We show a simple test case here for W and Z production
to NLO at +/s = 7TeV. We use only the BHPS IC
parameterization for the five-particle Fock state, shown in
(10). We assume a 1% normalization and no Q’ evolution
to maximize the possible effect at forward rapidity. The p-
integrated rapidity distribution is shown in Figure 8, as is the
ratio of the result with IC to that without as a function of
rapidity. The rapidity distributions without IC are given by the
solid curves while the dashed curves are the calculations with
the BHPS IC contribution to the charm parton density. With
BHPS IC, one expects enhancement only at forward rapidity.
The enhancement from IC appears for |y| > 2.5. Note that
if the sea-like IC would be used instead, the enhancement
would be small but finite over all rapidity.

The W cross section is largest and most forward peaked,

because of the ud contribution. The contribution from the cd
part is a very small addition since the u valence contribution
is large and peaks at large x, making the y distribution larger
at |[y| ~ 2 than at y = 0. Indeed, it gives the smallest IC
contribution. The W~ distribution should have the largest
possible contribution from IC because both du and dc peak at
low x and because the d valence distribution peaks at lower x

so that the W™ rapidity distribution has a maximum at y = 0.
At |y| ~ 4, the IC enhancement is ~40%. Finally, the Z°
distribution, with a plateau over |y| < 1.5, also has a very
small IC contribution because the charm enhancement only
comes through cc.

Such IC enhancements are only visible outside the midra-
pidity acceptance of the collider detector coverage of CMS
and ATLAS. However, LHCb or ALICE covers this forward
rapidity range with muons and could detect forward Z°. They
could also look at the lepton rapidity asymmetry (W' —
W7)/(W* + W) at forward rapidity. The statistical accuracy
of the measurement would need to be high to distinguish an
IC enhancement from the no IC result, especially since the 1%
BHPS IC is likely an upper limit on this enhancement. Note
that the higher energy of LHC Run 2 will reduce the potential
enhancement even though it would increase the rates.

6. Conclusions

The existence of nonperturbative intrinsic charm and bot-
tom components is a fundamental prediction of QCD. In
this paper, we have reviewed the current status of our
understanding of this intrinsic heavy quark content of the
nucleon which yet remains to be confirmed experimentally.
In particular, after introducing theoretical models predicting
the intrinsic heavy quark distributions we have turned to
a summary of the available information on intrinsic charm
coming from global analyses of parton distribution functions.
There are no global analyses of intrinsic bottom available
and we have described how IB can be modeled in order to
explore its impact on collider observables keeping in mind
that bottom quark initiated subprocesses play an important
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role in certain electroweak observables and in models for
physics beyond the Standard Model. We then have turned to a
discussion of collider processes where IC could be discovered.
Generally, the effects of IC are larger at colliders with a lower
center-of-mass energy and for hard processes with moderate
factorization scales. Therefore, a high luminosity fixed target
experiment like AFTER@LHC operating at a center-of-mass
energy /s = 115 GeV would be ideally suited to discover or
constrain IC.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors are grateful to T. Stavreva for providing Figure 7.
The work of S. J. Brodsky was supported by the Department
of Energy Contract no. DE-AC02-76SF00515. The work of R.
Vogt was performed under the auspices of the US Depart-
ment of Energy by Lawrence Livermore National Laboratory
under Contract DE-AC52-07NA27344.

References

(1] S. J. Brodsky, E Fleuret, C. Hadjidakis, and J. P. Lansberg,
“Physics opportunities of a fixed-target experiment using LHC
beams,” Physics Reports, vol. 522, no. 4, pp. 239-255, 2013.

[2] J. P. Lansberg, S. J. Brodsky, F Fleuret, and C. Hadjidakis,
“Quarkonium physics at a fixed-target experiment using the
LHC Beams,” Few-Body Systems, vol. 53, no. 1-2, pp. 11-25, 2012.

[3] J. Lansberg, R. Arnaldi, S. Brodsky et al., “AFTER@LHC: a
precision machine to study the interface between particle and
nuclear physics,” EP] Web of Conferences, vol. 66, Article ID
11023, 4 pages, 2014.

[4] A.Rakotozafindrabe, M. Anselmino, R. Arnaldi et al., “Studying
the high x frontier with afixed-target experiment at the LHC,” in
Proceedings of the 21st International Workshop on Deep-Inelastic
Scattering and Related Subject (DIS ’13), p. 250, Marseille,
France, April 2013.

[5] S.J. Brodsky, P. Hoyer, C. Peterson, and N. Sakai, “The intrinsic
charm of the proton,” Physics Letters B, vol. 93, no. 4, pp. 451-
455, 1980.

S. J. Brodsky, J. C. Collins, S. D. Ellis, J. E Gunion, and A. H.
Mueller, “Intrinsic chevrolets at the SSC;” in Proceedings of the
1984 Summer Study on the SSC, Snowmass, Colo, USA, June-
July 1984, Edited by R. Donaldson and J. G. Morfin (AIP, New
York, NY, USA, 1985).

[7] B. Harris, J. Smith, and R. Vogt, “Reanalysis of the EMC charm
production data with extrinsic and intrinsic charm at NLO,
Nuclear Physics B, vol. 461, pp. 181-196, 1996.

[8] M. Franz, M. V. Polyakov, and K. Goeke, “Heavy quark mass
expansion and intrinsic charm in light hadrons,” Physical
Review D, vol. 62, Article ID 074024, 2000.

[9] W.Freeman and D. Toussaint, “Intrinsic strangeness and charm
of the nucleon using improved staggered fermions,” Physical
Review D, vol. 88, no. 5, Article ID 054503, 18 pages, 2013.

=



Advances in High Energy Physics

[10] A. Kryjevski, “Heavy quark gq matrix elements in the nucleon
from perturbative QCD,” Physical Review D, vol. 70, Article ID
094028, 2004.

[11] J. J. Aubert, G. Bassompierre, K. H. Becks et al., “Production
of charmed particles in 250 GeV y*—iron interactions,” Nuclear
Physics B, vol. 213, no. 1, pp. 31-64, 1983.

[12] G. Bari, M. Basile, G. Bruni et al., “The Aob beauty baryon
production in proton-proton interactions at v/s = 62 GeV: a
second observation,” Il Nuovo Cimento A, vol. 104, no. 12, pp.
1787-1800, 1991.

[13] R. Vogt, S. J. Brodsky, and P. Hoyer, “Systematics of charm
production in hadronic collisions,” Nuclear Physics B, vol. 383,
no. 3, pp. 643-684, 1992.

[14] R. Vogtand S.]. Brodsky, “Charmed hadron asymmetries in the
intrinsic charm coalescence model,” Nuclear Physics B, vol. 478,
no. 1-2, pp. 311-332, 1996.

[15] T. Gutierrez and R. Vogt, “Leading charm in hadron-nucleus
interactions in the intrinsic charm model,” Nuclear Physics B,
vol. 539, pp. 189-214, 1999.

[16] R. Vogt, S. J. Brodsky, and P. Hoyer, “Systematics of J/y
production in nuclear collisions,” Nuclear Physics B, vol. 360, no.
1, pp. 67-96, 1991.

[17] P. Hoyer, M. Vanttinen, and U. Sukhatme, “Violation of factor-
ization in charm hadroproduction,” Physics Letters B, vol. 246,
pp. 217220, 1990.

[18] R. Vogt and S. J. Brodsky, “Intrinsic charm contribution to

double quarkonium hadroproduction,” Physics Letters B, vol.

349, no. 4, pp. 569-575, 1995.

S.J. Brodsky, B. Kopeliovich, I. Schmidt, and J. Soffer, “Diffrac-

tive Higgs production from intrinsic heavy flavors in the

proton,” Physical Review D, vol. 73, no. 11, Article ID 113005, 13

pages, 2006.

S.J. Brodsky, A. S. Goldhaber, B. Z. Kopeliovich, and I. Schmidt,

“Higgs hadroproduction at large Feynman x,” Nuclear Physics B,

vol. 807, no. 1-2, pp. 334-347, 2009.

S. J. Brodsky and S. Gardner, “Evading the CKM hierarchy:

intrinsic charm in B decays,” Physical Review D, vol. 65, Article

ID 054016, 2002.

[22] S. Brodsky, G. de Teramond, and M. Karliner, “Puzzles in
hadronic physics and novel quantum chromodynamics phe-
nomenology,” Annual Review of Nuclear and Particle Science,
vol. 62, pp. 1-35, 2012.

[23] S.J. Brodsky, C. Peterson, and N. Sakai, “Intrinsic heavy-quark
states,” Physical Review D, vol. 23, no. 11, p. 2745, 1981.

[24] S.J. Brodsky, P. Hoyer, A. H. Mueller, and W.-K. Tang, “New
QCD production mechanisms for hard processes at large x,
Nuclear Physics B, vol. 369, no. 3, pp. 519-542, 1992.

[25] S. Paiva, M. Nielsen, F. S. Navarra, F. O. Duraes, and L. L. Barz,
“Virtual meson cloud of the nucleon and intrinsic strangeness
and charm,” Modern Physics Letters A, vol. 13, no. 34, pp. 2715-
2724, 1998.

[26] M. Neubert, “Heavy-quark symmetry,” Physics Reports, vol. 245,
no. 5-6, pp. 259-395, 1994.

[27] E M. Steftens, W. Melnitchouk, and A. W. Thomas, “Charm in
the nucleon,” The European Physical Journal C—Particles and
Fields, vol. 11, no. 4, pp. 673-683,1999.

[28] J. Pumplin, “Light-cone models for intrinsic charm and bot-
tom,” Physical Review D, vol. 73, Article ID 114015, 2006.

[29] T.Hobbs, J. Londergan, and W. Melnitchouk, “Phenomenology
of nonperturbative charm in the nucleon,” Physical Review D,
vol. 89, Article ID 074008, 2014.

_
0

[20

[21

—

1

[30] P. Chauvat, R. Cousins, K. Hayes et al., “Production of A . with
large X at the isr;” Physics Letters B, vol. 199, no. 2, pp. 304-310,
1987.

[31] F. Garcia, G. Alkhazov, A. G. Atamantchouk et al., “Hadronic
production of A, from 600 GeV/crr™, X~ and p beams,” Physics
Letters B, vol. 528, no. 1-2, pp. 49-57, 2002.

[32] G. Altarelli and G. Parisi, “Asymptotic freedom in parton
language,” Nuclear Physics B, vol. 126, pp. 298-318, 1977.

[33] V.N. Gribov and L. N. Lipatov, “Deep inelastic ep scattering in
p p p g
perturbation theory,” Soviet Journal of Nuclear Physics, vol. 15,
p- 438,1972.

[34] Y. L. Dokshitzer, “Calculation of the structure functions for
deep inelastic scattering and e"e” annihilation by perturbation
theory in quantum chromodynamics;” Soviet Physics—JETP,
vol. 46, pp. 641-653,1977.

[35] J. C. Collins and W.-K. Tung, “Calculating heavy quark distri-
butions,” Nuclear Physics B, vol. 278, no. 4, pp. 934-950, 1986.

[36] M. Buza, Y. Matiounine, J. Smith, and W. L. van Neerven,
“Charm electroproduction viewed in the variable-flavour num-
ber scheme versus fixed-order perturbation theory,” The Euro-
pean Physical Journal C, vol. 1, no. 1-2, pp. 301-320, 1998.

[37] A. Belyaev, J. Pumplin, W.-K. Tung, and C. P. Yuan, “Uncer-
tainties of the inclusive Higgs production cross section at the
tevatron and the LHC,” Journal of High Energy Physics, vol. 2006,
no. 1, article 069, 2006.

[38] E. Lyonnet, A. Kusina, T. Jezo et al, “On the intrinsic
bottom content of the nucleon and its impact on heavy
new physics at the LHC,)” Journal of High Energy Physics,
http://arxiv.org/abs/1504.05156.

[39] E. Hoffmann and R. Moore, “Sub-leading contributions to the
intrinsic charm of the nucleon,” Zeitschrift fiir Physik C, vol. 20,
no. 1, pp. 71-82, 1983.

[40] J. Pumplin, H. L. Lai, and W. K. Tung, “Charm parton content
of the nucleon,” Physical Review D, vol. 75, Article ID 054029,
2007.

[41] P. M. Nadolsky, H.-L. Lai, Q.-H. Cao et al., “Implications of
CTEQ global analysis for collider observables,” Physical Review
D, vol. 78, no. 1, Article ID 013004, 21 pages, 2008.

[42] S. Dulat, T.-J. Hou, J. Gao et al., “Intrinsic charm parton dis-
tribution functions from CTEQ-TEA global analysis,” Physical
Review D, vol. 89, no. 7, Article ID 073004, 18 pages, 2014.

[43] P. Jimenez-Delgado, T. J. Hobbs, J. T. Londergan, and W.
Melnitchouk, “New limits on intrinsic charm in the nucleon
from global analysis of parton distributions,” Physical Review
Letters, vol. 114, Article ID 082002, 2015.

[44] P.Jimenez-Delgado and E. Reya, “Delineating parton distribu-
tions and the strong coupling,” Physical Review D, vol. 89, no. 7,
Article ID 074049, 17 pages, 2014.

[45] S. J. Brodsky and S. Gardner, “Comment on ‘New limits on
intrinsic charm in the nucleon from global analysis of parton
distributions’;” http://arxiv.org/abs/1504.00969.

[46] P. Jimenez-Delgado, T. ]. Hobbs, J. T. Londergan, and W. Mel-
nitchouk, “Reply to comment on ‘new limits on intrinsic charm
in the nucleon from global analysis of parton distributions’,”
http://arxiv.org/abs/1504.06304.

[47] D. Stump, J. Huston, J. Pumplin et al., “Inclusive jet production,
parton distributions, and the search for new physics,” Journal of
High Energy Physics, vol. 2003, no. 10, article 046, 2003.

[48] P. M. Nadolsky and Z. Sullivan, “PDF uncertainties in WH
production at Tevatron,” http://arxiv.org/abs/hep-ph/0110378.



12

[49] B. A. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,
“Open charm hadroproduction and the charm content of the
proton,” Physical Review D, vol. 79, no. 9, Article ID 094009, 10
pages, 2009.

[50] B. A. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,

“Inclusive D™* production in pp collisions with massive charm

quarks,” Physical Review D, vol. 71, Article ID 014018, 2005.

B. A. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,

“Collinear subtractions in hadroproduction of heavy quarks,

The European Physical Journal C—Particles and Fields, vol. 41,

no. 2, pp. 199-212, 2005.

[52] B. A. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,
“Hadroproduction of D and B mesons in a massive VENS,” in
Proceedings of the 13th International Workshop on Deep Inelastic
Scattering (DIS °05), Madison, Wis, USA, April 2005.

[53] T.Kneesch, B. Kniehl, G. Kramer, and I. Schienbein, “Charmed-
meson fragmentation functions with finite-mass corrections,”
Nuclear Physics B, vol. 799, no. 1-2, pp. 34-59, 2008.

[54] B. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,
“Inclusive charmed-meson production at the CERN LHC,” The
European Physical Journal C, vol. 72, article 2082, 2012.

[55] B. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,
“Inclusive B-meson production at small p;. in the general-mass
variable-flavor-number scheme,” The European Physical Journal
C, vol. 75, p. 140, 2015.

[56] T. P. Stavreva and J. E Owens, “Direct photon production in

association with a heavy quark at hadron colliders,” Physical

Review D, vol. 79, Article ID 054017, 2009.

T. Stavreva, I. Schienbein, F. Arleo et al., “Probing gluon and

heavy-quark nuclear PDFs with y + Q production in pA

collisions,” Journal of High Energy Physics, vol. 2011, no. 1, article

152, 2011.

[58] T. Stavreva, E Arleo, and I. Schienbein, “Prompt photon in
association with a heavy-quark jet in Pb-Pb collisions at the
LHC;” Journal of High Energy Physics, vol. 2013, no. 2, article 072,
2013.

[59] V. Bednyakov, M. Demichev, G. Lykasov, T. Stavreva, and M.
Stockton, “Searching for intrinsic charm in the proton at the
LHC,” EP] Web of Conferences, vol. 60, Article ID 20047, 3 pages,
2013.

[60] V. A. Bednyakov, M. A. Demicheyv, G. I. Lykasov, T. Stavreva,
and M. Stockton, “Searching for intrinsic charm in the proton at
the LHC,” Physics Letters, Section B: Nuclear, Elementary Particle
and High-Energy Physics, vol. 728, no. 1, pp. 602-606, 2014.

[51

[57

Advances in High Energy Physics



Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2015, Article ID 249167, 7 pages
http://dx.doi.org/10.1155/2015/249167

Research Article

Near-Threshold Production of W*, Z°, and H® at a Fixed-Target

Experiment at the Future Ultrahigh-Energy Proton Colliders

J. P. Lansberg,' R. Mikkelsen,"? and U. I. Uggerhej’

'IPNO, Université Paris-Sud, CNRS/IN2P3, 91406 Orsay, France
Department of Physics and Astronomy, Aarhus University, 8000 Aarhus, Denmark

Correspondence should be addressed to R. Mikkelsen; rune@phys.au.dk
Received 25 March 2015; Revised 5 July 2015; Accepted 18 August 2015
Academic Editor: Luca Stanco

Copyright © 2015 J. P. Lansberg et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The
publication of this article was funded by SCOAP’.

We outline the opportunities to study the production of the Standard Model bosons, W*, Z°, and H’, at “low” energies at fixed-target
experiments based on possible future ultrahigh-energy proton colliders, that is, the High-Energy LHC, the Super proton-proton
Collider, and the Future Circular Collider hadron-hadron. These can be indeed made in conjunction with the proposed future
colliders designed to reach up to /s = 100 TeV by using bent crystals to extract part of the halo of the beam which would then
impinge on a fixed target. Without disturbing the collider operation, this technique allows for the extraction of a substantial amount
of particles in addition to serving for a beam-cleaning purpose. With this method, high-luminosity fixed-target studies at centre-
of-mass energies above the W*, Z°, and H® masses, /s = 170-300 GeV;, are possible. We also discuss the possibility offered by an

internal gas target, which can also be used as luminosity monitor by studying the beam transverse shape.

1. Introduction

In this paper, we consider the possibility of performing fixed-
target experiments with the beams of the proposed high-
energy LHC (HE-LHC) (see, e.g., [1]), the Future Circular
Collider hadron-hadron (FCC-hh) (see, e.g., [2]), and the
Super proton-proton Collider (SppC) (see, e.g., [3]), which,
as their names indicate, are primarily intended for collider
physics. The beam energy of these possible future facilities
ranges from 16.5 up to 50 TeV, allowing for fixed-target colli-
sions at centre-of-mass system (c.m.s.) energies ranging from
175 to 300 GeV.

Just as lower energy beams, these can in principle be
extracted over the course of about a meter by using the chan-
nelling of particles in a bent crystal. This phenomenon is well
documented (see, e.g., [4-8]) and has been experimentally
studied for protons and heavy ions at energies per nucleon
up to 900 GeV. Recently, studies performed at SLAC have
shown that the beam bending by means of bent crystals is
also possible for high-energy positrons and electrons [9].
In [10], it was discussed specifically for the LHC beams.

Channelling experiments at the LHC have been proposed
[11], are installed [12, 13], and will be performed during Run-
2 for beam collimation studies. The bent crystal extraction
technique allows for the extraction of particles from the
beam halo only, so that the collider experiments can be kept
running simultaneously. These particles would anyway be lost
to collimation and would not be used in the collider mode.

In [14], a comprehensive list of physics opportunities
offered by the use of the multi-TeV proton and lead LHC
beams on a fixed target was presented. Let us recall the critical
assets of the fixed-target mode as compared to the collider
mode, that is,

(i) a quasi unlimited target-species versatility,

(ii) a full access to the target rapidity, which corresponds
to the far backward region in the centre-of-mass
frame,

(iii) the possibility to polarise the target,

(iv) very large luminosities with modest beam intensity
thanks to the high target density.
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These advantages already translate, with the proton and
lead LHC beams, into an impressive list of possible physics
studies [14] beyond their respective state of the art, in partic-
ular as regards precision studies of spin-related observables
with a polarised target and of quark-gluon plasma formation
inlead-nucleus collisions in the target rapidity region at c.m.s.
energies between those of SPS and RHIC and of QCD at large
momentum fractions x in proton-proton, proton-deuteron,
and proton-nucleus collisions, and so forth. We refer to [15]
for the more specific case of quarkonium studies, to [16-19]
for spin physics, and to [15, 20, 21] for heavy-ion physics. First
simulation studies at the generator level have been presented
in [22] and have demonstrated the great potential for both
charmonium and bottomonium studies at /s = 72 and
115GeV at a fixed-target experiment with the LHC beams
(thereafter referred to as AFTER@LHC).

With beams of higher energies at future facilities, the
available c.m.s. energies can nearly be three times as large
as at AFTER@LHC and allow for even more systematic
studies of systems whose masses are well above that of the
bottomonia, that is, 10 GeV. At fixed-target LHC energies,
W and Z production, sometimes generically referred to as
the Drell-Yan-like processes, is just reachable with very low
expected rates but with the advantage of potentially providing
unique information about the nucleon structure at momen-
tum fractions x close to unity (x = M/+/se*”<»+) and about
QCD corrections near the threshold (let us note here that the
production of heavy Beyond-the-Standard-Model particles
produced at the LHC in the collider mode might also
be subject to similar QCD threshold corrections) and the
advantage of offering interesting information on hadronic
W decays. With beams of higher energies, rates would
significantly be larger allowing, among other things, for
rapidity dependent measurements. In general, the combina-
tion of high-luminosity hadron-hadron collisions at +/s well
above 100 GeV and a backward c.m.s coverage provide the
opportunity to study the interplay between the—genuinely
nonperturbative—confinement of partons at large momen-
tum fractions x and the perturbative behaviour of the short-
distance parton scatterings. Such extremely hard reactions are
indeed believed to be well understood within the perturbative
regime of QCD. Using a polarised target allows one to
advance further the precision and the refinements of such
studies of the hadron inner structure with information on the
helicity of the partons and on their angular momentum when
they carry most of the hadron momentum. The confinement
properties of Quantum Chromodynamics, the theory of
strong interaction, is still an open problem which deserves
novel and innovative studies, even at high-energy facilities.

Although, exactly as for AFTER@LHC, the potential for
physics studies go well beyond that of Drell-Yan-like studies
in the mass region of W and Z bosons, we wish to focus
on it here as an illustrative example of the gain offered by
even higher energy beams—in what we believe to be the very
first paper on the use of ultrahigh-energy beam in the fixed-
target mode. The case for such W and Z studies is clear.
So far, the production of W* and Z bosons at RHIC could
only be performed at v/s = 500GeV (see, e.g., [23, 24])
with a couple of thousand W* candidates and less than one
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hundred Z counts. Studies at lower energies, in order to reach
x higher than 0.2 and measure the d/u flavour asymmetry
at larger x and high Q7 require luminosities on the order
of an inverse femtobarn which is out of reach at RHIC in
particular if operated at +/s = 200 GeV where its luminosity
is significantly lower. In addition, the most accessible region
in the fixed-target mode at high energies is that of backward
c.m.s. rapidities, where x in the target can even be larger. Of
course, H” production has so far only been observed at the
LHC at 7 and 8 TeV [25, 26] and it is of interest to have a look
at the conditions in which it could be studied not far from the
threshold.

The structure of this paper is thus as follows. In Section 2,
we discuss the beam extraction in a parasitic mode using
the bent crystal technique at ultrahigh energies. In Section 3,
we recall the main characteristics of possible future collid-
ers as they are currently discussed and derive reasonable
expectations for luminosities in the fixed-target mode. In
Section 4, we discuss the case of the weak boson production
as a benchmark of what can be achieved with luminosities up
to 100 times larger than at RHIC. In addition to the expected
rates, we briefly discuss the potential backgrounds whose
precise size can however only be assessed with a proposed
detector setup. Section 5 gathers our conclusions.

2. Beam Extraction by Means of a Bent
Crystal with Ultrahigh-Energy Protons

As previously mentioned, these possible future collider
facilities would use proton beams from 16.5 up to 50 TeV.
The bending of GeV beams of protons and ions has been
studied extensively during the past three decades. As a first
approximation, one may calculate the approximate deflection
efficiency as a function of crystal length as, for example,
done in [6]. For example, at a deflection angle of 0.5 mrad,
as approximately required for the passage of a septum blade
downstream required for further extraction, the efficiency
(excluding surface transmission) in Si (110) is 84% for a
50 TeV beam. This efficiency is obtained at the optimum
crystal length of L/L, = 0.085 (see Figure 1), corresponding
to a length of 1.6 m.

However, the optimal distance calculated in this simula-
tion may significantly be overestimated because it does not
take into account the probability for dechanneled particles
to get extracted on a later encounter with the crystal. Several
studies have shown that this multipass mechanism may result
in a significant shortening of the optimal distance. The opti-
mal crystal thickness also depends on the beam optics used.
Results of the order 20-30 cm are certainly not unrealistic.

3. Main Parameters of Future Colliders
and Their Corresponding Characteristics in
the Fixed-Target Mode

In order to derive the luminosities which can reasonably be
expected in the fixed-target mode with the beams of future
colliders, we start by recalling their main parameters as
currently discussed. Indeed, efforts are now being made in
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TABLE 1: Beam parameters for the proposed next-generation colliders and the corresponding fixed-target energies along with the boost (y,

and the rapidity shift (Ay™

c.m..
the centre-of-mass frame in the collider mode.

lab )

c.m.s.

.) between the centre-of-mass frame of the fixed-target collision and the laboratory frame, which identifies to

SppC-1 SppC-2 HE LHC FCC-hh
Beam energy (Ep) [TeV] 20 45 16.5 50
Fixed-target centre-of-mass energy (1/2E,my) [GeV] 194 291 176 307
Number of bunches stored 3000 6000 1404 (50 ns spacing) 10600/53000.(25 and
5 ns spacing)
Number of protons (N,) per bunch [10"] 1.7-107° 0.98-107° 1.3 1/0.2
lab  _ \/E
Yems. = 2m, 103 155 94 163
Ayt =n (3, + (k) 1) 53 57 52 58
. . . . 1.0 T T T T T
investigating the best location and technology for future
collider projects. These proposed circular colliders have 09

circumferences of 50 to 100 km and the ability to circulate
protons with 15 to 50 TeV energies. We list their most relevant
characteristics in Table 1. In particular, we consider phases
one and two of the SppC, denoted by SppC-1 and SppC-
2, as discussed in [3]. We also consider the High-Energy
Large Hadron Collider (HE LHC) [1] and the Future Circular
Collider hadron-hadron (FCC-hh) [2].

With colliding beams of equal energies, the c.m.s. frame
obviously corresponds to the laboratory frame. In the fixed-
target mode, with the LHC 7 TeV protons, for instance, the

boost (y ) and the rapidity shift (Ay™ ) between the

cm.s. frame of the fixed-target collision and the laboratory

frame are, respectively, yi,artr’l.s' = /s/ (2m,) = 60 and A)’lab =

c.m.s.

ln(yiﬁ_s_ + /(2 )? — 1) = 4.8. The region of central c.m.s.

rapidities, ., = 0, is thus highly boosted at an angle with
respect to the beam axis of about one degree in the laboratory
frame. The entire backward hemisphere, y. . . < 0, is thus
easily accessible with standard experimental techniques.
With the future facilities, the rapidity shift is on the order of
5-6; see Table 1. A detector covering #,, € [2,6] would thus
cover nearly half of the physical phase space of the fixed-
target mode.

As we discussed in the previous section, the extraction
of such high-energy beams by a bent crystal should not pose
more challenges than at the LHC where it will be tested in
the coming year. In this case, the main accelerator parameter
fixing the luminosities achievable is the flux of the extracted
beam. In the following discussion, we will assume (see [14]
for a discussion on the LHC conditions where it corresponds
to half of the beam loss) that it amounts to 5% of the protons
stored in the beam over a fill lasting 10 hours. In the case of
the LHC, such a parasitic mode corresponds to a proton flux
of 5 x 10® per second and, on the average, to the extraction
of minibunches of about 15 protons per bunch per pass with
a 25 ns bunch spacing. In such a case, with a target thickness
of 5-10% of interaction length, which is the case we consider
here, the pileup is not an issue. The corresponding numbers
for future facilities are given in Table 2.

o e I
=N N %o

Efficiency excluding surface transmission
e
wu

1

1
.00 0.05 0.10 0.15 0.20 0.25 0.30
Normalized length, L/L,

Silicon (110), single-pass
--- 16.5TeV,0 = 0.5mrad - 16.5TeV,0 = 0.2 mrad
—— 50TeV,0 = 0.5mrad --— 50TeV,0 = 0.2 mrad

FIGURE I: Single-pass efficiency, excluding surface transmission,
calculated as in [6]. The angles and energies are given in the legends.

Yet, it may not be necessary to extract the beam from the
collider to perform fixed-target experiments. By injecting a
small amount of gas into the detector region of a running
collider, one can sufficiently increase the probability of beam-
gas interactions such as to reach decent luminosities yet
without affecting at all the beam lifetime. At the LHC, the
LHCDb experiment has implemented such a system initially to
monitor the beam luminosity [34-36] referred to as SMOG
for System for Measuring Overlap with Gas (SMOG). SMOG
has so far proved to be functioning well while not disturbing
the primary beam. LHCD is currently analysing data in
proton-neon and lead-neon collisions taken during beam
tests in 2012 and 2013. In [19], the corresponding luminosities
are given for the LHC. One may think that switching from a
dense solid or liquid target to a dilute (10~ Bar) gas necessar-
ily decreases the luminosity. In fact, it may not be always so.
Indeed, this decrease is compensated since the entire collider
beam, amounting to a current close to an ampere for the
LHC, traverses the gas cell, as opposed to the extraction beam
which is similar to the beam loss.
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TABLE 2: Luminosities reachable in the fixed target mode. The proton flux is calculated by assuming that 5% of the beam is used per fill of 10
hours. The luminosities are calculated for the case of targets that are 1cm thick. The three values displayed represent luminosities for three
different targets: liquid hydrogen, beryllium, and tungsten. The gas-target values are calculated using the same parameters as in [19] for a

perfect gas at a pressure of 10 Bar in a zone of 100 cm.

SppC-1 SppC-2 HE LHC FCC-hh
Extracted beam
Proton flux 7.1-10° 8.1-10° 2.5-10° 1.5-10°
Q(Mb_ls_l) 0.028/0.088/0.044 0.032/0.10/0.05 10/31/15 30/93/45
f dtg(pbflyrfl) 0.28/0.88/0.44 0.32/1.0/0.5 100/310/155 300/930/450
Gas target
L(ub's™) 0.014 0.016 5 30
[dtZ(pbyr™) 0.14 0.16 50 300
Table 2 summarises all these numbers for 1 cm thick tar- Poeam (TeV)
getsin the case of an extracted beam with a bent crystal and an 16.5 20 4050
internal gas target of 1 meter. In the former case and for light 1000 1000
target materials, the luminosity can be increased by using a
target much thicker/longer than 1cm: NA51 at SPS used, for 100 100
instance, a 1.2m long hydrogen and deuterium target [37]
with 450 GeV protons, E866 at Fermilab used 3 target cells of 5 10 0 -
50 cm [38] with 900 GeV protons, and COMPASS at SPS uses N& =
[39, 40] a 110 cm polarised NH;, target with 160 GeV pions. In =1l 1 T
such a case, one can obtain luminosities per annum well above
the inverse femtobarn. Even in this case, the thickness of the 01 01
target does not reach more than 10% of interaction length.
Much higher luminosities could be achieved by using the 0.01 0.01
full amount of the remaining protons stored in the.t beam at 150 200 50 300 350 400 450 500
the end of each fill. Such a “dumping” mode, which could
. . . Vs (GeV)
last an hour without unreasonably impacting the schedule of
the machine, would of course provide luminosities orders- NLO W* NLO Z°
of-magnitude higher, probably up to 3, than the ones quoted NLO W~ NLO H’

in Table 2. However, this would also be done at the cost of
carrying out the experiment in a highly activated environ-
ment, which may not be feasible in practice, and at the cost
of a significant pileup. For some specific studies to look for
rare events with very large momentum tracks, the latter may
however not be an unsolvable issue.

4. Fixed-Target Mode and Boson Production

4.1. Expected Signal Rates. As announced we have decided
to focus on the production of SM bosons production as an
illustrative example of what the high luminosities reachable
with the fixed-target mode can allow for. Physicswise, by
measuring the production of Standard Model bosons W* and
Z°, the distribution of quarks and antiquarks at large x can
be probed both in the proton with a hydrogen target and in
the nuclei with nuclear targets. In particular, it allows one to

determine the d/u flavour asymmetry at large x and large
scales. The study of these reactions not far from the threshold
also allows one to validate the theoretical methods to account
for the so-called threshold resummation effects (see [41] for
W production at RHIC).

To evaluate the cross section at NLO accuracy, we used
the library MmcFMm [28] and set the pp = py equal to the boson
mass. Since we are mainly interested in illustrating how

FIGURE 2: Cross sections for Standard Model boson production in
proton-proton collisions at various centre-of-mass (lower x-axis)
and corresponding beam energies in the fixed-target mode (upper x-
axis). The color bands indicate the 1-o values coming from the PDF
uncertainty. The NLO calculations were performed with CTIONLO
[27] by using McEM [28] with yy = py set to the mass of the produced
particle. The 4 orange arrows point at the beam energy of the 4 setups
which we have considered.

such a measurement would help to better constrain parton
distribution (PDF), we only show the theoretical uncertainty
from these as they are currently determined. To this end,
we use the NLO PDF set CT10 [27] and its associated
eigenvector sets. MCEM takes all these into account and
provide a 1-o uncertainty which we have depicted on Figure 2.
One observes an increasing PDF uncertainty for decreasing
energies. With a 20 TeV beam, the uncertainty of W produc-
tion is as large as a factor of 3 for a total cross section about
10 pb.

If one sticks to the conventional leptonic decay channels,
the branching is on the order of 10%. At 200 GeV, with a
detector covering pseudorapities from 2 to 6—a detector sim-
ilar to LHCDb [42] with a slightly more forward coverage, for
instance—and imposing the lepton transverse momentum
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(as well as the missing transverse momentum carried by the
neutrino) to be larger than 20 GeV as usually done to cut
the background (see later), a quick evaluation shows that the
acceptance is on the order of 45% for the W as well as for
the Z, although with a smaller branching ratio it is on the
order of 3%. The central values for the cross sections times the
corresponding leptonic branching at +/s = 200 GeV in this
fiducial volume (Pr,,, > 20GeV, 2 < #,,, < 6) are therefore
400, 150, and 20 fb, respectively, for the W', W™, and Z.

Relying on the performance of LHCDb for similar studies
[43], the efficiency including that of the triggering, the
tracking, and additional selections (for the W: the lepton
isolation, a cut on the energy deposit to limit the punch-
through, the absence of a second lepton with a minimum
P, and a vertex cut to remove the heavy-flavour decays) is
around 40% for the W and 67% for the Z.

With a yearly luminosity of 15fb™" using, for instance, a
50 cm long liquid hydrogen target at a facility similar to a
FCC-hh (see Table 2) one would expect a couple of thousands
of W' events to be measured at 200 GeV. It would be one
order of magnitude more at 300 GeV.

Z boson production is also at reach at 200 GeV with 200
dimuon events, especially if the rather clean environment
associated with the rather low centre-of-mass energy allows
for the use—and the study—of hadron decay channels. With
a detector such as LHCb, both electron and muon decay
channels can be used (see, e.g., [44]).

For the H', the situation is very different with much
smaller rates (on Figure 2, the cross sections for H® are
shown in fb for readability). Since the process is dominated
by gluon fusion—and we have checked that the vector-boson-
fusion contribution is negligible down to low energies—the
PDF uncertainties are very large. Fixed-target luminosities of
100 fb™! seem to be needed to be able to have a hope to see a
H° signal even with the 50 TeV FCC-hh proton beams.

For the W and Z bosons, with a very successful exper-
iment, one may however be able to access regions more
backward than y_ .y = In(My/+/s) and hence to probe
the quark distribution in the target for x larger than unity
in the nuclear case (the yields in proton-nucleus collisions
with a 1cm thick gold or lead target should be similar to that
in proton-proton collisions with a 1m long liquid hydrogen
target).

4.2. Expected Background. At such low energies, very few
processes can mimic a dilepton pair of a mass around 90 GeV
or an isolated lepton of a transverse momentum around
40 GeV accompanied with a missing transverse energy of a
similar size. In fact, one expects the main background to be
of electroweak origin such as the Z — €€ forthe W — ¢v,
channel where one lepton from the Z islost. W — 7v_isalso
known to sometimes mimic a yv,, final state, although usually
at lower Pr. These should be tractable with data. As compared
to studies at the LHC or at RHIC, QCD backgrounds are in
general expected to be smaller.

For the W*, Figure 3 illustrates that, even without any
specific cuts usually used to reduce the background (see
below), the P spectrum from heavy-flavour-decay electrons

Fixed-target mode, /s = 200 GeV,2 < yi* < 6
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FIGURE 3: P spectra for heavy-flavour-decay electrons (and
positrons) as predicted by FONLL compared to that from the
predicted signal from W* decays obtained with Madgraph 4 [29] at
/s = 200 GeV. The FONLL cross sections have been evaluated with
the default setup of http://www.Ipthe.jussieu.fr/~cacciari/fonll/fonll-
form.html along the lines of [30-32] with the PDFs CTEQ6.6M [33].

is extremely suppressed at large P;- and the electron yield close
to myy,/2 is essentially purely from W decays. The same holds
for muons. Let us however stress the fact that the main QCD
background in the LHCb study of [43] is from hadron decay-
in-flight which contributes less than 10%. Overall the purity
of their W* yield is 78%.

At RHIC, electron channels were used both by STAR
[45, 46] and PHENIX [23, 47] and they required its isolation.
Since PHENIX has an incomplete azimuthal coverage, the
requirement for a missing transverse energy could not be
imposed. Yet, the signal could be extracted. Once these
requirements are applied, the W peak in the electron P
spectrum around 40 GeV is evident. Let us note here that
the background electron spectra reported in Figure 3 would
severely be reduced once cuts for a missing transverse
energy, for the isolation of the electron and for a maximum
distance from the primary vertex, are imposed. Conversely,
these could be measured—and then subtracted—by selecting
displaced leptons.

With muons, it is even possible not to impose any lepton
isolation to extract the W signal as demonstrated by the CMS
study [48] in the very busy lead-lead environment at 2.76 TeV.
At lower Pp, QCD backgrounds contribute essentially con-
verted photons from 72° and # decays, whereas muons from
converted photon are usually negligible. The P spectrum of
this background can be evaluated from dedicated simulations
at the detector level but its size is however very difficult to
predict without a precise knowledge of the hadron detector
response. Usually the normalisation of such a background
is simply adjusted on the data. In any case, it always has
been found to be smaller than the signal at electron Py above
30 GeV. We also note that the STAR detector is rather slow as
compared to the LHCb detector, for instance, and tracks of



particles produced in earlier collisions can pile up in the data
acquisition system, which further increases the background.

In the Z case [43], the main background at LHC energies
is that of heavy-flavour decays with on average 3 background
events per thousand! At lower energies, it should also be even
more suppressed [23]. At 200 GeV, for instance, 0,5 (2 <
Ny < 6; Pry, > 20GeV, m,; > 80GeV) ~220fb. Even if
one neglects the momentum difference between the b quark,
the beauty hadron, and the lepton, which is however a far
too conservative approximation, one should multiply it by
f(B — ¢€) = 0.1 squared. The dilepton background from b
decays is thus in any case much smaller than 2 fb whereas the
signal size, accounting for the acceptance, is 20 tb. As regards
the uncorrelated background from hadrons, no same-sign
dimuon was found by LHCb with 40 pb_1 of data [43] and,
with 1fb™! of data, they determined [49] it to be 0.2% of the
signal with an overall purity of more than 0.99. At 500 GeV,
STAR did not report any same-sign events [45] although with
a, necessary less clean, dielectron sample.

Given the likely smaller background at energies below
500 GeV, the fact that the muon channel, with smaller back-
ground than that for RHIC studies, would be preferred with
a much reduced background and the likely strong depen-
dence of any background simulation on specific detector
performances, we chose not to perform any generator level
simulation and tend to advocate in view of past experiments
at higher energies that, using conventional cuts resulting in
tractable acceptances and efficiences (see above), such signals
should easily be extractable.

5. Conclusions

The current planning of future proton colliders necessitates a
discussion of whether these facilities could also be used in a
fixed-target mode. There is a long list of physics arguments
that supports this case at the LHC. We have shown calcu-
lations specific to Standard Model bosons at the HE-LHC,
SppC, and FCC-hh. This next generation of fixed-target
experiments would provide access to high-luminosity mea-
surements at unique laboratory energies and momentum
transfers. Using a bent crystal is a viable option to extract
high-energy beams of protons and perform—in a parasitic
mode—fixed-target experiment at /s = 170-300 GeV with
annual luminosities on the order of tens of inverse femtobarn,
that is, with high enough rates to produce a significant
amount of Standard Model bosons. Although it offers a priori
smaller luminosities, an internal gas target is an option which
probably requires less civil engineering.
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