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The year 2014 will mark the 60th anniversary since the
neutrino detector of Frederick Reines and Clyde L. Cowan,
Jr. was turned (neutrino detection in 1956). After many years,
Super-Kamiokande [1] showed in 1998 that neutrinos are
massive. Today, neutrino physics has become a very active
research field: there is a plethora of different neutrino exper-
iments and theoretical studies. Subsequent measurements
[2-6] of the two neutrino mass squared differences and
the leptonic mixing parameters lead to a phase of precision
experiments in neutrino physics. Recently the last remaining
mixing angle, the 1-3 mixing angle, has been measured by
the Daya Bay [7, 8], Double Chooz [9, 10], and RENO
[11] experiments after initial hints by T2K [12] and MINOS
[13, 14]. Contrary to theoretical expectations from flavor
symmetry considerations, it turned out to be large.

The next main goals of the experimental program are the
measurement of the mass hierarchy and the Dirac CP phase,
which is facilitated by the relatively large 1-3 mixing angles.
These measurements will help to pin down the theoretical
origin of neutrino mass and mixing, for example, confirming
or refuting the idea of a flavor symmetry in the lepton sector.
Additionally precision measurements of neutrino properties
will also permit using neutrinos as a tool for probing new
physics connected with neutrinos, like dark matter or dark
energy. There are a huge number of ongoing and upcoming
neutrino experiments worldwide studying these issues.

To celebrate the 60th anniversary of the first neutrino
detector, we have collected original research articles as well
as review articles for this special issue focusing mainly on
physics at underground detectors and its complementary
studies at the LHC to uncover the nature of neutrinos as well
as physics beyond standard model.

The article “The low-scale approach to neutrino masses”
by S. M. Boucenna et al. provides a short review on low-
scale models of neutrino mass generation including the
phenomenological potential signatures associated with direct
neutrino mass messenger production at the LHC, messenger-
induced lepton flavor violation processes, and the presence of
WIMP cold dark matter candidates.

The article “Beyond standard model searches in the Mini-
BooNE experiment” by Teppei Katori and Janet Conrad
provides a review on the contribution of the MiniBooNE
Experiment to beyond standard model searches in the neu-
trino sector. MiniBooNE observed excesses of v, and anti-
v, candidate events in neutrino and antineutrino mode,
respectively. To date, these excesses have not been explained
within the neutrino Standard Model, the Standard Model
extended by three massive neutrinos. The results set for the
first time strict limits on Lorentz violating extensions of the
Standard Model. Most recently, MiniBooNE is running with
a beam tuned in beam-dump mode to search for dark sector
particles.

The article “Searching for neutrinoless double-beta decay
of *°Te with CUORE” by D. R. Artusa et al. provides a
review on the experimental techniques used in Cryogenic
Underground Observatory for Rare Events (CUORE), its
current status, and anticipated physics reach. CUORE is an
upcoming experiment designed to search for neutrinoless
double-beta decay of **Te using an array of 988 TeO, crystal
bolometers operated at 10 mK. The detector will contain
206kg of **Te and have an average energy resolution of
5 keV; the projected half-life sensitivity after five years of live
time is 1.6 10y at 1o (9.5 x 10y at the 90% confidence
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level), which corresponds to an upper limit on the effective
Majorana mass in the range 40-100 meV (50-130 meV).

The article “Neutrinos as probes of Lorentz invariance”
by J. S. Diaz reviews generic experimental signatures of
the breakdown of Lorentz symmetry in the neutrino sector.
Neutrino oscillations are identified as an ideal experimental
setup to search for breaking of Lorentz symmetry.

The article “Constraints on light neutrino parameters
derived from the study of neutrinoless double beta decay”
by S. Stoica and A. Neacsu revises the present constraints
on the neutrino mass parameters derived from the decay
analysis of the experimentally interesting nuclei using the
latest results for the phase space factors and nuclear matrix
elements (NMEs), as well as for the experimental lifetime
limits. This restricts the range of spread of the NME values
calculated with different methods and, hence, to reduce the
uncertainty in deriving limits for the Majorana neutrino
mass parameter. These results may be useful to have an
updated image on the present neutrino mass sensitivities
associated with measurements for different isotopes and
to better estimate the range of values of the neutrino
masses that can be explored in the future double beta decay
experiments.

The article “Theory of neutrino-atom collisions: the history,
present status, and BSM physics” by K. A. Kouzakov and
Alexander 1. Studenikin provides an overview of the current
theoretical studies on neutrino-atom scattering processes.
The ionization channel of these processes, which is studied
in experiments searching for neutrino magnetic moments,
is discussed. Recent developments in the theory of atomic
ionization by the impact of reactor antineutrinos are also
enlightened here.

The article “Entanglement in a QFT model of neutrino
oscillations” by M. Blasone et al. uses the tools of quantum
information theory to provide a convenient description of the
phenomena of particle mixing and flavor oscillations in terms
of entanglement using a suitable entanglement measure, the
concurrence, that allows extracting the two-mode (flavor)
entanglement from full multimode, multiparticle flavor neu-
trino states.

The article “Gaseous detector with sub-keV threshold to
study neutrino scattering at low recoil energies” by A. V.
Kopylov et al. discusses the construction of a gaseous detector
with a sub-keV electron equivalent threshold, which allows
a precision measurement of the neutrino magnetic moment
and to observe coherent scattering of neutrinos on nuclei. The
progress in the development of low noise electronics makes
it possible to register rare events at the threshold less than
100 eV.

The article “Performance of water-based liquid scintillator:
an independent analysis” by D. Beznosko et al. discusses a
water-based liquid scintillator, which is based on the idea
of dissolving an organic scintillator in water using special
surfactants. The results show that a goal of 100 optical
photons/MeV has been achieved. Simulations have indicated
that this is an optimal light yield for observing both the
Cerenkov ring and the scintillation light from proton decay
in a large water detector.

Advances in High Energy Physics

The papers included in this special issue cover a small
number of the diverse issues in neutrino physics. We are
certain that the short reviews on different aspects in neutrino
physics will help new researchers and the original research
articles will have an impact on the future development of
neutrino physics.

Abhijit Samanta
David Latimer
Michael A. Schmidt
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Neutrinoless double-beta (0v3/3) decay is a hypothesized lepton-number-violating process that offers the only known means of
asserting the possible Majorana nature of neutrino mass. The Cryogenic Underground Observatory for Rare Events (CUORE) is
an upcoming experiment designed to search for 0vff decay of '**Te using an array of 988 TeO, crystal bolometers operated at
10 mK. The detector will contain 206 kg of **Te and have an average energy resolution of 5 keV; the projected 0vf decay half-life
sensitivity after five years of livetime is 1.6 x 10°° y at 1o (9.5 x 10* y at the 90% confidence level), which corresponds to an upper
limit on the effective Majorana mass in the range 40-100 meV (50-130 meV). In this paper, we review the experimental techniques
used in CUORE as well as its current status and anticipated physics reach.

1. Introduction

The discovery of neutrino oscillations revealed that neutrinos
are massive particles and thereby provided the first evidence
of physics beyond the Standard Model (cf. [1, 2]). This
development resolved some longstanding mysteries but it
also raised new questions about the fundamental nature of
neutrinos: namely, What is the absolute mass scale of the
neutrino? What is the hierarchy of its different mass states?
Is the neutrino its own antiparticle?

Neutrinoless double-beta (0v3f) decay has attracted a
great deal of attention in recent years because of its unique
potential to provide insight into the above issues. This lepton-
number-violating process,

(Z,A) — (Z+2,A) +2e, (1)

can occur only if neutrinos are massive Majorana particles—
that is, if they are their own antiparticles, a possibility first
suggested by Majorana in 1937 [3]. Indeed, 0vf3f3 decay offers
the only feasible means of investigating this question at
present (cf. [4, 5]). If 0vBf decay occurs, it is extremely
rare, with a half-life greater than 10* years. Observation of
the process would unambiguously establish that neutrinos
have Majorana mass and reveal them to be different from
the other known fermions, which are Dirac particles. The
scenario in which neutrinos are Majorana particles is widely
viewed as more “natural” from a theoretical standpoint,
and if true it would have profound implications for our
understanding of how neutrinos acquire mass and possibly

how the universe’s matter-antimatter asymmetry arose [1].
Experimental searches for 0vf33 decay also have the potential
to provide information about the neutrino mass hierarchy
and absolute mass scale, depending on whether 0vf3f3 decay
is observed and at what sensitivity.

To date there has been only one claim of observation
of 0vBf decay [6, 7], which stands in tension with more
recent null results from other experiments [8-10]. There are
currently at least ten experiments aiming at searching for
0vBf decay in almost as many candidate isotopes. Among
them is the Cryogenic Underground Observatory for Rare
Events (CUORE) [11, 12], which will search for 0v3f decay
of **Te by operating TeO, crystals as cryogenic bolometers
at the underground Laboratori Nazionali del Gran Sasso
(LNGS), Italy. The current lower limit on the half-life for 0vSf3
decay of "*"Te was established by a predecessor experiment,
Cuoricino, at 2.8 x 10** y (90% C.L.) [13]. CUORE aims
to improve on this sensitivity by more than a factor of
30 by operating a larger, cleaner, better-shielded detector
with enhanced energy resolution inside a new custom-built
cryostat.

In this paper, we review the design, status, and physics
outlook for CUORE. Section 2 describes the experimental
techniques used, with a special focus on energy resolu-
tion (Section 2.1) and sources of background (Section 2.2).
Section 3 describes the construction and operation of
CUORE-0, a prototype detector which is now taking data.
In Section 4, we discuss the status of CUORE, including the
ongoing assembly of its detectors and commissioning of its
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Thermal bath

FIGURE 1: (a) Hllustration of the planned 19-tower CUORE detector array. (b) Close-up of a single tower floor showing four TeO, crystals
held inside their copper frame by PTFE spacers. (c) Schematic diagram of an individual TeO, crystal bolometer. Each crystal is instrumented
with a heater (H) and a thermistor (T); the PTFE spacers and sensor readout wires act as weak thermal links (L) between the crystal and the

thermal bath of the copper frame.

cryogenics, and in Section 5 we examine the potential physics
reach of the experiment.

2. Bolometric Technique

The general strategy when searching for 0v3f decay is to
look for a signature produced by the two final-state electrons,
which would be emitted simultaneously and have a combined
energy equal to the decay energy (a.k.a. Q-value) of the
isotope under study. CUORE will use TeO, crystals as
cryogenic bolometers to search for 0v33 decay of **Te. When
a TeO, crystal is cooled to 10 mK, its heat capacity becomes
so small that a single particle interaction depositing just a
few keV inside the crystal will produce a measurable rise
in its temperature—that is, the crystal functions as a highly
sensitive calorimeter. The amplitude of the temperature
increase is proportional to the energy deposited (AT/AE ~
10-20 uK/MeV), so the basic experimental method is to
compile an energy spectrum from temperature pulses and
look for an excess of events above background at ~2528 keV,
the Q-value for BB decay of *’Te [14-16]. In this so-
called “source = detector” approach, the TeO, crystal serves

a dual role: it contains the decay isotope and also acts as the
detector. This method offers the advantages of high efficiency,
scalability, and in our case excellent energy resolution, which
is critical to discriminating any 0vSf decay peak in the
measured energy spectrum.

The CUORE detector will consist of a close-packed array
of 988 independent TeO, crystal bolometers arranged into
19 towers (Figure 1(a)). The basic detector element is a 5 x
5 x 5cm’ crystal instrumented with a temperature sensor
and a resistive heater. Each crystal weighs 750 g, giving a
total detector mass of 741kg. '*°Te has a natural isotopic
abundance of 34.2%—the highest among the 0v3f decay
candidate isotopes [17]—so the detector will contain 206 kg
of source isotope.

The crystals were manufactured from 2009 to 2013 by
the Shanghai Institute of Ceramics, Chinese Academy of
Sciences (SICCAS). We worked in close conjunction with
SICCAS to develop the rigorous quality and radiopurity
controls followed during crystal production [18]. To guard
against radioactive contamination of the crystal bulk and
surfaces we performed high-sensitivity radiopurity checks
(e.g., using ICP-MS) along the entire production chain, from



raw-material synthesis to crystal growth to the final surface
treatment. Finished crystals were shipped to Italy by sea.
Although this took longer than shipping by air, the increased
transit time was more than compensated for by the reduced
cosmogenic activation of the crystals from being exposed
only to sea-level cosmic-ray flux.

Each TeO, bolometer is instrumented with a neutron-
transmutation-doped (NTD) germanium thermistor that
serves as a temperature sensor [19]. The device is glued to
the crystal surface via a dot matrix of bicomponent epoxy.
Previous work by the collaboration has demonstrated that
epoxy dots provide a robust thermal coupling between the
sensor and the crystal while also reducing the mechanical
stresses that arise from differences in their thermal contrac-
tion rates during cryogenic cooldowns. (If a continuous veil
of epoxy is used instead, the sensor will often detach with
a fragment of the crystal during the cooldown step.) The
thermistors were produced by neutron irradiation of pure
Ge wafers in a research reactor for precise lengths of time
and then dicing the wafers into ~ 3 x 3 x 1 mm? chips and
sputtering gold contacts on the ends of each chip. Doped
germanium just below the metal-insulator transition region
functions as a sensitive, high-resistance thermal sensor with
an exponential R-T curve, R = Rjexp (1/T,/T) [20], where
parameters R, and T,, depend on the doping density and
must be measured experimentally; typical values for the NTD
thermistors produced for CUORE are Ry, = 1 Qand T;, = 4K.
The NTD technique produces uniform doping density over
an entire germanium wafer and thus guarantees uniform R-
T properties and excellent performance for all sensors pro-
duced from it. The CUORE thermistors were characterized
in multiple studies utilizing collaboration-managed dilution-
refrigerator cryostats, and their bolometric performance was
also evaluated in test runs (see Section 2.1).

The thermal response of a bolometer varies with its
temperature, so each crystal is also instrumented with a Joule
heater based on P-doped Si [21] for the purpose of monitoring
the bolometer’s performance over the natural temperature
fluctuations (AT < 1mK) that occur in the course of
normal cryostat operation [22]. A brief, precise pulse of
current is sent through the heater at regular, known intervals,
thereby injecting into the crystal a fixed amount of energy
simulating a ~3 MeV event. These reference signals are used
later in the offline data analysis to correct for variations in the
bolometer’s thermal gain with time. Each heater consists of a
resistive meander obtained by ion implantation on a Si chip.
The device’s resistance is 300 + 12 k() at 10 mK and is stable to
within 0.1% below 4.2 K.

A commonly used “figure of merit” expression for
describing experimental sensitivity to 0v3/3 decay half-life is

b-AE

Tf/vzocn-a-

where 7 is the physical detector efficiency, a is the isotopic
abundance of the 0vff decay candidate, M is the total
detector mass, t is its livetime, b is the background rate
per unit detector mass per energy interval, and AE is the
detector’s energy resolution [23]. For extremely rare processes
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like 0vf3f decay, stringent requirements on energy resolution
and background are critical.

2.1. Energy Resolution of CUORE Bolometers. Over the course
of TeO, crystal production, the collaboration conducted
ten CUORE crystal validation runs (CCVRs) in which we
operated a small fraction of the newly manufactured crystals
as bolometers in order to check their radiopurity and perfor-
mance [25]. These month-long test runs also served as excel-
lent R&D platforms for testing post-Cuoricino improvements
to the PTFE and copper frame designs, for characterizing
NTD thermistors, and for studying the energy resolutions of
the bolometers at different working temperatures.

For each CCVR, we randomly selected four crystals from
the latest production batch received at LNGS (typically con-
sisting of ~100 crystals) and assembled them into a module
equivalent to a single floor of a CUORE tower (Figure 1(b)).
We used CUORE-type copper frames, which have less surface
area facing the crystals than those used in Cuoricino in order
to reduce a-related backgrounds, as well as new PTFE spacers
which had been redesigned to reduce vibrational noise. The
different thermal expansion coeflicients of copper, PTFE, and
TeO, have been exploited in such a way that the crystals
are held increasingly tighter as the detector temperature
decreases. Each crystal was instrumented with two NTD Ge
thermistors, but the manual work of gluing thermistors to
crystals and wiring them to the cryostat was delicate and
labor-intensive and as a result we typically lost some channels
during detector cooldown. In some CCVRs, each crystal was
also instrumented with a heater, but in several runs they were
omitted for expediency because the 5407 keV line from «
decays of intrinsic, short-lived *'°Po contamination could be
used instead to monitor fluctuations in the crystals’ thermal
gain.

Each CCVR bolometer module was mounted inside a
copper canister and cooled down to cryogenic temperatures
inside our R&D cryostat in Hall C at LNGS. We reached base
working temperatures in the range 12-22 mK, as the dilution
refrigerator’s performance varied from run to run. The energy
spectrum of background data from a single CCVR is shown
in Figure 2 as an example. The energy resolution of CCVR
bolometers was customarily characterized as the full width at
half maximum (FWHM) of the most populated peak, which
is the « line at 5407 keV from *'°Po decay. When the *K
y peak was sufficiently populated to permit evaluation, we
found its energy resolution to be statistically consistent with
the 2'°Po « peak.

The distribution of measured energy resolutions at
5407 keV for all CCVR bolometers is shown in Figure 3(a).
The average energy resolution of all 69 active channels is
5.1keV, a result that is noticeably skewed by three noisy
detectors with energy resolutions larger than 10 keV FWHM.
In Figure 3(b), we plot the energy resolution versus bolometer
working temperature for all except the three worst perform-
ing bolometers. When the bolometers were operated below
13mK, close to the CUORE target temperature of 10 mK,
we consistently achieved our target energy resolution of
5keV. It is worth noting that the R&D cryostat in which the
CCVRs were performed is a test facility subjected to frequent
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FIGURE 2: Energy spectrum of background events from one CCVR.
The three prominent peaks are the 1461keV y-ray line from K
decay, the 2615keV y-ray line from ***T1 decay, and the 5407 keV «
peak at the Q-value for *'°Po decay. The *'°Po peak is accompanied
by a less prominent peak at 5304 keV which arises because some-
times the decay « is detected but the corresponding nuclear recoil is
not—namely, when the decay occurs on a copper surface facing the
detectors. The livetime of this CCVR was 21.5 days, corresponding
to 0.17 kg-y of detector exposure.

modifications that affect its performance and that its base-
temperature rating is ~2 mK higher than that of the CUORE-
0 cryostat and the future CUORE cryostat. We therefore
expect bolometer performances in CUORE to be the same
as or better than what was seen in the CCVRs.

2.2. Backgrounds. The paramount concern in 0vf3f decay
searches is suppressing backgrounds that could hide a decay
signal. Common sources of background include cosmic-
ray muons and their byproducts, such as cosmogenically
activated detector materials; p rays from natural uranium-
and thorium-chain radioactivity in the detector, surrounding
hardware, and the environment; « particles from surface
contamination of materials facing the bolometers; and the
irreducible tail from 2vf decay at the end point of the 3f3
decay energy spectrum. For CUORE, the primary concerns
are y rays and « particles from radioactive decays inside the
detector and the cryostat. The tail from 2y decay will be
negligible, as it will be several orders of magnitude smaller
than the other backgrounds due to the excellent energy
resolution of the bolometers and the consequently narrow
region of interest (ROI) in the energy spectrum.
Environmental backgrounds will be strongly suppressed
in CUORE through a combination of location and shielding.
The underground LNGS host facility is located at an average
depth of ~3600 m water equivalent, which reduces the muon
flux from its surface value by roughly six orders of mag-
nitude to ~3 x 10~® y/cm?/s [26-29] and thus dramatically
limits background from cosmic muons and muon-induced
neutrons and y rays. The primary cosmogenic activation
products in TeO, crystals and copper include ®Co, '"°Ag,
and """ Ag, and the estimated background rates in the ROI
from those products are at least an order of magnitude smaller
than backgrounds coming from surface contamination on the
copper facing the crystals [30]. In order to limit cosmogenic

activation of the copper used in the experiment, we store the
copper underground and bring it aboveground only when
necessary for machining and cleaning [31].

The CUORE cryostat will be surrounded by a 73-ton
octagonal external shield designed to screen the detector
from environmental y rays and neutrons. The shield has three
layers: an outermost layer consisting of a floor of ~20 cm
thick 5% borated polyethylene (PE) and sidewalls of an 18
cm thick pure PE to thermalize and absorb neutrons, a 2 cm
thick side layer of boric-acid powder to absorb neutrons, and
an innermost layer of lead bricks of minimum thickness of
25 cm to absorb y rays.

Inside the cryostat two cold lead shields will provide addi-
tional protection: a 6 cm thick layer of ancient Roman lead
[32], located between the 4 K and 600 mK copper vessels and
thermally anchored to the 4 K vessel, will shield the detectors
from radioactivity in the outer vessels and superinsulation,
and a 30 cm thick disc of modern and Roman lead at 0.01K
below the mixing chamber plate will shield the detectors
from radioactivity in the overhead cryostat apparatus. The
close-packed detector array itself will also provide a measure
of passive and active self-shielding, the latter via vetoing of
simultaneous events in adjacent crystals.

From Monte Carlo simulations, we find the expected
environmental muon, neutron, and y background rates in
the ROI to be (1.04 + 0.22) x 107%, (8.56 + 6.06) x 107°,
and <3.9 x 107 counts/keV/kg/y (90% C.L. upper limit),
respectively [33, 34]. These values are orders of magnitude
smaller than the « and y backgrounds expected to come from
the experimental apparatus itself.

The 2528 keV Q-value for 0vff decay of '*"Te lies above
most naturally occurring y backgrounds except the 2615 keV
line from T Consequently, the y background in the
CUORE ROI should come almost entirely from ***T1 present
in the experimental setup. The upper limits on parent ***U
and **Th bulk contaminations in the TeO, crystals, as
determined from CCVR measurements, are 6.7 x 10~ and
8.4 x 1077 Bq/kg, respectively, which translate to <10~*y
counts/keV/kg/y in the ROI [25]. The y background due to
bulk contamination in the experimental setup should be less
than 6 x 107> counts/keV/kg/y (90% C.L.) [30].

The largest background in the ROI is expected to come
from « particles emitted by contaminants on the surface
of the copper in the detector towers and the innermost
thermal shield. We tested four techniques for minimizing
effects from copper surface contamination [31, 35]. Two of
the techniques involved complex procedures for removing
contamination by etching a thin layer off the copper surface,
while the other two techniques involved covering the copper
with a material (either polyethylene wrapping or a parylene
conformal coating) to absorb emitted & particles and thereby
prevent them from impinging on the crystal detectors.
Based on the test results and practical concerns, we elected
to subject all copper components facing the bolometers—
that is, both the parts in the towers and the innermost
thermal shield—to a surface-cleaning process consisting of
abrasive tumbling, electropolishing, chemical etching, and
magnetron plasma etching [31]. Recent results from the
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FIGURE 3: (a) Distribution of energy resolutions at 5407 keV for all CCVR bolometers. (b) Bolometer energy resolution versus detector

working temperature for CCVRs 1-9.

currently running CUORE-0 detector (see Section 3) indicate
that the copper surface cleaning has been effective. The
expected upper limit on surface-related backgrounds in the
ROI in CUORE, extrapolated from test results and the recent
performance of CUORE-0, is 1-2 x 102 counts/keV/kg/y [30].

3. CUORE Prototype: CUORE-0

In order to commission the CUORE detector assembly
line, confirm the effectiveness of our copper-surface-cleaning
technique, and validate post-Cuoricino improvements to the
tower design, we built CUORE-0, a single CUORE-type
tower containing 52 TeO, bolometer modules (Figure 4(a)),
and have been operating it since March 2013 [24]. CUORE-
0 is the first tower produced using CUORE assembly tech-
niques and materials, including surface-cleaned copper. The
detector’s total mass is 39 kg, with 11 kg of '**Te isotope. In this
section, we review the construction and commissioning of
CUORE-0, its performance and background measurements,
and its potential physics reach.

3.1. Construction and Commissioning. The CUORE-0 tower
was constructed according to standard CUORE detector
assembly procedures, described in Section 4.1. After being
built, the tower was enclosed in a copper thermal shield
and installed in the former Cuoricino cryostat. CUORE-0
therefore shares much of the same infrastructure used in
Cuoricino, such as the external shielding, the Faraday cage,
and the data acquisition (DAQ) hardware [36]. A Plexiglas
shield surrounding the cryostat is continuously flushed with
nitrogen gas to prevent ingress of radon. We operate CUORE-
0 at ~13 mK due to the limitations of the aged cryostat.

The base temperature of each bolometer can be calcu-
lated from the measured resistance of its NTD thermistor

(Figure 4(b)). Of the 52-bolometer channels, one is not
functional due to a failed wire bonding to its thermistor
during assembly. In addition, one heater could not be bonded
during assembly, and the connection to another heater was
lost during the initial detector cooldown. We considered this
situation acceptable and proceeded with data taking.

The DAQ hardware includes front-end preamplifiers,
six-pole low-pass Bessel filters, and high-precision 18-bit
National Instruments digitizers operating at 125 S/s [37, 38].
On the software side, we use the Apollo suite developed for
CUORE. We record both the continuous data stream and
software-triggered data samples; each bolometer module is
triggered independently with a threshold in the range 50-
100 keV. The detectors are calibrated using gamma lines from
two thoriated tungsten strings which are lowered into guide
tubes between the cryostat and external lead shield once
per month. To calibrate the bolometers” response across the
measured energy spectrum, we use a third-order polynomial
to fit the locations of the source-generated gamma peaks in
the range 511-2615 keV.

3.2. Detector Performance and Background Measurement.
The offline analysis of CUORE-0 data follows a standard
procedure [24] originally developed for the Cuoricino exper-
iment [13, 36]. The heater pulses which periodically inject
fixed amounts of energy into the bolometers are used to
correct for small shifts in thermal gain due to temperature
fluctuations. The amplitudes of the bolometer temperature
pulses are extracted via optimum filtering [39] and then con-
verted into energies using calibration data. Events occurring
within +100 ms of each other in multiple crystals are rejected
to reduce background. Figure 4(c) shows the distribution of
the full width half maximum (FWHM) values of the 2615 keV
2987T] decay peak in calibration data for all 49 active channels
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FIGURE 4: (a) The CUORE-0 tower inside a glove box during its assembly. (b) Base temperatures of the functioning CUORE-0 crystals, as
calculated from the measured resistances of their thermistors in conjunction with R, and T}, values previously determined in thermistor
characterization studies (see Section 2). It should be mentioned that there is good evidence that a thermistor’s R-T behavior can be modified
by mechanical stresses caused by its glue-spot connections to the crystal, and this effect could be responsible in part for the seemingly erratic
distribution of detector temperatures. (c) Energy resolution (FWHM) of each detector channel, determined from calibrations performed
regularly during March-September 2013. The mean energy resolution in the calibration data is 6.8 keV, and the median is 6.0 keV.

with functional heaters used in the data analysis. At the
conclusion of the first phase of data taking, the summed
exposure of the individual detectors was 7.1kg-y. We evaluate
the overall detector energy resolution in the noncalibration
data to be 5.7 keV, based on the FWHM of the 2615 keV peak
in the energy spectrum created by summing the data for all
active channels.

At present, the CUORE-0 data in the ROI for 0vf3f3
decay of '*Te is blinded while we accumulate more statistics
and work on optimizing event selection. To perform the
blinding, we exchange a random fraction of events within
+10keV of the decay’s Q-value with events within +10 keV
of the 2615keV y peak; the number and identity of the
exchanged events are kept secret from the analyzers. Since
the number of events in the y peak is significantly larger
than that in any possible 0¥ peak, this blinding procedure
generates an artificial peak centered at the Q-value which
hides any 0v3f decay signal. The +10keV exchange width
was chosen because it is approximately twice the FWHM
energy resolution of the detectors. Figure 5 shows the so-
called “salted peak” and the nearby ®*Co y peak.

To find the average background rate in the ROI, we use
an unbinned maximum likelihood fit in which the likelihood
function includes two Gaussians (for the “°Co and 0v3p
decay peaks) and a constant continuum which incorporates
the « and y backgrounds. The fitted background rate is 0.071
+ 0.011 counts/keV/kg/y. The main background contributions
in the ROI are y rays from decay of ***TI coming from ***Th
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FIGURE 5: CUORE-0 background spectrum in the ROI, with a
salted peak at the Q-value for 0vBf decay of *°Te. The solid red
line shows the result of an unbinned maximum-likelihood fit to
the full spectrum, while the dotted blue line indicates the fits
background component, consisting of the “Co peak and a uniform
continuum. The fit value for the continuum background is 0.071 +
0.011 counts/keV/kg/y (from [24]).

in the cryostat and « particles from radioactive decays on the
surface of the detector materials. The former is expected to be
similar to the y background measured in Cuoricino at 0.05-
0.06 counts/keV/kg/y, while the latter can be extrapolated
from the measured background rate at higher energies in the
range 2.7-3.9 MeV. Any deviation from a constant (i.e., flat)
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FIGURE 6: Background spectra from CUORE-0 (shaded, red) and
Cuoricino (black) in the energy region dominated by degraded «
particles [24]. The sixfold reduction in background achieved by
CUORE-0 in the energy ranges 2.7-3.1MeV and 3.4-3.9 MeV is
clearly evident. The prominent peak at 3.3 MeV is from decay of
190pt, which is present in the TeO, crystals from their growth.
The non-Gaussian shape of the peak is due to the fact that these
spectra are made by summing the contributions from many detec-
tor channels having different (Gaussian) energy resolutions and
positions, the variations in the latter arising because of calibration
uncertainties.

continuum background is contained in the systematic error
of the fitted background rate.

The « continuum from 2.7-3.9MeV (excluding the
peak in the range 3.1-3.4 MeV from decay of “’Pt in the
crystals) is above all naturally occurring y lines, so the
background in that region mainly comes from « particles
whose energy has been degraded. In Figure 6, we com-
pare CUORE-0 with Cuoricino in the a continuum region
and find that the CUORE-0 background rate is 0.019 +
0.002 counts/keV/kg/y, a factor of six less than in Cuoricino,
0.110 + 0.001 counts/keV/kg/y.

3.3. Projected Sensitivity. CUORE-0 data taking is ongoing
and expected to continue until CUORE comes online in
early 2015. With its improved background compared to the
previous generation of bolometer experiments, CUORE-0
has the potential to make a significant improvement on the
limit for 0vBp of **Te. With roughly one year of livetime,
CUORE-0 should surpass the half-life limit on 0v/3 decay of
130Te established by Cuoricino at 2.8 x 10%# y (90% C.L.) [24].

4. CUORE Status

In parallel with CUORE-0 data taking, we have also been
building the CUORE detectors and experimental setup in
Hall A at the LNGS underground facility. This work is
scheduled to continue until the end of 2014, with the goal of
turning on the experiment in early 2015.

4.1. Detector Assembly. Construction of the 19 detector tow-
ers is a lengthy, delicate activity that demands a sizable share
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of the collaboration’s attention and resources. The assembly
process is divided into four stages: gluing of thermistors and
heaters to crystals, physical assembly of instrumented crystals
into a tower, attachment of readout cables to the tower, and
wire bonding of the crystals’ chips to the readout cables.
To minimize oxidization and contamination (especially by
radon [40]), all of these operations are carried out using
clean tools inside nitrogen-flushed glove boxes in a dedicated
clean room on the first floor of the CUORE hut. Completed
towers are stored in nitrogen-flushed canisters to await future
installation in the cryostat all at once.

The gluing of semiconductor chips to crystals is per-
formed inside a dedicated glove box by a semiautomated
robotic system to achieve precise and uniform results. First,
a cartesian robot equipped with a pneumatic gun dispenses
matrices of uniformly sized dots of Araldite Rapid bicom-
ponent epoxy on an upturned thermistor and heater placed
atop a precision positioning device. Before the epoxy dots
begin to cure, a robotic arm fetches a crystal and places it
on a cradle above the chips; an actuator then immediately
lowers the crystal to a position where it is separated from
the chips by 50 um. The crystal is left to cure undisturbed
for a minimum of 50 minutes before being removed from the
positioning device with its newly attached chips. For quality
control purposes, we take pictures of the epoxy dots before
and after the chips are attached to the crystal. Crystal gluing
is a near-continuous activity and typical system throughput
during normal operation is 6 crystals/day, or roughly one
tower’s worth of crystals every two weeks. Finished crystals
are kept in vacuum-sealed containers inside nitrogen-flushed
storage cabinets to await assembly into towers.

All subsequent tower-assembly operations are performed
at a workstation containing a nitrogen-flushed storage garage
and a work surface that can host a series of task-specific glove
boxes and tools. In order to increase operational efficiency, we
generally try to assemble towers in batches of 3-4 at a time.

The first task is to physically assemble chip-equipped
crystals, specially treated ultraclean copper pieces [31], and
PTFE spacers—almost 500 separate parts in all—into a tower.
The tower is built one floor at a time, descending into the
storage garage as it grows in size.

Once a tower is built, the next step is to install two sets
of flexible printed circuit board (PCB) cables on opposite
sides of it to provide the electrical connections to the cryostat
wiring. The cables, which consist of wire traces etched from
copper sheet on polyethylene naphthalate (PEN) substrate,
are 2.4m in length to run from the bottom floor of the
tower up to the cryostat’s mixing-chamber plate. The readout
traces terminate in bonding pads located on horizontal arms
extending from either side of the readout cables at each tower
floor. We first glue the flexible PCB cables to a rigid copper
backing using Araldite Standard bicomponent epoxy, and
after curing overnight the cable assembly is affixed to the
tower frame.

The last step is to connect the crystals’ semiconductor
chips to the PCB cable traces with 25 um gold wires. This
is accomplished using a modified Westbond 7700E manual
wire bonder which has been oriented vertically and mounted
on motor-driven rails to enable precise horizontal motion.
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FIGURE 7: (a) CUORE cryostat, with major components highlighted. (b) Detector calibration system (DCS).

The 8 mm difference in depth between the chip pads and the
copper-trace pads is beyond the wire bonder’s reach, so the
horizontal rails extend the access depth and make bonding
possible. Each gold wire is first ball bonded to a chip pad
and then wedge bonded to a copper pad, and then the wedge
bond is reinforced with a security ball bond. Two wires are
bonded for each electrical connection to provide redundancy.
After bonding work on a tower is complete, protective copper
covers are installed over the PCB cables and the finished
tower is placed inside a nitrogen-flushed storage canister.
CUORE tower assembly began in January 2013, and the
full complement of 19 towers was completed in Summer 2014.

4.2. Cryogenics and Calibration Systems. The other major
challenges in building CUORE are constructing the cryo-
genics and calibration systems, which will comprise large,
complex, interconnected parts packed close together and
operating under extremely cold conditions. Given the rel-
atively long time (~1 month) needed to close the cryostat
and cool the detectors to base temperature, as well as the
anticipated five-year running time for the experiment, it is
essential that all cryostat systems be carefully designed for
robust performance.

The cryogenics system (Figure 7(a)) encompasses the
cryostat and a cryogen-free cooling system, the latter com-
prising five pulse-tube coolers and a dilution-refrigerator

unit [41]. The cryostat will consist of six nested copper
vessels at 300 K (Outer Vacuum Chamber), 40 K, 4 K (Inner
Vacuum Chamber), 0.6 K (Still), 0.05K (Heat Exchanger),
and 0.01K (Mixing Chamber). Construction of all six vessels
is complete. We are taking a phased approach to commission-
ing the cryostat, having started with the outer three vessels
instrumented with three pulse tubes [42]. We cooled down
this partial system twice, successfully reaching 3.5K on the
4 K plate on the second attempt. The three inner vessels have
been cleaned and delivered to LNGS and are presently being
installed. To reduce vibrational noise, the detector will be
suspended from a Y-beam whose supports are decoupled
from the surrounding building structure and the cryostat.

In parallel with cryostat commissioning, the dilution unit
(DU)—a custom-built, closed-cycle, high-power *He/*He
dilution refrigerator—was characterized in its own custom
test cryostat. The DU was delivered to LNGS in Summer 2012
after passing in-house benchmarking at Leiden Cryogenics.
It reached 5mK base temperature at LNGS with a cooling
power of 5 W at 12 mK. During stable cryostat operation, the
DU and a subset of the five pulse-tube coolers will provide
enough cooling power to maintain the detector at base
temperature. However, those devices do not have sufficient
power to cool down the multiton apparatus from room
temperature in a reasonable time. For this reason the DU
and pulse tubes will be supplemented during cooldowns with
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a fast-cooling system—namely, a forced He gas circulation
system designed to improve the thermal exchange inside the
cryostat and thereby reduce the cooling time to ~one month.

The detector calibration system (DCS) will be used to
lower 12 radioactive source strings under their own weight
through a set of guide tubes from the 300K flange into the
10 mK detector region for the purpose of monthly energy
calibrations. The DCS consists of a computer-controlled
vacuum motion system above the 300K flange, a thermal-
ization mechanism at the 4 K flange, and guide tubes which
snake through the cryostat’s interior and run down between
the detectors (Figure 7(b)). The sources are copper-covered
capsules of thoriated tungsten crimped at intervals along a
Kevlar string and coated with PTFE to minimize friction.
A key challenge is developing a robust system that will not
exceed the stringent heat-load constraints of the successive
temperature stages inside the cryostat during the insertion
and retrieval of source strings. During a test cooldown of
the outer cryostat to 4K, we successfully tested a complete
calibration source deployment unit operating two strings.

All of the copper components that will be cooled to base
temperature—the 10 mK plate and vessel, the tower frames,
the tower-suspension plate, and the DCS tubes—are made of
radiopure electrolytic tough pitch copper alloy [31, 41]. All
other copper components in the cryostat are made of oxygen-
free electrolytic (OFE) copper alloy [41, 42].

Electrical signals from the detectors will be carried up to
the coldest stage of the cryostat by PCB wires and then to the
outside world via NbTi wires running between the Mixing
Chamber plate (0.01K) and the top of the cryostat (300 K).
The wires will be arranged in six bundles inserted through
six 40 mm inner bore access ports placed between the 300 K
and 4K flanges. The wires will be cooled only by radiation
inside the boreholes; below 4K, the wires will be cooled
by conduction through thermalization clamps connected to
each cold stage of the refrigerator.

4.3. Electronics and Data Acquisition Hardware. The CUORE
electronics will provide an effective low-noise system for
reading and monitoring the detectors. The main boards
consist of 8-layer 233 x 280 mm* PCBs which accommodate
6 channels each. Each channel consists of a preamplifier
and a programmable-gain amplifier, load resistors, a detec-
tor biasing system, and a number of other circuits that
enable the DC characterization of each thermistor and the
monitoring of many voltage nodes. The antialiasing Bessel
filter boards have programmable cutoff frequencies in the
range 15-120 Hz, allowing for optimal analog filtering when
used in conjunction with the new DAQ system that has
higher sampling rates than the system that was used for
Cuoricino and which is currently being used for CUORE-
0. The production, characterization, and calibration of the
electronics are in progress.

We are in the process of procuring all CUORE data
acquisition (DAQ) hardware, including National Instruments
NI-628x-series high-precision 18-bit digitizers. A small DAQ
system, based on a single chassis, will be used for upcoming
commissioning tests of the CUORE cryostat while we config-
ure and test the full DAQ.
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A Faraday cage will be needed to shield the signal links
between the detectors and the front-end electronics from
disturbances coming from the main power line (50 Hz), the
cryogenic pumps, and any other electromagnetic interfer-
ences which could be injected from outside. The cage will be
located atop the cryostat, on the second floor of the CUORE
building, and have a volume of ~6 x 6 x 3m’ and a total
surface area of ~150 m”. The design specification is for a 60 dB
attenuation at 50 Hz.

The CUORE slow control system will use LabVIEW for
the instrumentation drivers, while the network layer will use
one of the standard protocols available within LabVIEW and
will store data in a schemaless database [43] as well as in the
CUORE SQL analysis database. Custom packages will be used
for high-level user interfaces, including web-based clients for
monitoring and alarms. The slow control system is currently
under development.

4.4. Data Acquisition and Analysis Software. CUORE will use
a custom-built DAQ software package named Apollo that has
been designed to read signals from ~1000 bolometers. Apollo
will digitize the analog waveforms, run trigger algorithms,
and store data for offline analysis. Data are saved in two
formats: triggered bolometer pulses are saved to ROOT files
[44] while the continuous waveforms are saved to compressed
ASCII files. Detector parameters and run configurations are
stored in an SQL database which is also used for offline data
analysis. Apollo provides graphical user interfaces for run
control and monitoring and a slow-control system for inter-
acting with the front-end electronics. It also includes tools for
the automated detector characterization to be performed in
the start-up phase of the experiment. Apollo has been tested
extensively in our experimental setups at Hall A and Hall C,
most recently during CUORE-0 data taking.

For data analysis, we use a custom-built software frame-
work named Diana, which was developed using a plugin
architecture in C++. Diana has been used extensively as our
standard tool for analyzing data from R&D runs, Cuoricino,
and CUORE-0. As we analyze the CUORE-0 data, we are
continuing to build upon the standard analysis procedure
(see Section 3.2), developing new features such as noise
decorrelation [45] and a web-based data quality monitoring
system.

5. Conclusion and Outlook

With its large detector mass and an excellent anticipated
energy resolution, CUORE is one of the most sensitive
0vB decay experiments under construction. Figure 8(a)
shows the experiment’s projected half-life sensitivity to **Te
0vBf decay as a function of livetime, assuming the target
background rate of 0.01 counts/keV/kg/y is achieved. After
five years of livetime, CUORE should reach a 1o (90% C.L.)
sensitivity of 1.6 x 10y (9.5 x 10* y) on the half-life of 0v38
decay of 'Te.
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FIGURE 8: (a) Projected CUORE 1o sensitivity to the half-life of 0vf decay of '**Te as a function of detector livetime. The solid green line
shows the sensitivity for the target background rate of 0.01 counts/keV/kg/y, while the dashed blue line shows a speculative future scenario in
which the background is ten times lower. (b) The corresponding lo sensitivity to effective Majorana mass versus the lightest neutrino mass
after five years of detector livetime. The spread in the projected CUORE 1, bands arises from uncertainties in calculations of the nuclear

matrix elements used to convert a measured half-life into an effective Majorana mass. The green band labeled A2, < 0 denotes the inverted
neutrino mass hierarchy while the red band labeled Am’, > 0 indicates the normal mass hierarchy. For both, the darker inner bands represent
regions allowed by the best-fit neutrino oscillation parameters in the PMNS matrix, while the lighter outer bands extend to 3¢ coverage. Both

figures are from [23].

For 0vff8 decay involving exchange of light Majorana
neutrinos, the half-life T?}’Z can be expressed as

2
(15,) " =6” @2 |m”| —|<m,ﬁf>| .0

where G”(Q) is an accurately calculable phase-space factor
which scales with the decays Q-value as Q°, M” is the
nuclear matrix element for the process, which carries a large
uncertainty due to the range of results calculated from various
models, and [(mpgg)| is the so-called effective Majorana
neutrino mass which correlates 0¥ decay with neutrino
mixing parameters [1]. This formula enables conversion of
an experimentally measured 0vf3f decay half-life (or lower
limit thereof) into an effective Majorana mass (or upper limit
thereof). For CUORE, five years of livetime should yield a
1o (90% C.L.) sensitivity to an effective Majorana mass in
the range 40-100 meV (50-130 meV), which overlaps the top
edge of the allowed band for the inverted mass hierarchy
(Figure 8(b)).

The successful commissioning of CUORE-0 and its
promising background rates represent a significant milestone
for CUORE. The average energy resolutions of the CUORE-
0 bolometers are on par with Cuoricino and are among
the best seen in large-mass bolometer arrays, even before
optimization and while running at a suboptimal working
temperature. We find that the background rates in the «
continuum region and the ROI are lower by a factor of 6
and 2, respectively, with respect to Cuoricino. This success in

reducing the background has confirmed the efficacy of our
copper-cleaning techniques and detector-assembly methods.
We intend to continue operating CUORE-0 until CUORE
begins data taking, by which time CUORE-0 should have
become the most sensitive experiment searching for 0vf3f
decay of *"Te.

CUORE is now in an advanced state of construction,
making steady progress in all respects. Detector assembly was
recently completed, and the phased commissioning of the
cryostat and integration of its many interconnected systems,
including the DCS and the dilution unit, is ongoing. We plan
to complete the integration and commissioning of CUORE at
the end of 2014 and commence data taking in the first half of
2015.
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The MiniBooNE experiment has contributed substantially to beyond standard model searches in the neutrino sector. The
experiment was originally designed to test the Am* ~ 1eV? region of the sterile neutrino hypothesis by observing v,(¥,) charged
current quasielastic signals from a 7,(7,) beam. MiniBooNE observed excesses of ¥, and 7, candidate events in neutrino and
antineutrino mode, respectively. To date, these excesses have not been explained within the neutrino standard model (vSM); the
standard model extended for three massive neutrinos. Confirmation is required by future experiments such as MicroBooNE.
MiniBooNE also provided an opportunity for precision studies of Lorentz violation. The results set strict limits for the first time
on several parameters of the standard-model extension, the generic formalism for considering Lorentz violation. Most recently, an
extension to MiniBooNE running, with a beam tuned in beam-dump mode, is being performed to search for dark sector particles.
This review describes these studies, demonstrating that short baseline neutrino experiments are rich environments in new physics

searches.

1. Introduction

Across the particle physics community, the mysterious peri-
odic-table-like nature of the standard model (SM) is motivat-
ing searches for new particles, new forces, and new properties
of the particles that are known. The neutrino sector is proving
a rich environment for these searches. Having already found
one beyond standard model (BSM) effect, neutrino mass [1],
a series of experiments are pursuing other potential signals.
Unlike the case of three-neutrino oscillation measurements
within ¥SM, many of these searches are pursued over short
baselines, from a few meters to approximately a kilometer.
The Mini Booster Neutrino Experiment (MiniBooNE) at
Fermi National Accelerator Laboratory (Fermilab) is an
excellent example, having contributed substantially to BSM
studies.

This review describes the MiniBooNE BSM program. We
begin by describing the experiment. This is followed by a
discussion of the MiniBooNE cross section studies, which
have been essential input to both the BSM searches within
this experiment and also to other experiments, including T2K

most recently [2]. We then describe three searches: the sterile
neutrino search which motivated the experiment, Lorentz
violation searches which set the first limits on five neutrino
sector parameters, and the search for dark sector particles
which is now being pursued with a reconfigured beam.

2. MiniBooNE Experiment

MiniBooNE (running from 2002 to 2012) was originally
designed to test the LSND signal [3]. In the LSND exper-
iment, low energy (0 to 53 MeV) muon antineutrinos were
produced by pion decay-at-rest (DAR) and were detected by
the liquid-scintillator-based LSND detector at 31 m from the
target. The observed 3.80 excess of ¥, candidate events could
be interpreted as oscillations in the Am* ~ 1eV> region
within a simple two massive neutrino oscillation hypothesis,
where the oscillation probability is given by

P (&M )

1.27Am’L
— 53) = sin”26sin’ (Tm) .
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FIGURE 1: The MiniBooNE experiment layout [4]. (a) The Fermilab accelerator complex. (b) The MiniBooNE detector, with inset showing
the black inner volume and the white outer volume. (c) Schematic layout of the beam and detector [18].

Here, 6 and Am® are oscillation parameters to control the
amplitude and the period, respectively (further discussed in
Section 4), L is the distance from neutrino production to
interaction in meters, and E is the energy of the neutrino in
MeV.

An experiment which maintains the same L/E ratio
should observe an oscillation probability consistent with
LSND if the simple two neutrino model is a good approx-
imation of the underlying effect. However, by employing
an average E which is an order of magnitude larger than
LSND, the systematic errors associated with production and
decay are quite different. If L is increased accordingly, and no
signal is observed, this rules out the two-neutrino oscillation
hypothesis of the LSND result.

MiniBooNE was designed with this in mind. The Mini-
BooNE beam peaked at ~700 MeV and the Cherenkov
detector was located at ~500 m baseline. Figure 1 shows an
overview of the MiniBooNE design [4], and in the remainder
of this section we provide more details.

2.1. Booster Neutrino Beam-Line. The Booster Neutrino
Beam-line (BNB) extracts 8 GeV Kkinetic energy protons
from the Fermilab Booster, a 149 m diameter synchrotron
(Figure 1(a)). Eighty-one bunches, separated in time by
~19 ns, are extracted by a fast kicker within a ~1.6 us pulse.
Each pulse contains around 4 x 10'* protons. Typically, four
to five pulses per second were sent to BNB to produce the
neutrino beam.

This high intensity proton pulse collides with a beryllium
target to produce a shower of mesons (Figure 1(c)). The target
is located within a magnetic focusing horn. For neutrino

mode running, the toroidal field generated by the horn
focuses on positive mesons, with 7 decay-in-flight (DIF) as
the primary source of the v, beam. In antineutrino mode
running, the horn focuses on negative mesons to create the
7, dominant beam. The details of the BNB neutrino flux
prediction can be found in [5].

MiniBooNE collected 6.46 x 10* proton-on-target
(POT) in neutrino mode and 11.27 x 10?° POT in antineu-

trino mode.

2.2. 'The MiniBooNE Detector. The MiniBooNE detector,
located 541 m away from the target, is a mineral-oil-based
Cherenkov detector. The 12.2m spherical tank, filled with
pure mineral oil, (CH,),,, has two optically separated regions.
The interior region, lined by 1280 8-inch photomultiplier
tubes (PMTs), contains the target volume. An outer volume,
equipped with 240 8-inch PMTs, serves as the veto region [6].
The presence of a charged particle above threshold is detected
through the Cherenkov radiation observed by PMTs. As seen
from Figure 1(b), the inner volume is painted black to prevent
scattering of the Cherenkov light, improving the reconstruc-
tion precision. On the other hand, the outer volume is painted
white to enhance scattering of Cherenkov light, in order to
achieve the 99.9% rejection of cosmic rays by the veto [7]
even with fairly sparse PMT coverage. The charge and time
information from all PMTs is used to reconstruct kinematics
of charged-lepton and electromagnetic events. MiniBooNE
mineral oil produces a small amount of scintillation light
which can be used to reconstruct the total energy of the
interaction via calorimetry, which is particularly important
for particles below Cherenkov threshold.
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For the v, — 7, (v, — 7,) oscillation study, the follow-
ing three particle reconstruction algorithms were the most
important: single Cherenkov rings from (1) a muon and (2)
an electron and the two-ring electromagnetic shower topol-
ogy from (3) a neutral pion decay to two gammas. Figure 2
shows the different characteristics of these three signals,
including examples of typical events in the detector [4].

The reconstruction algorithms can also reconstruct more
complicated topologies important for constraining back-
grounds and for cross section studies discussed below. The
charged-current single charged pion (CCln") interaction
reconstruction algorithm [8] fit two Cherenkov rings from
final state particles, a charged lepton, and a positive pion,
to find their kinematics. The charged-current single neutral
pion (CClz’) interaction reconstruction algorithm [9] fit
a charged lepton and a neutral pion (which consists of
two electromagnetic showers, that is, the algorithm fits for
three Cherenkov rings). Another algorithm identifies and
reconstructs the neutral current elastic (NCE) interaction
[10], where the total kinetic energy of final state nucleons is
found using scintillation light.

Along with reconstruction of the light topology in the
detector, event identification also relies upon “subevents”
These are bursts of light separated in time which indicate
a sequence of decay. For example, a muon which stops and
then emits a decay (“Michel”) electron will produce two
subevents, one from the initial muon and the one from the
Michel electron.

3. MiniBooNE Cross Section Results

All searches for BSM physics rely on a precise understand-
ing of SM interactions. However, when MiniBooNE began

running, there was little neutrino cross section data in the
100 MeV to few GeV energy regime. In response, MiniBooNE
developed a highly successful campaign of cross section
measurements, some of which are described here. These
results are interesting by themselves and also can be used as
direct inputs to the BSM analyses, as described later in this
paper.

MiniBooNEFE’s beam is among the first high-statistics, high
purity fluxes in the energy range from 100 to 1500 MeV.
The observation of the resulting events in a large, isotropic
detector with 47 coverage is unique. Within this detector it is
relatively easy to achieve uniform angular acceptance. Also,
the active veto makes it possible to measure NC interactions
effectively. Insensitivity of hadronic details worked in pos-
itively. The hadron multiplicity often causes confusions for
tracker detectors. Although the MiniBooNE detector cannot
measure multiple hadron tracks, it measures total energy
of low energy hadrons (such as protons below Cherenkov
threshold from CCQE interactions) in calorimetric way, and,
as a result, the details of final state interactions (FSIs), such
as rescattering, absorption, and charge exchange, do not
strongly affect reconstruction of kinematics.

Perhaps most importantly to the overall impact of the
data, the MiniBooNE collaboration provided the cross sec-
tion data in a form that is most useful to theorists. Tradi-
tionally, cross section data have been presented either as a
function of neutrino energy (E,) or 4-momentum transfer
(Q?). This presentation is problematic in the MiniBooNE
energy region, because of the importance of nuclear effects:
Fermi motion smears the kinematics, binding energy shifts
the energy spectrum, nucleon correlations affect both energy
dependence and normalization of cross sections, and pions
may be created, absorbed, and charge-exchanged within



the nuclear environment. These nuclear processes modify the
features of primary neutrino-nucleon interactions, and so
model dependent corrections are required to reconstruct E,
and Q. This model dependence is problematic because there
are a wide range of models available [11-15].

Instead, MiniBooNE chose to publish flux-integrated
differential cross sections in terms of measured kinematic
variables, which are essentially model-independent. These
results have the detector efficiency unfolded but are presented
without any other corrections. In particular, the neutrino
flux is not unfolded. The result is data that is neutrino
beam specific, and theoretical models are comparable only if
those models are convoluted with the MiniBooNE predicted
neutrino flux. However, this is trivial for all theorists to
do, given that MiniBooNE published a first-principles flux
prediction [16]. This isolates all model dependence in the
data-to-prediction comparison entirely to the “prediction”
side of the discussion. The data remains completely general.
For this reason, the MiniBooNE cross section data are widely
used to study and compare theoretical models. In this section,
we describe each cross section measurement briefly.

3.1. Charged-Current Quasielastic (CCQE) Scattering. The
CCQE interaction is the primary interaction at MiniBooNE
energies. This interaction is used to detect vﬂ(a_)”) and v,(v,)
candidate events in the oscillation and Lorentz violation
analyses:

Vytn—u +p,
V,+p— '+,
2)

v,+n—e +p,
- +
Vot p—e +n.

Therefore, a strong understanding of this channel is essential.
High statistics v,(v,) interactions are used to study outgoing
lepton kinematics [17]. The observable of this channel is the
outgoing muon, with no pions in the final state; that is, the
signal event topology is “l muon + 0 pion + N protons.
The main results were published in terms of flux-integrated
double differential cross sections, as functions of the lepton
kinetic energy and the scattering angle. Figure 3(a) shows
the flux-integrated double differential cross section of »
CCQE interactions [18]. The irreducible background from the
pion production channel is subtracted based on a sideband
study, but the subtracted background is also published so that
readers can recover the irreducible background.

These data have revealed the importance of nucleon
correlations [19, 20] in neutrino scattering, which had not
been taken into account correctly in previous calculations.
This led to models developed using electron scattering data
that were tested against MiniBooNE data [21-26]. These
models await being tested further by other experiments, such
as MINERVA (27, 28] and T2K [29].

Another important test is CCQE antineutrino scattering,
where a wide range of expectations were predicted prior to the
run [30-34]. Before the data could be compared to the results,
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however, the substantial contamination of neutrinos in the
antineutrino beam had to be addressed. Three independent
methods were used to constrain and tune the neutrino
contamination prediction [35]. After subtracting the neutrino
contamination, the flux-integrated double differential cross
section for the muon antineutrino CCQE interaction was
measured (Figure 3(b)) [36]. The comparison of models with
data showed a preference for the high cross section models
[37]. The rich shape information of the double differential
data continues to provide additional tests, beyond the nor-
malization.

The main result of the v, CCQE cross section mea-
surements is quoted as per CH, molecule. This is because
the MiniBooNE target consists of CH,, and the experiment
cannot distinguish antineutrino interactions with bound
protons in the carbon nuclei and free protons from hydrogen.
As a separate study, however, MiniBooNE also presented an
analysis that subtracted the hydrogen interactions, where the
cross sections were then expressed per bound proton. This
has also provided a useful handle for theorists.

3.2. Charged Single Pion Production. The understanding of
charged-current single-pion channels is of great interest
to the nuclear community, but also, there are significant
implications for the neutrino oscillation studies. These inter-
actions produce an irreducible background for CCQE events
[38-41]. If the detector fails to tag outgoing pions, either
because of detector effects or nuclear effects, pion production
channels may be misclassified as CCQE. The distributions of
irreducible backgrounds must be modelled, and those models
rely on the pion production measurements, especially the
MiniBooNE data described here. Therefore, understanding
the kinematic distributions of pion production channels is a
crucial task for neutrino oscillation physics.

There are three pion production channels for which
MiniBooNE performed dedicated measurements: charged-
current single 7° (CClz™) production [8]; charged-current
single 7° (CCln") production [9]; and neutral current single
7" (NCln®) production [42]:

v, + CH, —u +n + X,
1/,4+CH2—>‘1[+7I°+X, (3)
Vy (iﬂ) +CHy+ — v, (7[4) +7°+ X.

Here, the topologies of each event are more complicated and
are described as “1 muon + 1 positive pion + N protons”
(CClz™), “I muon + 1 neutral pion + N protons” (CClr"), and
“0 muon + 1 neutral pion + N protons” (NClr”). Although
the MiniBooNE detector is not magnetized and therefore
cannot distinguish positive and negative pions based on
their trajectories, separation is possible. Negative pions are
absorbed by a nucleus almost 100% of the time, and in
consequence, there is no emission of a Michel electron. This
fact allows MiniBooNE to use the presence of a Michel
electron to select positive pions.
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FIGURE 3: (Color online) MiniBooNE CCQE cross sections. (a) shows the muon neutrino flux-integrated CCQE double differential cross
section on a neutron target. (b) shows muon antineutrino flux integrated CCQE double differential cross section on a CH, molecule.
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FIGURE 4: (Color online) MiniBooNE single pion production results. (a) is 77" kinetic energy differential cross section from CClr" interaction

on CH, [8]. (b) is 7” momentum differential cross section from CClzn”
both channels and the shapes do not agree as well.

Because of the more complicated topologies, the differen-
tial cross sections for these data sets are presented in various
variables. Among them, distributions in pion kinetic energy
and momentum distributions exhibit the presence of nuclear
effects, while we do not see this from the lepton distributions.
Figure 4 shows differential cross sections, CCl" pion kinetic
energy, and CClz° pion momentum, respectively. The shape
and normalization are sensitive to nuclear effects, such as
pion absorption, charge exchange, and rescattering. There-
fore, the state-of-the-art nuclear models [43, 44] can be tested
by these MiniBooNE data.

interaction in CH, [9]. As you see, predictions underestimate data for

3.3. Neutral Current Elastic (NCE) Scattering. The NCE inter-
action can take place on both neutrons and protons, for both
neutrino and antineutrinos. The results are relevant for dark
matter searches in two ways: first through the measurement
of As that we describe here, second as a background to a direct
dark matter search by MiniBooNE, described in Section 6:

Yu (’_’ﬂ) TP (’_’u) tp
(4)

v (3,) 41— v, (3,) +n.
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FIGURE 5: (Color online) MiniBooNE NCE results [45]. (a) shows simulated kinetic energy of protons and neutrons from NCE in MiniBooNE.
The line denotes the Cherenkov threshold, that is, only protons which have higher energy from this line emit Cherenkov radiation. (b) shows
the antineutrino NCE differential cross section. As you see, the data shows a “roll-over” in the low Q? region.

Since only protons with kinetic energy above ~350 MeV
produce Cherenkov radiation (Figure 5(a)), the majority of
these events only produce scintillation light and therefore
necessitate a strictly calorimetric analysis. For neutrons, there
is no Cherenkov radiation and the chance the secondary
proton from the primary neutron exceeds this threshold
is extremely low (in other words, if the proton exceeds
Cherenkov threshold, this will most likely form the primary
neutrino NC interaction). We call this topology “0 muon +
0 pion + N protons” However, when the kinetic energy
exceeded the Cherenkov threshold, it is also possible to
observe the direction of nucleons [10].

The calorimetric measurement causes the signal to be
insensitive to the detailed final state interaction (FSI) process.
Also, similar to the antineutrino CCQE analysis (Section 3.1),
scattering on C and H cannot be distinguished, so the
target may be a bound proton, a free proton, or a bound
neutron. Hence, the cross section is presented per CH, target.
Figure 5(b) shows the antineutrino mode NCE differential
cross section [45].

The NCE data allows us to refine our understanding of
nuclear effects at low Q®. In NCE, the observable is the sum
of all kinetic energies of outgoing protons, Y. T Using this,
the Q* can be reconstructed by assuming the target nucleon
at rest:

Q4 = 2My ) Ty €)
Note that irreducible backgrounds, such as NC pion produc-
tion without an outgoing pion, are subtracted to make QéE
physical.

The reconstructed data shows a roll-over at the low Q?
region, due to the combination of Pauli blocking and the
nuclear shadowing. Pauli blocking is a phenomenon where
low momentum transfer interactions are forbidden due to
occupied phase space, and the nuclear shadowing happens
when the resolution (= low momentum transfer interaction)
is insufficient to resolve a single nucleon wave function. Note
that these nuclear effects do not appear if the signal of NCE
is defined to be a single isolated proton, where strong FSI
migrates all nucleons to low energy region [46]. However,
because the MiniBooNE NCE data presents the sum of the
total nucleon kinetic energy, the results preserve the feature
of the primary neutrino interaction physics.

NCE interactions are connected to direct dark matter
searches through the measurement of As, the spin of the
strange quarks in the nucleon. It has been shown [47]
that the uncertainty of As on the spin-dependent scattering
between dark matter particles and target nuclei can be a large
systematic error. Therefore, a As measurement is another way
that neutrino cross section measurements contribute to BSM
physics. We briefly consider how this information can be
extracted from the NCE data here.

The spin structure of a nucleon is deeply fundamental
and quite complicated. In the naive constituent quark model,
the spin —1/2 of a nucleon can be derived by adding valence
quark spins, where in the static limit (Q* — 0) thereare three
valence quarks that make up all static properties of a nucleon,
such as charge, magnetic moment, and spin. However, the
spin contribution from up and down quarks deduced from
inclusive deep inelastic scattering (DIS) measurements [48-
50] indicates, in the static limit, that up and down quarks
support only ~10% of the total spin of a proton. This so-called
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“spin crisis” has triggered a world wide effort to look for
other sources of spin in a nucleon. One of the interesting
additional spin contributions is from the strange quarks,
called As. Although recent measurements show the static
limits of the strange quark charge and magnetic contributions
are consistent with zero [51], the nonzero value of As is
still under debate [52], because the weak coupling (oc (1 —
4sin*6,)) of As with parity violating electron asymmetry
does not allow a clear measurement of As through electron
scattering experiments.

However, As also contributes to neutrino NCE scattering,
as an axial vector isoscalar term, increasing the cross section
for neutrino-proton NCE and decreasing the cross section for
neutrino-neutron NCE. Figure 6 shows the ratio of vp —
vp to YN — N candidates events, together with several
predictions with nonzero As. Note MiniBooNE can only
isolate neutrino-proton NCE in the case of high energy
protons, and the denominator is chosen to be the total NCE
events in order to cancel systematics. The fit to find As is
performed on this plot. After the fit, the best fit value of
As = 0.08 + 0.26 is found. Unfortunately, MiniBooNE does
not have enough sensitivity to definitively determine nonzero
As. This is due to the poor experimental proton-neutron
separation which is only possible at high energy with large
systematics. Therefore, a detector which has the ability to
identify low energy protons, such as MicroBooNE [53], will
have better sensitivity to As.

4. MiniBooNE Oscillation Results

The most well-known BSM search performed by the Mini-
BooNE experiment was for neutrino oscillations consistent
with LSND. These are also the most thoroughly reviewed
results. Here, we briefly describe the studies. We recommend
[54] for a more extended discussion.

MiniBooNE was conceived in 1998, shortly after the
LSND results had reached 3.80 significance and before the
three massive neutrino model for active-flavor oscillations
(¥SM) had been well established. However, it was clear that
if LSND was observing an oscillation signal, the associated
squared mass splitting (Amlzarge) was more than an order
of magnitude larger than other evidence for oscillations. In
this circumstance, a complicated three-neutrino appearance
probability can reduce to a more simple two-neutrino case for
designs with (1.27L/E) = 1/ Amlzarge, such as MiniBooNE.

This approach assumes no CP violation in the mix-
ing matrix, and hence equal probabilities of neutrino and
antineutrino oscillations. Leptonic CP violation in the mixing
matrix had been discussed by Wolfenstein in 1978 [55] as a
natural analogy to the quark sector. However, by extension
of that analogy, the assumption was that this effect, if it
existed, would be very small. As a result, theoretical interest
in 1998 was largely isolated to CP violation. In retrospect,
this approach was naive, but this made sense as the guiding
principle for the MiniBooNE design at the time. The goal was
to test a simple two-neutrino oscillation model with equal
probabilities of neutrinos and antineutrinos, on the basis
that this would be a good approximation if the underlying
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FIGURE 6: (Color online) The ratio of vp — vptovyN — vNasa
function of the reconstructed total kinetic energy of nucleons [10].

reality was BSM physics. If a signal was not observed, the
significantly different systematic errors were expected to
result in a clear exclusion of the result. Thus, the MiniBooNE
experiment began running in neutrino mode, which pro-
vided roughly ~6 times higher rate than antineutrino mode;
anecessary choice since the MiniBooNE experiment was also
relied on a significant Booster performance improvement.
The results showed an anomalous excess of electron-like
events in the Yy dominant neutrino mode beam [56] that
was similar to, but not in good agreement with, LSND. The
experiment then switched to running in antineutrino mode,
where a result in agreement with LSND was observed.

Rather than considering these events historically, we
present both results together in the next section, followed by a
discussion of interpretations and considerations of follow-up
experiments. There is a world-wide effort to probe the sterile
neutrino in the region Am* ~ 1eV? [57]. It is desirable for
MiniBooNE to confirm this excess is electron-like, which is
considered the sterile neutrino oscillation signal, not back-
ground gamma rays associated with »v,(¥,)NC interactions.
The MicroBooNE experiment [53] was proposed along this
line. The MicroBooNE experiment features a large liquid
argon (LAr) time projection chamber (TPC), and it has an
ability to distinguish an electron (positron) and a gamma ray.
The MicroBooNE experiment will start data taking in 2014.
We will discuss more in a later section.

4.1. The Neutrino and Antineutrino Appearance Oscillation
Results. After a decade of data collection, MiniBooNE’s
final appearance oscillation results have been published
[58]. Figure7 shows the electron candidate (v, — v,
oscillation candidate) distribution in neutrino mode and
positron (v, — 7, oscillation candidate) distribution in
antineutrino mode. Note that since the MiniBooNE detector

is not magnetized, in general, it cannot distinguish between
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FIGURE 7: (Color online) The final MiniBooNE oscillation results [58]. (a) shows the reconstructed neutrino energy distribution of oscillation
candidate events. The top is for antineutrino mode and the bottom is for neutrino mode. (b) shows the allowed region in Am*—sin®20, where

the best fit points are shown in black stars.

electrons and positrons, and so both are grouped into the
“electron-like” category.

MiniBooNE observed event excesses in both modes of
running, but the results have slight qualitative difference.
In neutrino mode (left bottom plot), there is a statistically
significant (3.80) event excess in the low energy region.
Although the excess is significant, the shape of the spectrum
leaves some tension with the oscillation hypothesis from
LSND, which you can see from the right bottom plot where
the MiniBooNE best fit region does not overlap well with
the LSND best fit region. MiniBooNE uses a likelihood-ratio
technique [59], to find the best fit values (Am?,sin?20) =
(3.14eV?,0.002) in neutrino mode, with Xz/dof of 13.2/6.8.
In antineutrino mode (left top plot), the observed excess is
not as statistically strong as neutrino mode (2.8¢). This is

expected when one compares the protons on target in each
mode and considers the lower antineutrino flux and cross
section. Although the statistical significance is lower, shape
agreement with the LSND hypothesis is better. Again this can
be seen from the right top plot where the parameter space
selected by the MiniBooNE data agrees with the LSND best
fit region. The best fit point in this mode was (0.05 eV?2,0.842)
with y*/dof of 4.8/6.9.

The combined result significance is dominated by neu-
trino mode and is 3.80. It is possible to find compatible
regions in a simple two-neutrino model between the two
data sets [58]. However, we emphasize that considering
MiniBooNE oscillations in the absence of other oscillation
experiments leads to misunderstandings. We consider this
point in a later section.
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4.1.1. Potential Nonoscillation Explanations. The background-
only y*-probability for the MiniBooNE oscillation search
was 1.6% and 0.5% relative to the best oscillation fits for
neutrino and antineutrino mode, respectively. Nevertheless,
it is important to explore in detail the potential SM explana-
tions of the MiniBooNE results. In particular, a Cherenkov
detector, such as MiniBooNE, lacks the ability to distinguish
electrons from single photons. Therefore any single photon
production mechanism via neutral current interactions is a
likely suspect as a background to this search.

The primary source of single photons is the NCln”
reaction, followed by n° — yy, where one photon is lost
because it exits the detector or because the relativistic boost
causes the energy to be too low to allow the Cherenkov
signal to be identified. At the low energies of MiniBooNE, the
background from two 7° rings that merge is less important
than the case where a photon is lost. Fortunately, MiniBooNE
has the largest sample of well reconstructed NCr° events
ever obtained. Keeping in mind that the largest uncertainties
are in the production and not in the kinematics of the
photons themselves, MiniBooNE was able to use this large
data set to carefully evaluate this appearance background
[60]. This study can constrain the variation of this largest
misID background (red histogram in Figure 7(a)), and we
have shown that if NCr® was the source of the MiniBooNE
excess, MiniBooNE’s systematic error on the production
would have to be underestimated by an order of magnitude
[56]. This is not a likely solution to the problem, and so we
turn to single photon production.

MiniBooNE also included the NC single photon process
in their simulation. The process involves the single photon
decay of a neutral current A resonance, which has a small
but nonnegligible branching ratio (<1% of NCl1r"). The rate
of this process is strongly tied to the resonant production of
pions; therefore MiniBooNE can utilize their in situ NCln®
measurement to constrain this background. Therefore the
variation of this second biggest misID background (light
brown histograms in Figure 7(a)) is also constrained by the
NCln® measurement, and we found this process was not large
enough to explain the MiniBooNE excess [56].

After the first MiniBooNE oscillation result in 2007 [7],
it was pointed out that there were additional single-photon-
production channels missing from the NUANCE [11] event
simulation used by experiments such as MiniBooNE [61].
Figure 8 shows the relevant underlying diagram. This source,
triangular anomaly mediated photon production, features
weak coupling via the neutrino neutral current and strong
coupling with nucleons or nuclei. In fact, a similar type
of interaction was suggested originally in the 1980s [62];
however, it was not widely noted or further investigated. This
type of process can generate a single gamma ray from a NC
interaction. The strength of the anomaly mediated diagram
was evaluated [63], and the event rate in MiniBooNE, after
convoluting the BNB neutrino flux, was, at the time, esti-
mated to be high enough to explain a part of the MiniBooNE
excesses [64].

The initially high estimate, which may have explained
the MiniBooNE result, led nuclear theorists to reevaluate

FIGURE 8: The triangular anomaly mediated photon production. The
neutrino neutral current couples via Z-boson, and the target nucleon
or nucleus couples with a strong force mediated vector meson, such
as an omega meson.

this exotic “Z — y — w coupling,” properly including nuclear
effects, such as Pauli blocking and A resonance media width
modification, as well as including careful calibrations of
nuclear parameters from external data [65-67]. These are
important to include since nuclear effects are sizable in this
energy region. Note these nuclear effects tend to reduce the
cross section.

Figure 9 shows our current knowledge of this channel
[68]. The figure shows the total cross section of NC single
photon production process per '2C nucleus, which means the
cross section includes all potential processes contributing to
this final state topology (“0 muon + 0 pion + 1 photon + N
protons”), both incoherently (neutrino-nucleon interaction)
and coherently (neutrino-nucleus interaction). As you see,
all neutrino interaction generators used by experimentalists
(GENIE [13], NEUT [14], and NUANCE [11]) tend to predict
lower cross sections than state-of-the-art theoretical models
by Wang et al. [65], Zhang and Serot [69], and Hill [64].

The NC single photon prediction may explain part of the
excess, but it is not likely to explain all of it [69, 70]. There
was an active discussion on this channel at the recent INT
workshop, and further experimental data on NC single pho-
ton production can help to guide more theoretical work [71].

Meanwhile, a BSM NC single photon model was pro-
posed [72] where a decay of a heavy neutrino produces a
single photon signal in the detector. Figure 10 shows the
concept of such a model. The heavy neutrino is produced by
the mixing with a muon neutrino; then the decay of the heavy
neutrino leaves a photon signal in the detector. Interestingly,
the required mass range of the heavy neutrino to produce
such a signal in the MiniBooNE detector (40 MeV < my, <
80 MeV) is not constrained by other experiments. The beauty
of this model is that it also explains the LSND signal, while
evading the KARMEN null oscillation result [73].

At this time, NOMAD is the only experiment to have
performed a dedicated NC single photon search [74]. The
NOMAD result was consistent with its background predic-
tion; thus, NOMAD set a limit on this channel. However,
the limit was quoted with NOMAD’s average energy (< E >
~17 GeV) and is therefore not as relevant for lower energy
experiments, such as MiniBooNE. Therefore, it is essential for
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FIGURE 9: (Color online) A comparison of the total cross section of
NC photon production per 2C nucleus [68]. The neutrino interac-
tion generators used by experimentalists (GENIE [13], NEUT [14],
and NUANCE [11]) tend to predict lower cross sections than state-
of-the-art theoretical models (Wang et al. [65], Zhang and Serot [69],
Hill [64]).

FIGURE 10: The concept of a heavy neutrino decay signal in the Mini-
BooNE detector [73]. The mixing of a neutrino with a hypothetical
heavy neutrino and its short life time allows for it to decay in the
MiniBooNE detector to leave a photon signal.

new experiments that seek to check the MiniBooNE results to
have an ability to distinguish between electrons and photons,
such as MicroBooNE [53].

4.1.2. Potential Oscillation Explanations. Numerous articles
have been written on the potential of oscillation models to
explain the MiniBooNE signal. In particular, we recommend
[75] as a pedagogical discussion of the issues of fitting the
data. We excerpt the results from this reference here.

When MiniBooNE and LSND results are considered
within the context of the world’s oscillation data, ¥SM is
excluded, because a third mass splitting must be introduced.
Because the Z — v results from LEP and SLD [1]
limit the number of low mass active neutrinos to three,
sterile neutrinos are introduced to allow for these data sets.
Sterile neutrinos are a consequence of many theories and
could evade limits from cosmology, as discussed in [57]
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(note recent Planck results [76] leave some tension with this
interpretation).

If one sterile neutrino is added to the three active
neutrinos, then the model is termed (3 + 1). Two additional
sterile neutrinos lead to a (3 + 2) model and three result
in a (3 + 3) model. The mass states are mixtures of flavor
states, and in these models, fits to the data yield mass states
that are either mostly active flavors or mostly sterile flavors.
The splitting between the mostly active and mostly sterile
flavors is large, and the splittings between the active flavors
are, comparatively, negligible. So, in sterile neutrino fits, the
short-baseline approximation where the mostly active flavors
are regarded as degenerate in mass is used. In such a model,
3 + 1 models are simply two-neutrino models, such as what
was initially proposed to explain LSND.

The disagreement between the MiniBooNE neutrino and
antineutrino data leads to very poor fits for 3 + 1 models.
In order to introduce a difference in the neutrino oscillation
probabilities, CP violation must be included in the model.
For the term which multiplies the CP-parameter to be
significant, there must be two mass splittings that are within
less than two orders of magnitude of each other. This can be
accommodated in a 3 + 2 model.

Since the MiniBooNE and LSND results were published,
two new anomalies consistent with high Am?® oscillations
were brought forward. These are the reactor anomaly [77],
which has been interpreted as », — 7, and the gallium
source anomaly [78] which can be interpreted as v, — v,
[57]. Both anomalies have weaker significance than Mini-
BooNE and LSND, but they can be combined into a consistent
model.

With this said, many experiments have searched for
oscillations in the high Am? region and found no evidence
of oscillations. Reference [75] describes nine such results.
The exclusion limits for electron-flavor disappearance and
electron-flavor appearance can be shown to be compatible
with the results of the four anomalous measurements. How-
ever, when muon-flavor disappearance is included, there is
tension between the data sets which leads to low compatibil-
ity, except in the 3 + 3 picture (or more elaborated version of
3 + 2 model, called “1 + 3 + 1” model [79]).

4.1.3. Near-Future Experiment Addressing the MiniBooNE
Results. To test MiniBooNE signals in a model-independent
way, a new experiment is planned on the BNB. The Micro-
BooNE experiment is a large liquid argon time projection
chamber (LArTPC) experiment [53] at Fermilab, planning to
start data taking from 2014. It is part of the US LArTPC pro-
gram [80], with the eventual goal of an ultra-large LArTPC
experiment, such as LBNE [81]. The experiments are moti-
vated by the “bubble chamber level” LArTPC imaging quality.

Figure 11 shows a drawing [53] of MicroBooNE’s 170 ton
foam-insulated cryostat. The TPC volume is 89 tons. Ionized
electrons along the neutrino-induced charged particle tracks
are drifted via a high electric field in the TPC volume to
the anode wires. The node wires are configured on three
planes alternating by 60° orientation, to allow 3-dimensional
reconstruction of the tracks. The first 2 wire planes record
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FIGURE 11: (Color online) A drawing of MicroBooNE cryostat [53].
The 170 ton cryostat contains the 89 ton TPC.

the signal from the induction on wires, and the last plane
records the actual collection of ionization electrons.

An array of 8-inch PMTs is equipped behind the wire
planes [82]. The main purpose of this photon collection
system is to reject out-of-time cosmic rays and to trigger
on in-time signals, since the scintillation light from the
interaction arrives in ~ns whereas the time scale of ionization
electron drift is of order ~ms. The detection of scintillation
photons from LAr is not straightforward. First of all, the
wavelength of Ar scintillation light is 128 nm, which requires
careful R&D on potential wavelength shifters for use in LAr
[83-85]. Second, the PMTs themselves behave differently in a
cryogenic environment as compared to a warm environment,
leading to the need for careful characterization [86].

The purity of the liquid argon must be kept very high
to allow electrons to drift a long distance. Electronegative
impurities (e.g., water and oxygen molecules) are removed
through a custom made filter to achieve < ppb level impurity
[87, 88]. Such filtering is also effective for removing nitrogen
molecules, which do not affect electron drift but do attenuate
scintillation light [89].

A high resolution LArTPC detector will be a powerful
tool in understanding the MiniBooNE signal, because the
detector is expected to have the excellent electron-photon
separation. Energetic electrons and photons both produce an
electromagnetic shower in a LArTPC. However, the initial
dE/dx of a single photon will be twice higher than in the
single electron case in the first few centimeters before the
track develops into the shower. Due to their high reso-
lution capabilities, LArTPC detectors can distinguish this
difference. Moreover, a displaced vertex, in the case of a
photon conversion, can be distinguished from a track that
is continuous from the vertex, indicative of an electron.
The combination of these details can provide high efficiency
background rejection for MicroBooNE.

5. Test of Lorentz and CPT Violation

Lorentz and CPT violation are scenarios motivated from
Planck scale theories, such as string theory [90]. In the effec-
tive field theory framework, Lorentz violation contributes

1

additional terms to the vacuum Lagrangian of neutrinos and
hence modifies neutrino oscillations [91, 92]. Since Lorentz
violating fields are of fixed direction in the universe, if
Lorentz invariance is broken, the rotation of the Earth causes
a sidereal time dependence of neutrino oscillation signals.
There are number of phenomenological neutrino oscillation
models based on Lorentz and CPT violation [93-95], some
of which can explain the LSND excess [96]. In fact, a sidereal
time dependence analysis of LSND data [97] failed to reject
the Lorentz violation scenario. Therefore, it might be possible
to reconcile LSND and MiniBooNE oscillation signals under
Lorentz violation.

5.1. Analysis. Although Lorentz violation can be studied in
any frame or coordinate system, it is convenient to choose
one coordinate system to compare data sets. The standard
choice is the Sun-centered celestial equatorial coordinates
[98], where the origin of the coordinate is the center of the
Sun. The orbital plane of the Earth is tilted so that the orbital
axis and the rotation axis of the Earth align. This direction
defineS the Z-axis. The X-axis points vernal equinox, and
the Y-axis is chosen to complete the right handed system.
Because the time scale of the rotation of the galaxy is too long
for any terrestrial experiments, the Sun-centered frame is the
better choice to test rotation symmetry (by using the rotation
of the Earth) and Lorentz boost (by using the revolution of
the Earth).

Having defined the coordinates, one uses the standard-
model extension (SME) [99-101] as the framework for a
general search for Lorentz violation. The SME can be consid-
ered a minimum extension of the SM, including the particle
Lorentz and CPT violation. For the neutrino sector, the SME
Lagrangian can be written as [91]

1 < _
£ = Ell//AFXB Dy Y — WAMABVIB + h.C., (6)
Tip = V'Oap + Chgly + dUpVsVu + €ap
. @)
.Y [Ml
+ifopYs + EgAB O
. 1

M pp = Mpp + iMg g5 + “f\BW + sz + EHZ};O‘W,. (8)

Here, the AB subscripts represent the flavor basis. The
first term of (7) and the first and second terms of (8) are the
only nonzero terms in the SM, and the rest of the terms are
from Lorentz violation.

The physics consequences predicted by Lorentz violation
are very rich. Among them, we are interested in Lorentz vio-
lating neutrino oscillations. Neutrino oscillations are natural
interferometers and they are sensitive to small effects such as
Lorentz violation. The smoking gun of Lorentz violation is the
sidereal time dependence of physics observables. Therefore,
we used the Lorentz violating v, — 7, (¥, — 7,) neutrino
oscillation formula derived from above Lagrangian [102] to
fit the sidereal time distribution of the v, — », (v, — 7,)
oscillation candidate data. Here, potentially, any day-night
effect, either from the beam or from the detector, could mimic
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FIGURE 12: The MiniBooNE Lorentz violation results [103]. (a) shows the neutrino mode electron-like low energy excess sidereal time
distribution, and (b) shows the antineutrino mode sidereal time distribution. Here, the data with a POT correction (open circle) show the
size of the beam day-night variation. There are three fit curves based on different assumptions, a flat solution (dotted), a three-parameter fit

(solid curve), and a full five-parameter fit (dash-dotted curve).

the sidereal time distribution. MiniBooNE studied effects
versus the time distribution of the delivered POT and the
high statistics VH(T/M) CCQE sample [18, 36] and confirmed
that day-night effects on both v, and 7, oscillation candidates
are well below statistical errors.

5.2. Results. Figure 12 shows the neutrino and antineutrino
mode electron-like events as a function of sidereal time [103].
Since background events are time-independent, we fit curves
on the flat time-independent background (dashed lines).
There are three curves fit to the data, depending on different
hypotheses. A flat solution (dotted lines) assumes only time-
independent Lorentz violating term, a 3-parameter fit (solid
lines) includes all CPT-odd Lorentz violating terms, and a
5-parameter fit (dash-dotted lines) is the full parameter fit
including both CPT-odd and CPT-even Lorentz violating
terms. Although the antineutrino mode electron-like events
show a rather interesting sidereal time dependence, the sta-
tistical significance is still low. Therefore, MiniBooNE found
that the data are consistent with no Lorentz violation. This
analysis provided the first limits on five time independent
SME coefficients, at the level of 1072° GeV (CPT-0odd) and
order 107%° (CPT-even). Further analysis inferred limits on
each SME coefficient, and, together with limits from the
MINOS near detector [104, 105], it turns out these limits
leave tension to reconcile the MiniBooNE and LSND data sets
under a simple Lorentz violation motivated scenario [4].

In fact, existing limits from MiniBooNE [103], MINOS
[104-107], IceCube [108], and Double Chooz [109, 110] set
very tight limits on possible Lorentz violation in the neutrino
sector at the terrestrial level. This was one of the reasons
why the superluminal neutrino signal from OPERA [111]
was suspicious from the beginning. Such a signal would
have required very large Lorentz violation, while avoiding
all these constraints when writing down the theory. Strictly
speaking, limits on Lorentz violation from the oscillation
experiments cannot be applied directly to the neutrino time
of flight (TOF) measurement [112]. However, introducing
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F1GURE 13: (Color online) The dark matter fit result to the NCE data
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FIGURE 14: (Color online) The concept of the dark matter beam in
MiniBooNE [116]. The dominant production mode of dark matter
particles is decays of the mediator particles created by decays of
neutral mesons. The dark matter particles can be also made through
the direct collisions of protons on the beam dump.

large Lorentz violation in the neutrino TOF without other
large parameters such as those associated with oscillations
seems unnatural.
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6. Dark Matter Search

The proton collisions on target in the BNB line that produce
a large flux of neutrinos could, potentially, produce sub-GeV
scale dark matter particles that mimic NCE interactions in the
MiniBooNE detector [113-115]. The most interesting scenario
is that this light dark matter particle is the dark matter of
the universe, which requires a light vector mediator particle
(called a “dark photon”), in the model in order to obtain an
efficient annihilation cross section. The minimum extension
of the SM with the light dark matter particle and the vector
mediator can be written in the following way [114]:

1

1
L =Ly - ZV:” + EmzvV,f +xV,0,F*

)

+ |D,4X'2 —mi|x|2 +ee

The model has four free parameters: the mass of the light
dark matter m,, the mass of the vector mediator my;, kinetic
mixing of the vector mediator and the photon «, and the

vector mediator’s gauge coupling e’ (ora’ = e /4m). Nonzero
« leads to the decay of neutral mesons to a photon and a dark
photon, and the dark photon in turn can decay to dark matter
particles. This would be the dominant process to produce
dark matter particles in the BNB. The second process is direct

production from the parton level annihilation by protons
colliding in the target.

6.1. MiniBooNE Searches for Dark Matter Particles. Mini-
BooNE tested this model with the existing antineutrino NCE
data set, taken during the oscillation studies. Figure 13 shows
the fit result with a light dark matter particles hypothesis
[116]. The plot shows the total energy distribution of the
antineutrino NCE sample, and the red and blue histograms
show before and after the fit. The best fit values are M, =
150 MeV and k¥ = 0.0024. As can be seen, the current
sensitivity to the light dark matter model is low.

The antineutrino mode data set is used because it has
a lower neutrino interaction rate than the neutrino mode
beam. Nevertheless, due to the antineutrino backgrounds,
only weak limits are obtained on the kinetic mixing parame-
ter k.

This motivated a tuning of the proton beam that allowed
MiniBooNE to run in a mode in which the protons are
directed onto the beam dump instead of the target, eliminat-
ing the DIF neutrino flux. Figure 14 shows the schematic of
this measurement [116]. The beam-dump mode is achieved
by tuning the ~l mm beam to aim 0.9 cm gap between the
beryllium target rod and the inner conductor of the horn,
to hit the beam dump located at the end of decay pipe
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(50m from the target) directly. This reduces the neutrino
background by roughly a factor of 67. Dark matter production
is largely unaffected in this run mode since it occurs through
neutral meson decay. MiniBooNE is now running in this
configuration. The goal is to accumulate 1.75 x 10*° POT
data before MicroBooNE starts beam data taking in the
neutrino mode, not the beam-dump mode.

6.2. Parameter Space of Light Dark Matter Particles and Vector
Mediators. Figure 15 shows the two-dimensional phase space
of dark matter-nucleon and dark matter-electron scattering
cross sections versus dark matter mass m, [116]. The limits
from direct searches end up at the right side (mX ~1GeV),
and the left-side light dark matter region is explored by
other techniques, such as rare decays and collider physics.
MiniBooNE addresses direct light dark matter searches. In
the case of either interaction, MiniBooNE is sensitive to the
dark matter mass in the 10 to 200 MeV mass region.

There are many reasons why such a light dark matter
search is interesting. First, recent data [117-120] from the
direct WIMP (weakly interacting massive particle) searches
suggest possible signals of dark matter particles in the lighter
mass region. For example, SuperCDMS is also aiming the low
mass dark matter search by utilizing the ionization signals
[121]. Second, the muon g-2 anomaly can be explained by
the presence of a vector mediator [122, 123]. Although the
interesting phase space of muon g-2 was already excluded by

other experiments, MiniBooNE can further push the limits
in this region.

The sensitivity that is obtained from the dark matter-
electron scattering looks weaker than dark matter-nucleon in
the 0 — m,, phase space (Figure 15(b)); however, as Figure 16
shows, the limit from the dark matter-electron interaction
can be stronger in the low vector mass region in k — m, phase
space [116]. Therefore, both channels are complimentary and
MiniBooNE should strive to measure both. There was a little
interest in v-e elastic scattering because of its small cross
section, but this electron channel is as important as the
nucleon channel for the dark matter search.

6.3. Dark Matter Time of Flight (TOF). MiniBooNE’s sensi-
tivity to dark matter particles can be further improved by
combining event topology and kinematics with the timing
information. Figure 17 shows the “dark matter TOF” concept.
The dark matter particles are most likely produced at the
beam dump after prompt decays of neutral pions or etas
(< 107 sec), so the dark matter production is localized in
both time and space. This would result in a dark matter beam
that has a well-defined timing and allows us to perform the
TOF-based searches. The heavier dark matter particles should
be slower than the neutrinos (as well as the speed of light).
Thus the dark matter particles would lag behind the bunch
center and separate from the neutrino background.
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and in space, the dark matter beam has well-defined timing structure.

In the Fermilab Booster, the 81 bunches have 19 ns separa-
tions (Section 2.1). MiniBooNE defines events within 4 ns <
T < 16ns from the bunch center as the in-time events, and
the T' < 4ns and T' > 16 ns events are out-time. The absolute
timing information of all bunches is recorded by the resistive
wall monitor (RWM) which is located just before the target.
Using the previous MiniBooNE antineutrino run to test this
idea, Figure 18 shows the overlaid profile of all bunches of
antineutrino NCE candidate events [116]. As expected, the
data shows the peak in in-time region, because the data is
dominated by antineutrino NCE interactions.

A beam-dump test run was performed for one week
during 2012 running. During the beam-dump mode test run,
the timing of neutrinos was tested using CC interaction. Since
the CCinteraction is detected through the prompt Cherenkov
light from the muons, timing resolution is better than
NCE events. Using the new system installed for the beam-
dump run, MiniBooNE achieved 1.5 ns resolution [116]. The
resolution will be worse for NCE because of the nature of the
exponential decay of scintillation light, but MiniBooNE, nev-
ertheless, still expects ~4 ns resolutions. This gives full confi-
dence for MiniBooNE to perform a full beam-dump run.

7. Conclusion

Since beginning its run in 2002, MiniBooNE has been
searching for new physics in a wide variety of ways. The most
important results have been those related to oscillations of
sterile neutrinos, which has pushed the community toward
new and exciting experiments in the future [53, 57, 124-126].
MiniBooNE also tested for possible signals from the Planck
scales, and set very strong constraints on Lorentz violation.
MiniBooNE’s light dark matter search with a beam-dump
configuration run is a unique opportunity that can provide
the best limit on the dark matter mass in the 10 to 200 MeV
range. All of these searches have been grounded in the
revolutionary set of cross section measurements performed
with MiniBooNE. This experiment demonstrates the rich
possibilities to go beyond the standard model in low cost
short-baseline venues and encourages a strong investment in
future programs.
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In this short review we revisit the broad landscape of low-scale SU(3). ® SU(2), ® U(1), models of neutrino mass generation, with
view on their phenomenological potential. This includes signatures associated to direct neutrino mass messenger production at the
LHC, as well as messenger-induced lepton flavor violation processes. We also briefly comment on the presence of WIMP cold dark

matter candidates.

1. Introduction

The flavor problem, namely, why we have three families of
fermions with the same standard model quantum numbers,
but with very hierarchical masses and a puzzling pattern of
mixing parameters, constitutes one of the most challenging
open problems in particle physics. In this regard neutrinos
are probably the most mysterious particles. Indeed, while
the discovery of the Higgs boson by the ATLAS and CMS
experiments at the Large Hadron Collider (LHC) at CERN
[1-3] has clarified to some extent the nature of electroweak
symmetry breaking, the origin of neutrino masses remains
elusive. With standard model fields one can induce Majorana
neutrino masses through the nonrenormalizable dimension-
5 operator

A
@dimzs = XLLHH (1)

or higher order ones, for example, LLHH(H"H)™ [4-9],
where A is a dimensionless coupling and A denotes some
unknown effective scale. However, strictly speaking, we still
do not know whether neutrinos are Dirac or Majorana
fermions, and many issues remain open regarding the nature
of the associated mass-giving operator, for example,

(i) its underlying symmetries, such as total lepton num-
ber,

(ii) its flavor structure which should account for the
observed oscillation pattern,

(iii) its dimensionality,
(iv) its characteristic scale, and

(v) its underlying mechanism.

This leads to considerable theoretical freedom which makes
model building an especially hard task, a difficulty which to
a large extent persists despite the tremendous experimental
progress of the last fifteen years [10, 11].

Indeed the origin of neutrino mass remains so far a
mystery. From oscillation studies we can not know the
absolute neutrino mass scale. Still we know for certain that
neutrinos are the lightest known fermions. Their mass must
be below the few eV scale from tritium beta decay studies at
the Katrin experiment [12], with somewhat stronger, though
more model dependent limits coming from cosmology [13]
and from negative neutrinoless double beta decay searches
[14]. Unfortunately this vast body of information is far
from sufficient to underpin the nature of the neutrino mass
generation mechanism.

Mechanisms inducing neutrino mass may be broadly
divided on the basis of whether the associated messengers
lie at the high energy scale, related say, to some unification
scheme or, in contrast, they involve new physics at the TeV
scale, potentially accessible at the LHC.
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For simplicity here we tacitly assume neutrino masses to
come from Weinberg’s operator in (1). This operator can arise
in a rich variety of different pathways [15]. For instance in
the case of the standard type-I seesaw mechanism [16-21] the
right-handed neutrino messengers have a Majorana mass at
some large scale, fitting naturally in Grand Unified Theories
(GUTs). There are, however, many alternative realizations of
the dimension-5 operator, such as the type-II [19, 22-25] and
type-III seesaw [26] constructions, in which the messengers
have nontrivial gauge quantum numbers. Such schemes are
bona fide high-scale seesaw in the sense that, to account
for the observed neutrino masses with reasonable strength
for the relevant neutrino Yukawa couplings, one needs very
large scales for the messenger mass, hence inaccessible to
collider experiments. Of course within such scenarios one
may artificially take TeV scales for the messenger mass by
assuming tiny Yukawas, so as to account for the smallness
of neutrino mass (One can avoid this in schemes where ad
hoc cancellations [27] or symmetries [28, 29] prevent seesaw-
produced masses. We do not consider such a special case in
this review. Similarly we will not assume any family symmetry
restricting the flavor structure of models.). However by
doing so one erases a number of potential phenomenological
implications. Hence we call such standard seesaw varieties
as high-scale seesaw. It has long ago been realized [19] that,
carrying no anomalies, singlets can be added in an arbitrary
number to any gauge theory. Within the framework of the
standard model SU(3),® SU(2); ® U(1)y gauge structure, the
models can be labeled by an integer, 1, the number of singlets.
For example, to account for current neutrino oscillation data,
a type-I seesaw model with two right-handed neutrinos is
sufficient im = 2). Likewise for models with m = 1 in
which another mechanism such as radiative corrections (see
below) generates the remaining scale. Models with m > 3
are especially interesting, where one can exploit the extra
freedom to realize symmetries, such as lepton number L, so as
to avoid seesaw-induced neutrino masses, naturally allowing
for TeV-scale messengers. This is the idea behind the inverse
[30] and linear seesaw schemes [31-33] described in the next
section. We call such schemes as genuine low-scale seesaw
constructions. A phenomenologically attractive alternative
to low-scale seesaw are models where neutrino masses arise
radiatively [34].

In principle one can assume the presence of supersym-
metry in any such scheme, though in most cases it does
not play an essential role for neutrino mass generation, per
se. However we give an example where it could, namely,
when the origin of neutrino mass is strictly supersymmetric
because R-parity breaks. Indeed, neither gauge invariance
nor supersymmetry requires R-parity conservation. There

1 ,
(1 - Smi(My) 1M1;1m£> v,

-1_T
~Mg'mLv,

(1= M i (03) ™ ) v,
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are viable models where R-parity is an exact symmetry of
the Lagrangian but breaks spontaneously through the Higgs
mechanism [35, 36] by an L = 1 vacuum expectation
value. As we will explain in the next section this scheme is
hybrid in the sense that it combines seesaw and radiative
contributions. In all of the above one can assume that the
neutrino mass messengers lie at the TeV mass scale and hence
have potentially detectable consequences.

In this review we consider the low-scale approach to
neutrino masses. We choose to map out the possible schemes
taking their potential phenomenological implications as
guiding criteria, focusing on possible signatures at the LHC
and lepton flavor violation (LFV) processes (Figure 1). The
paper is organized as follows: in Section 2 we review low
energy seesaw schemes; in Section 3 we discuss one-, two-,
and three-loop radiative models. In Section 4 we discuss the
supersymmetric mechanism and we sum up in Section 5.

2. Seesaw Mechanism

2.1. High-Scale Seesaw. Within minimal unified models such
as SO(10), without gauge singlets, one automatically encoun-
ters the presence of new scalar or fermion states that can act
as neutrino mass mediators inducing Weinberg’s operator in
(1). This leads to different variants of the so-called seesaw
mechanism. One possibility is to employ the right-handed
neutrinos present in the 16 of SO(10) and broadly called
type-I seesaw schemes [16-21] (see Figure 2). Similar unified
constructions can also be made substituting the right-handed
neutrino exchange by that of an exotic hypercharge-neutral
isotriplet lepton [26]

= (z%2%2), (2)

which is called type-III seesaw [26]. An alternative mediator
is provided by a hypercharge-carrying isotriplet coming from
the 126 of SO(10) and goes by the name type-II seesaw
mechanism [19, 22, 23, 25] (see Figure 2).

The three options all involve new physics at high scale,
typically close to the unification scale. While being model
dependent, the expected magnitude of the mass of such
messengers is typically expected to be high, say, associated
to the breaking of extra gauge symmetries, such as the B-L
generator.

Within standard type-I or type-III seesaw mechanism
with three right-handed neutrinos the isodoublet neutrinos
get mixed with the new messenger fermions by a 6 x 6
seesaw block diagonalization matrix that can be determined
perturbatively using the general method in [21]. For example
in the conventional type-I seesaw case the 6 x 6 matrix U that
diagonalizes the neutrino mass is unitary and is given by

mB(M;)AVz
+0(€), (3)
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FIGURE 1: Low-scale neutrino mass models at the crossroad of high and low energy experiments.
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FIGURE 2: Neutrino mass generation in the type-I seesaw (a) and type-II seesaw (b). The black disks show where lepton number violation

takes place.

where V| and V, are the unitary matrices that diagonalizes
the light and heavy subblock, respectively. From (3) one sees
that the active 3 x 3 subblock is no longer unitary and the
deviation from unitary is of the order of € ~ (m/My)*. The
expansion parameter € is very small if the scale of new physics
is at the GUT scale so the induced lepton flavor violation
processes are suppressed. In this case there are no detectable
direct production signatures at colliders nor LFV processes.
This follows from the well know type-I seesaw relation

2

Mp
m, ~ ————, (4)
b Mmessenger
where M, eenger = My implying that
2 m,
€ ~ >
T (5)

is suppressed by the neutrino mass, hence negligible regard-
less of whether the messenger scale M, lies in the TeV scale
(Weak universality tests as well as searches at LEP and previ-
ous colliders rule out lower messenger mass scales [37, 38].).
As a result there is a decoupling of the effects of the messen-
gers at low energy other than providing neutrino masses. This
includes, for example, lepton flavor violation effects in both
type-I and type-III seesaw mechanisms. Regarding direct
signatures at collider experiments these require TeV-scale
messengers which can be artificially implemented in both
type-I and type-III cases by assuming the Dirac-type Yukawa
couplings to be tiny. This makes messenger production at
colliders totally hopeless in type-I seesaw but does not affect

the production rate in type-III seesaw mechanism, since it
proceeds with gauge strength [39].

Coming to the type-II scheme, neutrino masses are
proportional to the vev of the neutral component of a scalar
electroweak triplet A’ and we have

prv’

2
T

(6)

m, = y,vr, Wherevy =

where v is the vev of the standard model Higgs, M is the
mass of the scalar triplet A, y, is the coupling of the neutrino
with the scalar triplet, and y is the coupling (with mass
dimension) of the trilinear term between the standard model
Higgs boson and the scalar triplet H' AH. Assuming y, of
order one, in order to have light neutrino mass, there are two
possibilities: either M is large or yp is small. The first case
is the standard type-II seesaw where all the parameters of the
model are naturally of order one.

In such high-scale type-I and type-III seesaw varieties
neutrino mass messengers are above the energy reach of any
conceivable accelerator, while lepton flavor violation effects
arising from messenger exchange are also highly suppressed.
Should lepton flavor violation ever be observed in nature,
such schemes would suggest the existence of an alternative
lepton flavor violation mechanism. A celebrated example
of the latter is provided the exchange of scalar leptons in
supersymmetric models [40-42].

In contrast, if type-II seesaw schemes are chosen to lie
at the TeV scale, then lepton flavor violation effects as well
as same-sign dilepton signatures at colliders remain [43];
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FIGURE 3: Radiative decays £; — ¢;y in the standard model with massive light neutrinos (a) and heavy neutrinos (b).

see below. Obviously supersymmetrized “low-scale” type-II
seesaw has an even richer phenomenology [44, 45].

2.2. Low-Scale Type-I Seesaw. The most general approach
to the seesaw mechanism is that provided by the standard
SU@3). ® SU(2); ® U(1)y gauge group structure which holds
at low energies. Within this framework one can construct
seesaw theories with an arbitrary number of right-handed
neutrinos, m [19], since gauge singlets carry no anomalies. In
fact the same trick can be upgraded to other extended gauge
groups, such as SU(3) ® SU(2); ® SU(2)x ® U(1)p ;, or Pati-
Salam and also unified groups such as SO(10) [46, 47] or Eq.
This opens the door to genuine low-scale realizations of the
seesaw mechanism.

Before turning to the description of specific low-scale
type-1 seesaw schemes let us briefly note their basic phe-
nomenological feature; namely, that in genuine low-scale
seesaw schemes, (5) does not hold so that, for light enough
messengers, one can have lepton flavor violation processes
[48-50]. For example, radiative decays ¢; — ¢y proceed
through the exchange of light Figure 3(a) as well as heavy
neutrinos Figure 3(b). Clearly expected lepton flavor viola-
tion rates such as that for the 4 — ey process are too small
to be of interest. Another important conceptual feature of
phenomenological importance is that lepton flavor violation
survives even in the limit of strictly massless neutrinos (i.e.,
p — 0; see text below) [51, 52].

2.2.1. Inverse Type-I Seesaw. In its simplest realization the
inverse seesaw extends the standard model by means of two
sets of electroweak two-component singlet fermions Np; and
S.; [30]. The lepton number L of the two sets of fields N
and S; can be assigned as L(Ny) = +1 and L(S;) = +1.
One assumes that the fermion pairs are added sequentially;
that is, i, j = 1,2, 3, though other variants are possible. After
electroweak symmetry breaking the Lagrangian is given by

Z =mpv; Ng + MNRS; + S, S; +h.c. 7)

We define S; = STC™!, where C is the charge conjugation
matrix, mp, and M are arbitrary 3 x 3 Dirac mass matrices,
and y is a Majorana 3 x 3 matrix. We note that the lepton
number is violated by the ¢ mass term here. The full neutrino
mass matrix can be written as a 9 x 9 matrix instead of 6 x 6

as in the typical type-I seesaw and is given by (in the basis v;,
Ny, and §)

0 mh 0
M,=|m, 0 M |. (8)
0 M u

The entry ¢ may be generated from the spontaneous breaking
of lepton number through the vacuum expectation value of a
gauge singlet scalar boson carrying L = 2 [53].

It is easy to see that in the limit, where 4 — 0 the
exact U(1) symmetry associated to total lepton number con-
servation holds, the light neutrinos are strictly massless.
However individual symmetries are broken; hence flavor
is violated, despite neutrinos being massless [51, 52]. For
complex couplings, one can also show that CP is violated
despite the fact that light neutrinos are strictly degenerate [54,
55]. The fact that flavor and CP are violated in the massless
limit implies that the attainable rates for the corresponding
processes are unconstrained by the observed smallness of
neutrino masses and are potentially large.

This feature makes this scenario conceptually and phe-
nomenologically interesting and is a consequence of the
fact that the lepton number is conserved. However when
p # 0 light neutrino masses are generated; see Figure 4. In
particular in the limit where y, mp < M (on the other hand,
the opposite limit ¢ > M is called double seesaw. In contrast
to the inverse seesaw, the double seesaw brings no qualitative
differences with respect to standard seesaw and will not be
considered here) the light neutrino 3 x 3 mass matrix is given

by

_ 1 1 )
m, = mDM [Jmml)
It is clear from this formula that for “reasonable” Yukawa
strength or mp, values, M of the order of TeV, and suitably
small y values one can account for the required light neutrino
mass scale at the eV scale. There are two new physics scales, M
and p, the last of which is very small. Therefore it constitutes
an extension of the standard model from below rather than
from above. For this reason, it has been called inverse seesaw:
in contrast with the standard type-I seesaw mechanism,
neutrino masses are suppressed by a small parameter, instead
of the inverse of a large one. The smallness of the scale u
is natural in tHoofts sense, namely, in the limit 4 — 0;
the symmetry is enhanced since lepton number is recovered
(There are realizations where the low scale of y is radiatively
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FIGURE 4: Neutrino mass generation in the type-I inverse seesaw.

calculable. As examples see the supersymmetry framework
given in [56] or the standard model extension suggested in
[57].).

In this case the seesaw expansion parameter € ~ mp/M
also characterizes the strength of unitarity and universality
violation and can be of order of percent or so [50, 58], leading
to sizable lepton flavor violation rates, close to future exper-
imental sensitivities. For example, with mp, = 30 GeV, M =
300 GeV, and y = 10 eV we have that €* ~ 102, The deviation
from the unitary is typically of order €*. As mentioned above,
typical expected lepton flavor violation rates in the inverse
seesaw model can be potentially large. For example, the rates
for the classic 4 — ey process are illustrated in Figure 5.
The figure gives the predicted branching ratios Br(y — ey)
in terms of the small neutrino mixing angle 0,5, for different
values of the remaining oscillation parameters, with the solar
mixing parameter sin’6;, within its 3¢ allowed range and
fixing the inverse seesaw parameters as M = 1TeV and
p = 3KeV. The vertical band corresponds to the 30 allowed
0,5 range.

Regarding direct production at colliders, although kine-
matically possible, the associated signatures are not easy to
catch given the low rates as the right-handed neutrinos are
gauge singlets and due to the expected backgrounds (see, e.g.,
[59).

The way out is by embedding the model within an
extended gauge structure that can hold at TeV energies,
such as an extra U(1) coupled to B-L which may arise
from SO(10) [33]. Viable scenarios may also have TeV-scale
SU@B3)®SU(2),®SU(2)g®U(1)5 or Pati-Salam intermediate
symmetries [60]. In this case the right-handed messengers
can be produced through a new charged [61-63] or neutral
gauge boson [64]. In fact one has the fascinating additional
possibility of detectable lepton flavor violation taking place at
the large energies now accessible at the LHC [64].

2.2.2. Linear Type-I Seesaw. This variant of low-scale seesaw
was first studied in the context of SU(3) ® SU(2); ® SU(2)z ®
U(1)p. theories [31, 32] and subsequently demonstrated to
arise naturally within the SO(10) framework in the presence
of gauge singlets [33]. The lepton number assignment is as
follows: L(v;;) = +1, L(Ng;) = 1, and L(S;;) = +1 so that
after electroweak symmetry breaking the Lagrangian is given
by

Z = mp¥ Ng + MgNRS; + M;v,S; +hc.  (10)

5
10712 T /
=
[
(T, R N
=
$—
m
10—14 L
1073 1072 107!

sin®0;

FIGURE 5: Branching ratios Br(y¢ — ey) in the inverse seesaw model
of neutrino mass [49].

Notice that the lepton number is broken by the mass term
proportional to M; . This corresponds to the neutrino mass
matrix in the basis v;, Ng, and S; given as

0 mL M,
M,=( mp 0 Mg |. (1)
M; My 0

If mp < M p then the effective light neutrino mass matrix
is given by

m, = mDMLL + Transpose. (12)
My

Note that, in contrast with other seesaw varieties which lead
to m, o mZD, this relation is linear in the Dirac mass
entry, hence the origin of the name “linear seesaw.” Clearly
neutrino masses will be suppressed by the small value of
M, irrespective of how low is the My scale characterizing
the heavy messengers. For example, if one takes the SO(10)
unification framework [33], natural in this context, one finds
that the scale of M, that is, v/, is related to the scale of My,
that is, vy, through

VRV
~ >
MGUT

VL (13)
where Mgy is the unification scale of the order of
06(10*° GeV) and v is the electroweak breaking scale of the
order of O(100 GeV). Replacing the relation (13) in (12) the
new physics scale drops out and can be very light, of the order
of TeV.

Neutrino mass messengers are naturally accessible at
colliders, like the LHC, since the right-handed neutrinos
can be produced through the Z' “portal” as light as few
TeV. The scenario has been shown to be fully consistent
with the required smallness of neutrino mass as well as
with the requirement of gauge coupling unification [33].
Other SU(3) ® SU(2); ® SU(2)g ® U(1)p; and Pati-Salam
implementations have also been studied in [60].

Similarly to the inverse type-I seesaw scheme, we also
have here potentially large unitarity violation in the effective



lepton mixing matrix governing the couplings of the light
neutrinos. This gives rise to lepton flavor violation effects
similar to the inverse seesaw case. Finally we note that, in
general, a left-right symmetric linear seesaw construction
also contains the lepton number violating Majorana mass
term S, S; considered previously.

2.3. Low-Scale Type-III Seesaw. Here we consider a variant
of the low-scale type-III seesaw model introduced in [65]
based on the inverse seesaw mechanism [30] but replacing the
Np, lepton field with the neutral component X° of a fermion
triplet under SU(2), with hypercharge zero [66]

> =(=52%%). (14)

Asin the the inverse type-I seesaw one introduces an extra set
of gauge singlet fermions S; with lepton number L(S;) = +1
and L(2°) = +1. The mass Lagrangian is given by
— = = 1 —
L = mpy, 2 + MEOS; + S, S, - Smy T (2=°) + he.
(15)

In the basis (v, 2%, S; ) the neutrino mass matrix is given by

T
0 mp O
M,=| mp my MT |. (16)
0 M u

As in the inverse seesaw case, in the limit 4 = 0, the
light neutrinos are massless at tree level even if the mass term
my breaks lepton number. And for a small 4 # 0 neutrinos
get mass. Again, the scale of new physics is naturally small
leading to sizable lepton flavor violation rates (Table 1).

On the other hand the charged component of the fermion
triplet =* gives also a contribution to the charged lepton mass
matrix

M, mD) 1)

Mch.lep = ( 0 m
z

leading to a violation of the Glashow-Iliopoulos-Maiani
mechanism [67] in the charged lepton sector, leading to
tree-level contributions to 4y — eee and similar tau decay
processes.

As in the standard type-III seesaw mechanism [26], uni-
versality violation is also present here. However, in contrast
to the standard case, here its amplitude is of the order

m 2
62~<—D>, 18)

My,

which need not be neutrino mass suppressed. Indeed, in
the inverse type-III seesaw scheme neutrino masses are
proportional to the parameter y. As a result there are sizeable
lepton flavor violation processes such as gy — eyand y —
eee, whose attainable branching ratios are shown in Figure 6.

Finally, to conclude this discussion, we stress that, in
contrast with the inverse type-I seesaw mechanism, here
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TaBLE 1: Phenomenological implications of low-scale SU(3). ®
SU(2), ® U(1)y seesaw models together with their particle content.

Model Scalars Fermions LFV LHC
Type-1 (1,1,0),, X X
Type-II (1,3,2),, \ v
Type-IIT (1,3,0),, X Y
Inverse (1,1,0),, Y X
Linear (1,1,0),, Y X

Inverse type-III (1,3,0),,,(1,1,0),, Y Y

The subscript in the representations is lepton number. “X” would change to
“Y” in the presence of new gauge bosons or supersymmetry, as explained in
the text.

10710
107!
10712
1071

10—14

Br(u — ey)

10715

10—16
10717

10718
10718 10717 10716 10715 10714 10713 10712 10711

Br(yu — eee)

FIGURE 6: Branching of u decay into 3e versus the branching of
4 — ey varying the parameter p parameter for different values
of the mixing between the > and S fields, 0.5 (continuous) and 0.1
(dashed) and with M is fixed at 1 TeV.

the neutrino mass messenger 2, being an isotriplet member,
has gauge interactions. Hence, if kinematically allowed it will
be copiously produced in collider experiments like the LHC
(39].

In short this scheme is a very interesting one from both
the points of view of the detectability of collider signatures at
the LHC as well as lepton flavor violation phenomenology.

2.4. Low-Scale Type-II Seesaw. We now turn to the so-called
type-II seesaw mechanism [19, 22, 23, 25] which, though
normally assumed to involve new physics at high energy
scales, typically close to the unification scale, may also be
considered (perhaps articially) as a low-scale construction,
provided one adopts a tiny value for the trilinear mass
parameter

pr ~107° GeV, (19)

in the scalar potential; then the triplet mass M, can be
assumed to lie around the TeV scale. Barring naturalness
issues, such a scheme could be a possibility giving rise to
very interesting phenomenological implications. In fact, in
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this case, if kinematically allowed, the scalar triplet A will
be copiously produced at the LHC because it interacts with
gauge bosons.

Moreover the couplings y, that mediate lepton flavor vio-
lation processes are of order one and therefore such processes
are not neutrino mass suppressed, as in the standard type-I
seesaw. Indeed, from the upper limit Br(u — 3e) < 1072 it
follows that (see [68])

y}<14%x107 (%) (20)

implying a sizeable triplet Yukawa coupling. With y, ~ 1072,
in order to get adequate neutrino mass values, one needs

vy ~ 1077 GeV, (21)

which restricts the scalar triplet vacuum expectation value
(vev). For such small value of the vev, the decay of the A™
is mainly into a pair of leptons with the same charge; while
for v; > 107* GeV, the A" decays mainly into a sam-sign
WW pair; see [68].

Note that the tiny parameter p controls the neutrino
mass scale but does not enter in the couplings with fermions.
This is why the lepton flavor violation rates can be sizable
in this case. For detailed phenomenological studies of low
energy type-II seesaw see, for example, [61, 68, 69].

Before reviewing the models based on radiative gener-
ation mechanisms for neutrino masses, we summarize the
phenomenological implications of low scale seesaw models,
together with their particle content, in Table 1.

3. Radiative Neutrino Masses

In the previous sections we reviewed mechanisms ascribing
the smallness of neutrino masses to the small coeflicient
in front of Weinberg’s dimension-five operator. This was
generated through either tree-level exchange of superheavy
messengers, with mass associated to high-scale symmetry
breaking, or conversely, because of symmetry breaking at low
scale. In what follows we turn to radiatively induced neutrino
masses, a phenomenologically attractive way to account for
neutrino masses. In such scenarios the smallness of the
neutrino mass follows from loop factor(s) suppression. From
a purely phenomenological perspective, radiative models are
perhaps quite interesting as they rely on new particles that
typically lie around the TeV scale, hence accessible to collider
searches.

Unlike seesaw models, radiative mechanisms can go
beyond the effective AL = 2 dimension-five operator in (1)
and generate the neutrino masses at higher order. This leads
to new operators and to further mass suppression. Such an
approach has been reviewed in [7, 70-73]. In what follows we
will survey some representative underlying models up to the
third loop level.

3.1. One-Loop Schemes. A general survey of one-loop neu-
trino mass operators leading to neutrino mass has been per-
formed in [6]. Neutrino mass models in extensions of the SM
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FIGURE 7: Neutrino mass generation in the Zee model.

with singlet right-handed neutrinos have been systematically
analyzed in [74, 75] and for higher representations in [76].
Here we review the most representative model realizations.

3.1.1. Zee Model. The Zee Model [77] extends the standard
SU(3), ® SU(2), ® U(1)y model with the following fields:

1
h" ~(1,1,+1)_,, ¢~ <1,2,+5> , (22)
0
where the subscript denotes lepton number. Given this
particle content neutrino masses are one-loop calculable. The
relevant terms are given by

L=y Lopilor + [CLaiT,Lyh" — pglit,¢h' +he, (23)

where a,b indicate the flavor indices; that is, a,b = e, 4, T,
L= LTC_I, and 7, is the second Pauli matrix. Notice that the
matrix f must be antisymmetric in generation indices. The
violation of lepton number, required to generate a Majorana
mass term for neutrinos, resides in the coexistence of the two
Higgs doublets in the ¢ term. The one-loop radiative diagram
is shown in Figure 7. The model has been extensively studied
in the literature [78-101], particularly in the Zee-Wolfenstein
limit where only ¢, couples to leptons due to a Z, symmetry
[102].

This particular simplification forbids tree-level Higgs-
mediated flavor-changing neutral currents (FCNC), although
it is now disfavored by neutrino oscillation data [90, 103].
However the general Zee model is still valid phenomeno-
logically [87] and is in testable with FCNC experiments. For
instance the exchange of the Higgs bosons leads to tree-level
decays of the form ¢, — €,£,€,, in particular T — puf, yee
(see, e.g., [104]). Collider phenomenology has been studied
in [105, 106].

Recently, a variant of the Zee model has been considered
in [107] by imposing a family-dependent Z, symmetry acting
on the leptons, thereby reducing the number of effective free
parameters to four. The model predicts inverse hierarchy
spectrum in addition to correlations among the mixing
angles.



3.1.2. Radiative Seesaw Model. Another one-loop scenario
was suggested by Ma [108]. Besides the standard model fields,
three right-handed Majorana fermions N; (i = 1,2,3) and
a Higgs doublet are added to the SU(3), Q) SU(2), ® U(1)y
model:

N~ @L0. o~ (L2e) . @

0

In addition, a parity symmetry acting only on the new fields
is postulated. This Z, is imposed in order to forbid Dirac
neutrino mass terms. The relevant interactions of this model
are given by

Z = yaLaityn" N, = My NiN; + hec. (25)

In the scalar potential a quartic scalar term of the form
(H Tn)z is allowed. The one-loop radiative diagram is shown
in Figure 8 and generates calculable .Z, if () = 0, which
follows from the assumed symmetry. The neutrino masses are
given by

)’ai)’biMN,.
(Mv)ab 221‘: 167‘[2
me, my, my m;
2 a2 a2 R MZIW’
R~ My N, My~ My i
(26)

where my (m;) is the mass of the real (imaginary) part of the
neutral component of .

Thanks to its simplicity and rich array of predictions, the
model has become very popular and an extensive literature
has been devoted to its phenomenological consequences.
As is generally the case with multi-Higgs standard model
extensions, the induced lepton flavor violation effects such
as 4 — ey provide a way to probe the model parameters.
In particular the lepton flavor violation phenomenology has
been studied in [109-114]. The effect of corrections induced
by renormalization group running has also been considered
[115], showing that highly symmetric patterns such as the
bimaximal lepton mixing structure can still be valid at high
energy but modified by the running to correctly account for
the parameters required by the neutrino oscillation measure-
ments [11]. Collider signatures have also been investigated in
[116-119].

A remarkable feature of this model is the natural inclusion
of a WIMP (weakly interacting massive particle) dark matter
candidate. Indeed, the same parity that makes the neutrino
mass calculable also stabilizes N; and the neutral component
of . The lightest Z,-odd particle, either a boson or a fermion,
can play the role of WIMP cold dark matter candidate [109,
111, 114, 120-124]. There is also the interesting possibility
of the dark matter being warm in this setup [110, 125].
Various extensions of the model have also been considered,
for example, [126, 127]. For a review on models with one-loop
radiative neutrino masses and viable dark matter candidates
we refer the reader to the complete classification given in
(128, 129].
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FIGURE 8: Neutrino mass generation in the radiative seesaw model.
The blue color represents the potential dark matter candidates.
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FIGURE 9: Neutrino mass generation in the Zee-Babu model.

3.2. Two-Loop Schemes. As a prototype two-loop scheme we
consider the model proposed by Zee [130] and Babu [34]
(which first appeared in [22]) that leads to neutrino masses
at two-loop level by extending the standard model with
two complex singly and doubly [131] charged SU(2); singlet
scalars

"~ (1,1,+1)_,, K™~ (1,1,+2),. (27)

The relevant terms in the Lagrangian are therefore

< = fubf’aiTZLbh+ + gabZaRebRk++ - ‘l/lh_h_k++ +h.c.
(28)

The trilinear i term in the scalar potential (this term can arise
spontaneously through the vev of an extra gauge singlet scalar
boson [132]) provides lepton number violation and leads to a
calculable Majorana neutrino mass generated at the second
loop order, as shown in Figure 9 and given by

1 1 167°
HaemP M 3

(M,)

facmcg:dmdfbd’ (29)

where M = max(M~, My+) and m, are charged lepton
masses [133]. As in the Zee model, the matrix f is antisym-
metric. Therefore the determinant of m, vanishes and, as a
result, one of the light neutrinos must be massless.
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TaBLE 2: Phenomenological implications of radiative SU(3).®SU(2), ®U(1), neutrino mass models discussed in this review. Representations

are labelled as in the rest of the paper.

Model Scalars Fermions LEFV DM LHC
1-Loop Zee (1,1,+1)_, ,(1,2,-1/2), Y X v
Ma (1,2,+1/2), (1,1,0),, Y Y v

2-Loops Zee-Babu (1,1,+1)_, ,(1,1,42)_, Y X Y
3-Loops KNT (1,1,+1)_, (1,1,0),, v M X

The Zee-Babu model is constrained by a variety of lepton O g eI
flavor violation processes among which the tree-level lepton S/ AN .
flavor violation £; — ¢;£,€; decays induced by k** exchange / CI AN N\
and the radiative decays £, — ¢;y mediated by the charged I/f . . \‘
scalars h* and k**. Weak universality is also violated since the R Y N e f}bﬁ )
h" exchange induces new contributions for muon decay [133- Ya J N N J %
136]. Both lepton flavor violation and weak universality tests ):( ):(

constrain the model parameters. Combining lepton flavor
violation and universality constraints [134] pushes the mass
of h* and k** above the TeV scale, for both inverted and
normal hierarchies, making it a challenge to probe the model
at the LHC. The collider phenomenology of the model has
been considered in [133, 134, 137].

3.3. Three-Loop Schemes. Of the possible three-loop schemes
we will focus on the one suggested by Krauss-Nasri-Trodden
(KNT) [138]. These authors considered an extension of the
standard model with two charged scalar singlets h; and h,
and one right-handed neutrino N. Consider the following:

hi, ~ (1L, 1,+1),, N ~ (1,1,0),;. (30)

As usual in radiative neutrino mass models that include gauge
singlet Majorana fermions, an additional Z, symmetry is
imposed, under which the standard model fields as well as h,
transform trivially, while N and &, are odd. The most general
renormalizable terms that may be added to the standard
model fermion Lagrangian are

Z = fabiai‘szbhl+ + gathfaR + MyNN+hc.  (31)

Note that the scalar potential contains a term of the form
(h,h)?, which makes the diagram of Figure10 possible.
Hence neutrinos acquire Majorana masses induced only at
the 3-loop level. Such strong suppression allows for sizable
couplings of the TeV-scale singlet messenger states.

In addition to neutrino masses, the model also includes
a WIMP dark matter candidate. Indeed for the choice of
parameters M;, > My, N is stable and can be thermally
produced in the early universe, leading naturally to the
correct dark matter abundance.

A very similar model with the same loop topology has
been proposed in [139], replacing the neutral gauge singlets
by new colored fields and the charged leptons by quarks and
in [140] the triplet variant of the model has been introduced.
These variations make the model potentially testable at
hadron colliders. Other three loop mass models have also
been considered more recently, for instance, in [140-143]. A
systematic study generalizing the KN'T model was presented
in [144] (Table 2).

FIGURE 10: Neutrino mass generation in the KNT model.

We summarize the models discussed in this section and
their phenomenological implications in Table 2.

4. Supersymmetry as the Origin of
Neutrino Masses

The standard formulation of supersymmetry assumes the
conservation of a discrete symmetry called R-parity (R,),
under which all the standard model states are R-even, while
their superpartners are R-odd [145]. R,, is related to the spin
(S), total lepton (L), and baryon (B) number as

RP — (_1)(3B+L+25)' (32)

Hence requiring baryon and lepton number conservation
implies R, conservation. In this case the supersymmetric
states must be produced in pairs, while the lightest of them
is absolutely stable.

On general grounds, however, neither gauge invariance
nor supersymmetry requires R, conservation and many
implications can be associated to R-parity violation [146].
The most general supersymmetric standard model extension
contains explicit R, violating interactions. Constraints on the
relevant parameters and their possible signals have been anal-
ysed [147, 148]. In general, there are too many independent
couplings, some of which must be set to zero in order to
avoid too fast the proton decay. For these reasons we focus our
attention to the possibility that R, can be an exact symmetry
of the Lagrangian, broken spontaneously through the Higgs
mechanism [35, 149]. This may occur via nonzero vacuum
expectation values for scalar neutrinos, such as

v = (V). (33)

Here we consider the simplest prototype scheme where
supersymmetry seeds neutrino masses in an essential way.
The idea is to take the simplest effective description of the
above picture, namely, bilinear R-parity violation [150-152].

VR = <¥Rr> >



10 Advances in High Energy Physics

TABLE 3: Neutrino mass models in terms of their phenomenological potential at the LHC and/or the sizable presence of lepton flavor violation
phenomena where we use the same labeling convention as in the text.

Type-I Type-1II Type-III Inverse Linear Invers type-III Radiative
LHC X N N X X Y Y
LFV X v X v v v Y

As we have explained in the text, “X” could change to “v” in the presence of new gauge bosons or supersymmetry.

This is the minimal way to incorporate lepton number and
R-parity violation to the minimal supersymmetric standard
model (MSSM), providing a simple way to accommodate
neutrino masses in supersymmetry. The superpotential is

w=w"MyeT H, (34)

The three €, = (€,,€,,€,) parameters have dimensions of
mass and explicitly break lepton number by AL = 1. Their
size and origin can be naturally explained in extended models
where the breaking of lepton number is spontaneous [35, 149,
152]. These parameters are constrained to be small (¢, <« )
so as to account for the small neutrino masses. Furthermore,
the presence of the new superpotential terms implies new soft
supersymmetry breaking terms as well

Viot = Ve + BaaLsH,p (35)
where the B, are parameters with units of mass.

In this scheme, neutrinos get tree-level mass by mixing
with the neutralino sector [153-155]. In the basis (wO)T =
(-iB°, -iW;, Hy, H', v, v,,7;) the neutral fermion mass
matrix My this matrix is given by

M .o mT
MNX=( mX 0 ) (36)

where o 1s the usual neutralino mass matrix and

1

=gy lv 0 €
szesze e

1 1
m= _Eg,VLu Eng” 0 €, (37)

1, 1
_59 VL. EgVLT 0 €

is the matrix describing R-parity violation. Here v; are the
vevs of sneutrinos induced by the presence of ¢; and B;. The
smallness of the R-parity violating parameters implies that
the components of m are suppressed with respect to those
in /M ». Hence the resulting My matrix has a type-I seesaw
structure so the effective light neutrino mass matrix can be
obtained from the usual formulam® = —m - .4 ;(3 -m”, which

can be expanded to give
(Mv)ah = (XAaA b> (38)

where « is a combination of SUSY parameters, while A, =
uvy, +v4€, are known as the alignment parameters. The above
matrix is projective and has two zero eigenvalues; therefore

only one neutrino is massive at tree level. A natural choice
is to ascribe this eigenvalue to the atmospheric scale whereas
the solar mass scale, Am’| < Ami’,_, arises from quantum
corrections calculable at the one-loop level of the neutrino
mass matrix in (38). Detailed computations of the one-loop
contributions to the neutrino mass matrix are given in [153,

154]. The corrections are of the type

(m:/ad)ab = (X(rad)AaAb + ﬂ(fad) (A a€p T Aaeb) + y(rad)eaeb’
(39)

where the coefficients a™®, B9 and 1™ are complicated

functions of the SUSY parameters. These corrections generate
a second nonzero mass eigenstate associated with the solar
scale and the corresponding mixing angle (the neutrino
mixing angles are determined as ratios of R-parity violating
parameters €; and A ;) 0,,.

The bilinear R-parity breaking model offers a hybrid
mechanism combining seesaw-type and radiative contribu-
tions, thereby providing an explanation for the observed
smallness of the solar squared mass splitting with respect to
the atmospheric one.

The above scheme is both well motivated and testable
at colliders. Indeed in the absence of R-parity, the lightest
supersymmetric particle (LSP) is no longer protected and
decays to standard model particles. The smallness of the
breaking strength, required to account for neutrino masses,
makes the lifetime of the LSP long enough so that it may decay
within the detector with displaced vertices. Since LSP decays
and neutrino masses have a common origin, one can show
that ratios of LSP decay branching ratios correlate with the
neutrino mixing angles measured at low energies [156]. This
provides a remarkable connection which allows one to use
neutrino oscillation data to test the model at the LHC; see,
for example, [157, 158].

5. Summary and Outlook

We have given a brief overview of the low-scale SU(3), ®
SU(2); ® U(1)y approach to neutrino mass generation. To
chart out directions within such a broad neutrino land-
scape we used their possible phenomenological potential
as a guide. We analyzed signatures associated to direct
neutrino mass messenger production at the LHC, as well
as messenger-induced lepton flavor violation processes. We
have considered seesaw-based schemes as well as those with
radiative or supersymmetric origin for the neutrino mass.
We summarize our conclusions in Table 3. We stressed the
phenomenological interest on radiative models and low-scale
seesaw schemes as well as the type-II seesaw “tuned” to lie
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at the low scale. We also briefly comment on the presence of
WIMP cold dark matter candidates.

In conclusion if the messengers responsible for the light
neutrino masses lie at a very high scale, like in type-I
seesaw, it will be very difficult if not impossible to have any
detectable signal within the nonsupersymmetric SU(3), ®
SUQ2); ® U(1)y seesaw framework. In contrast, within the
low-scale approach to neutrino mass we can have very inter-
esting phenomenological implications. They can give rise to
signatures at high energy collider experiments, as well as
lepton flavor violation rates close to the sensitivity of planned
experiments. In some of the schemes there is a natural WIMP
dark matter candidate. In short, these scenarios may help
reconstructing the neutrino mass from a variety of potentially
overconstrained set of observables.
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The water-based liquid scintillator (WbLS) is a new material currently under development. It is based on the idea of dissolving
the organic scintillator in water using special surfactants. This material strives to achieve the novel detection techniques by
combining the Cerenkov rings and scintillation light, as well as the total cost reduction compared to pure liquid scintillator (LS). The
independent light yield measurement analysis for the light yield measurements using three different proton beam energies (210 MeV,
475MeV, and 2000 MeV) for water, two different WbLS formulations (0.4% and 0.99%), and pure LS conducted at Brookhaven
National Laboratory, USA, is presented. The results show that a goal of ~100 optical photons/MeV, indicated by the simulation to
be an optimal light yield for observing both the Cerenkov ring and the scintillation light from the proton decay in a large water

detector, has been achieved.

1. Motivation

In large water detectors, the Cerenkov radiation produced
by a charged particle above the threshold can be used for
particle identification and the reconstruction of its direc-
tion and energy [1]. However, all charged particles below
the Cerenkov threshold are missed. Detecting these below-
threshold particles is important for various applications, for
example, in the search of the proton decay, in the p* — K™»
channel, where K" is mostly below Cerenkov threshold and
is invisible in a water detector. The use of the WbLS makes
the kaon visible and allows for the separation of K™, y*, and
e" signals using timing and thus reducing the background
for this decay channel. The same goes for the quasielastic
collisions in the large water-based neutrino detectors such as
Super Kamiokande detector [1] with proton often being below
the Cerenkov threshold and thus not visible.

In either LS or WDLS, the isotropic scintillation light
is produced by the charged particle energy deposition via
ionization, but the scintillator components may interfere with
the Cerenkov ring detection. To detect K* and preserve the
Cerenkov ring, MC studies indicate that the light yield (LY)

from the scintillator component in the WbLS should be 100
optical photons/MeV [2].

Thus, WBLS potentially combines both the Cerenkov ring
and scintillation light capabilities. It can preserve the particle
identification for the particles above the Cerenkov threshold
and detect the charged particles below the threshold via the
scintillation light. In addition, WbLS features the lower cost
than pure LS and it is safer to handle [3].

The ability to reach the desired LY can be checked using
the monoenergetic proton beam with different WbLS con-
centrations. For the test, the two different WbLS formulations
(0.4% and 0.99%), pure water and pure LS samples, were
chosen. Three different proton beam energies were used with
each sample. The choice of the energies comes from the
following considerations:

(i) 2000 MeV protons behave as minimum ionizing par-
ticle (MIP);

(ii) 475 MeV protons are just below the Cerenkov limit in
water;

(iii) 210 MeV protons have ~same energy deposition as K
from the proton decay channel mentioned above.
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FIGURE 1: Proton beam test experimental setup.
2. Experimental Setup

The experimental setup used for the proton beam test is
shown in Figure 1. Two tubs with the samples were used (T1
and T2). Three 2 cm x 2 cm and 5 mm thick plastic scintillator
hodoscopes were used (H1 to H3) with the beam trigger being
formed by the coincidence of the H1 and H2 only. H3 was
intended to verify whether particles exit T2.

2.1. Tub and Signal Readout Description. Two tubs were used
in the experiment:

(i) T1 from polytetrafluoroethylene (PTFE) (white,
highly reflective),

(ii) T2 from aluminum, coated with black PTFE (very low
reflectivity).

The T1 allows the capture of most of the light produced in
the tub (~75% of the total light produces in the tub), whereas
T2 allows for the observation of the light coming directly
from the scintillation without the multiple wall reflections
(~10%) as it was coated with black material on the inside. An
image of a tub is in Figure 2. Both T1 and T2 have the same
dimensions:

(i) lid is 19.05 mm thick;
(ii) walls and bottom are 6.35 mm thick;

(iii) inner height and diameter are 150 mm.

A detailed setup readout scheme is shown in Figure 3.
Both tubs (and hodoscopes) were read out by Hamamatsu
Photonics [4] R7723 2" Photomultiplier tubes (PMT). A
transparent to the ultraviolet light acrylic window was used
as a partition between the PMT and the liquid in the tub. The
window was protruding through the lid and into the liquid by
several millimeters to ensure that there are no air bubbles on
its surface.

A readout was performed by the 4-channel 14-bit CAEN
[5] V1729 A flash analog-to-digital converter (FADC). All tubs
signals were connected to the FADC via a variable attenuation
unit (Phillips Scientific [6] 804) and a variable amplifier unit
(Phillips Scientific 778) with two equal outputs. For the T1
and the T2 readouts, the gain was set to the value of ~2x.
The first output from the amplifier goes to the FADC, with a
dedicated channel for each tub. The second output from each
amplifier channel was used for the single photoelectron (PE)
calibration. The gain for the second amplification stage was
set at ~10x.
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FIGURE 2: PTFE tub detector with a PMT.

All hodoscopes were also connected via ~2x gain ampli-
fiers that allowed output signal splitting into two. H1 and H3
share the same FADC channel with the latter signal being
delayed by 200 ns. H2 was connected to the last remaining
channel of the FADC.

2.2. Triggering Scheme. Triggering schema was realized using
three 2cm x 2cm, 5mm thick plastic scintillator counters
that were readout by 2" PMTs via an air waveguide in order
to remove the PMTs from direct beam exposure. The signals
from the front-most and the middle counters (HI and H2)
were used to form a beam trigger, as indicated in Figure 3.

2.3. Proton Beamline Description. A proton test beam was
conducted at NASA Space Radiation Laboratory (NSRL)
facility at BNL [7]. As described above, the three following
proton beam energies were used: 210 MeV, 475MeV, and
2 GeV. The beam had the following main characteristics:

(i) intensity was ~1p*/bunch;

(ii) beam size was 1cm x 1cm at 2GeV and 5.4cm X
5.4 cm at 210 MeV;

(iii) 0.4 s long spills every ~4 sec.

3. Data Analysis

3.1 Liquids Measured. A surfactant (linear alkylbenzene
sulfonic acid, LAS) is used to dissolve the 1,2,4-trimethyl-
benzene, or pseudocumene (PC), which is a common LS
material, in water. The PPO (2,5-diphenyloxazole) and MSB
(1,4-Bis(2-methylstyryl) benzene) are used as a fluor and a
wavelength shifter to downshift the ultraviolet light from the
LS to the blue region of the spectrum where water has higher
transparency. Further details can be found in [3].
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FIGURE 4: Typical PMT waveform with baseline check windows.

The composition of the 4 samples tested in this experi-
ment are as follows:

(i) water (purified);
(ii) WBLSL: 0.4%PC + 0.4g/L PPO + 3mg/L MSB +
surfactant in water;

(iii) WbLS2: 0.99%PC + 1.36 g/L PPO + 7.48 mg/L MSB +
surfactant in water;

(iv) LS: LAB + 2 g/L PPO + 15 mg/L MSB.

3.2. Waveform Analysis. The PMT signal is acquired as a
waveform with a sample shown in Figure 4. Total acquisition

FIGURE 5: Typical baseline value for a single channel.

window is 2560 bins per event with each bin being 1 ns wide;
the approximate position of the signal is known beforehand.
A 300 ns window (central one in the figure, between the red
and blue lines) is used to obtain the integrated signal area
by summation. Each point is subtracted from the average
baseline to achieve a positive sum. A typical signal is smaller
than the chosen window width; however, there is a small
spread in the timing of the signals and we want to be sure that
signal’s entire area has been integrated. The size of the chosen
window is the same for all samples and measurements.

A baseline is defined as the average value of all the points
in the first integration window (between the two red lines)
that is 50 ns wide. A typical baseline is shown in Figure 5.
To check the baseline quality, its averaged value is compared
with the average of the postsignal window (between the two



w [ w1 [N} ~
(=3 (=3 (=3 (=1 [=3
(=) (=) (=] (=] [=}

Number of events

[S=3
(=}
[=}

—
[=}
[=}

(=}

-200 -150 -100 -50 0 50 100 150 200
(ADC bin)

FIGURE 6: Difference between the baseline and the average of the
postsignal window.

blue lines). This difference is illustrated in Figure 6. Events
with this difference larger than ~20 ADC bins are flagged as
bad. This allows for the removal of the noise events or events
with the bad baseline due to the shifted signal or multiparticle
events. Additionally, a comparison of the baseline with an
average of a window at the very beginning of the waveform
(between 10ns and 40 ns, not shown because the figure is
zoomed around the signal area) is used for general baseline
quality check using the above criterion.

The integrated area is a measure of total charge that can
be converted to the PE yield using the single PE calibration
of the PMTs. This allows the description of the measured
signals independent of the hardware differences between the
channels.

The trigger information is saved with the data. This allows
the offline trigger requirements to be used later during the
analysis stage.

3.3. Single Photoelectron Calibration. A single PE calibration
was conducted for both T1 and T2 signal channels at the
end of the test beam run. The trigger for this calibration
is produced by the discriminator that is connected to the
second amplifier for the T1 and T2 signals (separately, for
each channel, see Figure 3). The discriminator is set to
~1/10th of the single PE amplitude so as to allow for better PE
signal detection efficiency than using purely random trigger.
Additionally, this forces the PE signal into the signal window
region of the FADC output for the simplified analysis and
elimination of the partially captured signals. Note that a
PE signal is much narrower and lower in amplitude/area
than the beam signals as they are typically many PEs that
arrive according to some time distribution; thus a smaller
integration window is used to reduce noise for cleaner
calibration (50 ns instead of 300 ns).

The calibration signal area is 168.0 + 1.2 ADC bins and
132.9 £ 1.6 ADC bins for T1 and T2, respectively (the PE
signal is summed within the window, so the unit of ADC
bin is still used). A special care was taken to verify that this
method yields the same calibration values as using the light-
emitting diode (LED) scheme. For that, calibration runs using
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FIGURE 7: A sample fit of a tub signal.

the scheme described above and using the dim LED pulses
were compared to each other. The LED light level is chosen
such that only ~1/10th of the events has the single PE signal
to ensure that these are indeed the single photon detection
responses.

3.4. Data Quality Selection. The data quality check is done as
a single step before the data is analyzed. The care was taken
to choose the criteria that do not introduce a bias into the
selection. These are

(i) offline double trigger requirement for Hl and H2 to be
above ~50 mV and within the expected time window;

(ii) baseline quality check as outlined in Section 3.2;
(iii) ADC saturation check for H1 and H2.

Each check is intended to remove potential noise or
multiple particles in an event. The saturation check indicates
that several particles have passed through the hodoscopes in
a same beam spill, which happens very rarely at the beam
intensity used.

3.5. Light Yield Results. For each sample and energy, a
histogram of the signal areas is computed. A Gaussian fit
using a bin likelihood method is then performed. The fitting
is done in two steps. First, a Gaussian is fitted in the range
between the half of the maximum peak values to obtain
the first approximation for the peak position. Then, the fits
around the found mean with 1, 1.5, and 20 are carried. This is
done to estimate the uncertainty that the fitted signal width
limitation is added to the mean. This is because there is the
second peak to the right of the main one, from the second
particle, rarely passing through the tub during the same
trigger time. Figure 7 shows the 150 fit of the first particle
peak, and the second particle peak is visible on it as well. This
plot is in the ADC bins for clarity; single PE calibration will
be applied to all further plots.

The data for all the samples and all energies is then
processed in the same way. Plots in Figures 8 and 9 show that
the light yield results in PE for the different samples and beam
energies for T1 and T2, respectively. Note that the light yield
values for LS are reduced by a factor of 30 on these plots. In
addition, the data point for the LS at 210 MeV for T1 is not
going to be shown on further plots because of the readout
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TABLE 1: Energy deposition in samples.
Beam energy Sample T1 energy T2 energy
(MeV) deposit (MeV) deposit (MeV)
210 Water, WbLS 72.7 3.1 107.5 + 6.1
LS 59.2+2.5 124.1+£7.0
475 Water, WbLS 404 +2.0 437 +2.2
LS 344+1.7 363+ 1.9
2000 Water, WbLS 28.6 +2.6 28.7+3.1
LS 24.1+2.3 242 +2.7
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FIGURE 8: The light yield in PE for T1. At 2 GeV beam energy, some
points are offset for clarity.

saturation due to the large light yield from the scintillator at
this energy. Similarly, the water data is not shown for T2 due
to the very low signal for proton energies below the Cerenkov
limit.

3.6. Energy Deposition. In order to assess the PE/MeV light
yield of each sample, the energy deposition in each sample is
needed. Two methods were used for this purpose. The first
one uses a GEANT4 simulation of the proton beam with the
most likely deposition being the mean of the 1000 runs at
each energy. Second one is a simplified code [8] that would
calculate the proton energy loss along a straight line path
through the tubs and hodoscopes with small steps, using the
proton stopping power and range (PSTAR) tables from the
National Institute of Standards and Technology (NIST). The
WbLS was modeled as water and LS as toluene.

The resulting energy depositions are listed in Table 1.
The values are taken from the GEANT4 simulation results,
and the difference between two methods is taken as the
uncertainty for the values obtained. The light yield from the
data that is converted into the PE/MeV is shown in Figure 10
for the T1 and in Figure 11 for the T2.

We see that the PE/MeV light yield is the same for LS
at proton energies of 2GeV and 475MeV on both tubs,

o WDLSI sample
WbLS2 sample

x LS sample/30

FIGURE 9: The light yield in PE for T2.

indicating that the Cerenkov light contribution is negligible
for LS. It is not the same for the WbLS as there is a significant
LY change between these two energies. However, at 475 MeV,
there is virtually no Cerenkov light contribution to the total
LY (as indicated by the very small amount of light at this
energy in water in T1). Thus, we can use the data at this
energy for LS to WDbLS comparison and for obtaining the LY
of the scintillator components of the WbLS. From the data,
Figures 12 and 13 show the ratio of the WfbLS signal to the
LS signal for the T1 and T2 at the proton energy of 475 MeV,
and the same ratio for the T2 only for the 210 MeV (due to the
saturation of the LS signal in T1 at this energy, it is not used
in the analysis).

3.7 Light Yield in Photons/MeV. An estimate of the LY in
photons/MeV is also possible. The calibration is needed here
to estimate the efficiency of the PMT readouts from the T1
and T2. Typically, this is a difficult task to carry out precisely,
so two simple methods have been used to do this estimate.
The first method is based on the fact that the LY in
photons for the LS is known to be 10 k photons/MeV for a MIP
signal [9]. Since the proton at 2 GeV has the ~same dE/dx
as MIP, this LY value can be used to get the approximate
efficiency for each tub (e.g., PE to photon conversion) for the
WDbLS data. The second one can be used for T1 only to check
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FIGURE 11: The light yield in PE/MeV for T2. At 2 GeV beam energy,
some points are offset for clarity.

the validity of the first method. The difference between the
methods was added to the total uncertainty of the result.

As mentioned above, a second method for the efficiency
check was done for T1. We can use the 2 GeV proton data on
water to get the readout efficiency; first we need to try and
estimate the number of the protons produced in water using
(1) that is commonly used to estimate the photon LY for the
Cerenkov radiation in water as follows:

i Emax B Emin ) . (1)

min ~ 2 P
ﬁ Mave

dN
i 3702° (Emax -E

The average index of refraction for the optical range
was used, and the E,_,, and E_; have been taken from the
PMT sensitivity data. To get a better estimate, the sensitivity
range for the T1 PMT was divided into a number of small
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FIGURE 13: The WDLS light yield ratio to LS at 210 MeV. Only data
for T2 is shown.

subranges with ~constant sensitivity. The results for each
subrange were weighted by the sensitivity at that range and
combined together for a better estimate. Then, an efficiency
calibration is obtained.

Using the resulting calibration of PE to photon conver-
sion, now the 2 GeV proton LS data was used to compare
the number of PE produced by the second method to the
value taken as a base in the first method (which was 10000
photons/MeV). The result came very close to be 9713 pho-
tons/MeV for the LS using the efficiency from the Cerenkov
light for T1.

The final estimate results for the WbLS data are pre-
sented in Figures 14 and 15 for the T1 and T2, respectively.
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As it can be seen from these figures, the estimate shows that
the goal of about 100 photons/MeV has been reached using
the WbLS2 sample, and different LY are possible by adjusting
the concentrations.

3.8. Systematics. A number of the systematic effects have
been identified. Their effects have been accounted for in all
the results presented.

During the experiment, the tubs with samples had to be
disconnected and samples changed. An effect on the PMT
of turning biasing on and off and exposing the PMT to
ambient light during the disconnects was tested. There is
some minor variation in PMT noise and gain for less than 2
minutes after bias is turned on before a steady state is reached.
Typically, there was at least a 5- to 10-minute interval between

installing the new sample in the beamline and data taking
(the time was needed for the beam tuning process), thus
greatly diminishing the influence of this effect on the data. In
addition, a very small variation in gain between each steady
state was noted; this variation has been added into the single
PE calibration uncertainty.

A long-term stability of the single PE calibration was
studied separately using the data taking run that was 450
hours. The LED calibration was collected during the entire
run in 2h periods and the resulting calibration variation
(~1%) was added into the single PE calibration uncertainty.

The effects on the result due to the fitting procedure have
been described in Section 3.5.

Another systematic effect arises from the window size
selection process during the waveform analysis described in
Section 3.2. The integration window size had to be optimized
to fit all signal widths from all the data samples collected. If
the window is too narrow then some signal may be lost in
the integration, and if it is too large, too much noise will be
integrated together with the signal and may add a nonzero
contribution due to some of the noise not being random.
A comprehensive study was carried out to determine the
window size (300 ns) and the effect of this choice on the fitted
means for each sample. The effect turned out to be small (the
largest contribution of this effect is being less than ~0.5% for
one of the samples, while it is being even smaller for all others)
and it is accounted for in the total fit uncertainty together with
the uncertainties estimated due to the fitting procedure.

4. Conclusion

The LY for the water, pure LS, and two formulations of the
WDLS have been measured successfully. The 0.99% WbLS
sample yields ~1% light of the pure LS, implying that the goal
of 100 photons/MeV has been achieved and assuming that
typical LY of LS is 10000 optical photons per MeV. Therefore,
the WDBLS that satisfies the requirements for the K*, y*, and
e" detection can be fabricated. The result also illustrates that
different LY can be easily achieved by adjusting the WbLS
components concentration.

The next experiment that will allow for the separation
of the Cerenkov and scintillation light in WbLS has been
conducted and the data is being analyzed. In addition, the
work is planned at Nazarbayev University to carry out the
optimization of the composition of the WbLS formulation.
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Gaseous detector with a sub-keV electron equivalent threshold is a very perspective tool for the precision measurement of the
neutrino magnetic moment and for observing coherent scattering of neutrinos on nuclei. The progress in the development of low
noise electronics makes it possible to register the rare events at the threshold less than 100 eV. The construction of the gaseous
detector is given and the typical pulses with amplitudes of a few eV observed on a bench scale installation are presented. The

possible implications for future experiments are discussed.

1. Introduction

First neutrino detector made by F. Reines and C. L. Cowan
60 years ago opened a new field of a fascinating research
with neutrino which seemed to be nearly undetectable
object, as it was noted by W. Pauli himself. Since that
time tremendous success in this field has been achieved.
But till now neutrino continues intriguing the researchers
and promises new discoveries. Development of the detec-
tors with a threshold below 1keV electron equivalent for
experiments with reactor antineutrinos may, indeed, lead
to new discoveries in neutrino physics. So far the lowest
threshold achieved in these experiments is 3keV; see, for
example, GEMMA experiment [1] where the upper limit for
the neutrino magnetic moment 2.9-10"" i, has been set. For
the Dirac neutrino magnetic moment with standard model
interactions p, ~ 3 x 107" yp (m,/1eV) which is far below
the sensitivity of the experiment. However, in the extension
of MSSM which, for example, includes a vector-like leptonic
generation which contains a fourth leptonic generation along
with its mirrors a magnetic moment for the neutrinos as large
as 10712 yg can be obtained [2]. This is a basic motivation for
experimentalists to refine the technique of its measurements.
In the dark matter experiment CoGeNT [3] the germanium
detector has been developed with a threshold of about 0.3 keV

electron equivalent. Any further substantial reduction of the
threshold for the semiconducting devices would be hardly
possible. To progress in this field of research one highly
demands the development of the detectors with a threshold of
about 100 eV electron equivalent and may be even lower. This
is a crucial point especially for the discovery of a coherent
scattering of neutrinos on atomic nuclei (CNNS). The process
of neutral current neutrino-nucleus elastic scattering has
been described long ago [4, 5] but till now it remains to be
a challenge for experimentalists. In CNNS the amplitude is
a superposition of the individual amplitudes of scattering oft
each nucleon with relative phase factors:

(da) _ GiM, , 2T (T>2 M,T
—_ = — - — + —_ —
daT /. 21 E E E2

Vv v v

, @
Qw 2 (2

x —F s

L F(Q)

where Qy = N — Z(1 — 4sin°6,,) is a weak charge of a
nucleus, G, is the Fermi coupling constant, M4 is the mass
of the nucleus, and F*(Q?) is the nuclear form factor [6].
Due to a coherence the cross section is proportional to the
square of a number of nucleons and may be so high that
even a detector with 1kg of a target material placed near
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FIGURE 1: The count rate for antineutrino-electron elastic scattering
as a function of energy in keV for different values of magnetic
moment. By dashed line is indicated the count rate by standard elec-
troweak model. The flux of antineutrinos is taken here 10" v/cm’/s.

the core of a commercial nuclear reactor may have a count
rate from CNNS on the level of 1000 events per year for
the flux of reactor antineutrinos of about 10 v/cm*/s. In
the GEMMA experiment at the Kalinin Nuclear Power Plant
(KNPP), where a high-purity germanium detector of 1.5kg
has been placed 13.9 m from the 3 GW reactor core, the flux
of antineutrinos was 2.7 x 10> v/cm?/s. Just for comparison,
to get a similar count rate on the beam of neutrinos from a
spallation neutron source [7] one needs a detector of a few
tons scale. In Figure 1 is shown the contribution of the effect
from magnetic moment of neutrino to the total cross section
of ve~ scattering [8]:
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where g; = sin’0,y, gz = g + 1.

One can see that to observe the effect from magnetic
moment less than 107"y the detector should have a thresh-
old below 0.1keV electron equivalent. With a threshold of a
few tens of eV it will be possible to reach a limit 2:107% .
The notable feature of this scattering is that the cross section
does not depend on the target because it is a pure ve™ elastic
scattering. The situation is drastically different at coherent
scattering of neutrinos on nuclei. CNNS can be observed
only at small recoil energies when neutrino scatters on a
nucleus as a wave on a grid; here the “grid” is composed
of the nucleons tied by strong force with the rest of a
nucleus. The energy of the recoiled nucleus depends on
a mass of a nucleus; the heavier the nucleus the smaller
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FIGURE 2: The count rate from CNNS as a function of energy of the
recoiled nucleus for different gases. By dashed lines are indicated
the count rates from neutrons generated by cosmic rays. The flux of

antineutrinos is taken here 10" v/cm?/s.

the energy of the recoils. This constitutes the “signature”
of this process and may be used for events identification
to determine what is responsible for the effect: ve™ elastic
scattering or coherent scattering. Thus it would be useful to
make measurements with different targets. High cross section
makes it very attractive for experimentalists but low (less than
1keV electron equivalent) recoil energy of a nucleus makes
it very difficult for practical implementation. In Figure 2 is
shown the simulated effect for different nuclei.

One can see that for heavy nuclei the cross section is
higher, but the energy of the recoils of the nuclei is smaller.
This demands a detector with a very low threshold. The
heavier are the nuclei, the more severe are these demands.
By dashed lines is indicated the background from neutrons
generated by cosmic rays at the site of KNPP. It was shown
in [1] that background from fast neutrons of the reactor by
adequate shielding is lower than from neutrons generated by
cosmic rays. The precise (with the uncertainty of about 1-2%)
measurement of CNNS will be useful for the study of neutron
form factor F*(Q?) of a nucleus and may be even sin29W
presented in a weak charge of a nucleus (see expression
(1)). What is also crucial is the possibility of verifying the
discovery of this process by an independent way. Thus it is
very important to develop not one, but several techniques
to search for CNNS. In Figure 3 the rates for xenon (a) and
argon (b) from coherent scattering on nuclei and from ve™
scattering are shown.

Here we should take into account that only a small
fraction of the nuclear recoil energy is used in the ionizing
process. This fraction is called a quenching factor (QF) and
for the recoil energy of the nuclei less than a few hundred
eV it may be very different for different gases. To measure
this factor for some specific gas used in experiment is a
very crucial point and actually not an easy task. It demands
the special efforts which may be very rewarding because it
may give a very interesting result. Here is taken as a very
probable value QF = 0.1 for recoiled nuclei. One can see that
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FIGURE 3: The count rates in xenon (a) and argon (b) for coherent scattering on nuclei and from ve™ scattering at magnetic moment 51072 4,

and 107" .

the effect from coherent scattering is absolutely predominant
in the lower range of energy. The result of this is that for
xenon it would be possible to extract the effect from magnetic
moment if it is higher than or equal to 5107'* up while
for argon the lower limit is somewhere around 107'! yp.
If QF < 0.1 this will shift the spectrum from coherent
scattering to lower energies and this will be more appropriate
for registration of the effect from magnetic moment of
neutrino. From this point of view the most perspective gas
to search for magnetic moment would be xenon. It has also
advantage of having high Z which is very important for
measuring the effect from ve™ elastic scattering. If the gas
amplification can be as high as 10> the threshold can be as
low as 10 eV and then xenon is also good for detection of
coherent scattering. The very promising aspect is also the
possibility of using isotopically enriched xenon which will
enable reducing the background from internal radioactivity.
At present several groups are working in this field. Both
antineutrinos generated at nuclear reactors with the energy
of several MeV and neutrinos of higher energies (of several
tens of MeV) produced in the decays of pions and muons
in the high intensity proton beams are planned to be used.
For the first ones the mass of a target material should be of
several kilograms, for the second ones several tons to see the
effect from CNNS. The recoil of a nucleus for the first case is
expected to be less than 1keV, for the second case tens of keV.
Obviously, each approach has strong and weak points. Here
we discuss the possibility of using a special construction of a
gaseous detector of ionizing eradiation as a detector of CNNS.
By choosing the gaseous proportional counter the emphasis
is done on the following advantages of this technique.

(1) Very high factor of the gas amplification (>10%).

(2) Possibility of using gas at relatively high pressure
about 1 MPa to obtain the mass sufficient for count
rate of about 1 event per day.

(3) Good signature of the events by a pulse shape (very
characteristic front and tail of the pulses).

(4) The possibility of discriminating noise from electro-
magnetic disturbances and microphonic effect.

(5) Availability of the efficient methods of gas purifica-
tion.

(6) Detector that can be fabricated only from very pure
materials without PMTs as a possible source of ioniz-
ing eradiation, and so forth.

(7) The possibility of changing easily the working gas
(CO,-CF,-argon-xenon) not changing the configu-
ration, which is important to perform the compara-
tive measurements at the same site.

The crucial point will be the background observed at very low
recoil energy of nucleus. This is the main factor limiting the
accuracy which can be achieved in experiment.

2. Materials and Methods

2.1. The Design of the Detector. 'The count rate from CNNS of
reactor antineutrinos is predicted to be about 100 events per
year per kg of a target material in the energy range from 20 eV
to 200 eV of produced ionization. To collect a mass of about
1kg in gas phase one needs a detector with a volume of about
50 liters even at pressure of about 1 MPa. But to get the gas
amplification higher 10* at High Voltage 3 kV the diameter of
the cathode should be 40 mm, not more. To reconcile these
conflicting demands we should use an array of counters and
each one apart from a central, avalanche region with a small
diameter of a cathode should have also external, drift region,
separated from avalanche region by a grid. The diameter of
the drift region is taken to be 140 mm. Apart from this, there
should be external cylindrical layer of counters working as an
active shielding and also as a passive one of the fluorescence
from the walls of the counter. All assembly is placed in



FIGURE 4: The counter before assembling.

a cylindrical body made of titanium as a material relatively
pure on *°Ra, as our previous measurements have shown [9].
In Figure 4 we show the general view of this counter.

We plan to use an array of 16 similar counters, each
working on separate charge sensitive preamplifier and dig-
itizing board. The counters will be assembled in 4 planes,
each one having 4 counters. The size of the assembly will be
approximately 100 x 100 x 100 cm. To reduce the background
from cosmic rays, neutrons and gamma-rays the assembly
will be placed in the box made of slabs of iron 30 cm thick;
internal surfaces will be lined by borated polyethylene 40 cm
thick. To shield from fast neutrons from the reactor we plan
to use additional external layer of water 50 cm thick and on
the outside-plastic scintillator as an active veto shield from
ionizing particles of cosmic rays penetrating to the depth of
about 16 m of water equivalent. The water shield reduces the
background from fast neutrons by an order of magnitude;
thus, it will be possible by comparing the data collected with
and without water to prove that the contribution of reactor
neutrons to the effect is negligible. All this assembly will
be placed in a hermetically sealed housing filled by argon
purified of radon. We select this design of shielding to reduce
at most the background from gamma-quanta from external
radioactivity and from neutrons, generated in iron by cosmic
rays. Borated polyethylene 40 cm thick decreases approx-
imately 100-fold the flux of fast neutrons from iron. The
slabs of iron 30 cm thick effectively absorb gamma-radiation
from the walls. In Figure 2 we show the calculated effect
from CNNS and the background from neutrons, generated
by cosmic rays at 16 meters of water equivalent for different
working mediums of the detector.

2.2. The Technique of the Pulse Shape Discrimination. We per-
formed the measurements of the energy spectra of the pulses
in argon using a small bench scale assembly. Proportional
counter had 37 mm, the central wire of 20 mm in diameter,
and it was filled by argon and methane (10%) mixture by
100 and 300kPa. A schematic of the detection concept is
presented in Figure 5.
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FIGURE 6: The energy spectrum from *Fe calibration source.

The calibration has been done using *>Fe as a source of X-
ray eradiation of 5.9 keV. The energy spectrum of the pulses
from **Fe is presented in Figure 6.

One can see two peaks: 5.9keV from *’Fe and 2.95 keV
escape peak of argon. The resolution of the peak 5.9 keV of
>>Fe was 20% at 0.3 MPa of Ar + 10% CH, mixture. To get a
high gas amplification of order 10° we have increased High
Voltage to 2760V till the beginning of a regime of limited
proportionality. Two peaks from >>Fe source can be used for
identification of the resulting nonlinearity. One can see this in
Figure 7 where the amplitude in mV is presented as a function
of the energy of the peak in keV.

The shapes of the pulses from output of charge sensitive
preamplifier of the sensitivity of about 0.5 V/pC have been
recorded by 8-bit digitizer. The shapes recorded during
certain time were analysed off-line. The aim was to see how
efficient the pulse shape discrimination of the noise pulses
from electromagnetic disturbances and microphonic effect in
the region below 100 eV could be, that is, where the main
effect is expected from CNNS of reactor antineutrinos. In
Figure 8 we show the pulses observed during time interval
400 ys. For small amplitudes less than 100 mV the conversion
factor was 0.6 mV/eV; see Figure 7.

Figures 8(a) and 8(b) are “true” pulses with correct sig-
nature from ionization process. One can see from these two
pictures that the noise level somewhat varies in time and this
influences the shapes of the pulses but still it is possible to reli-
ably select the pulses with amplitudes even as low as a few eV.
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FIGURE 7: An observed amplitude of the pulse as a function of
energy.

Figures 8(c), 8(d), 8(e), and 8(f) show the “bad” pulses which
are due to electromagnetic disturbances and microphonics.
One can see the difference just by naked eye. The pulses
from the point ionization in gas have typically a relatively
short front edge (a few microseconds) corresponding to the
time drift of positive ions to cathode and long (hundreds of
microseconds) tail corresponding to the time of the base line
restoration of the charge sensitive preamplifier. These events
might be produced by internal radioactivity of the materials
of the counter, by electronic emission from the walls of the
counter, and also by ionizing particles produced by cosmic
rays. The amplitude of these events may be even smaller
than an average energy to produce a single electron pulse
because of the relatively broad energy distribution in this case
(Polya distribution). In the range from 5¢eV to 100 eV, where
main effect from coherent scattering of reactor antineutrinos
should be observed, the pulse shape discrimination enabled
reducing the noise by a factor of about 10°. The lower cut
of 5¢eV corresponds to the loss of efficiency of the detection
of single electron events by approximately 5% which is quite
appropriate for this experiment. Thus we show that this range
can be effectively used for counting of the events from CNNS.
Similar problem of counting the events from very small
energy release has been solved in a number of experiments
with cryogenic detectors. In 1997 we together with the staff of
the laboratory of Professor S. Vitale at University of Genoa in
Italy were the first who succeeded in counting the pulses from
peaks 57 ¢V and 112 eV from the decay of “Be [10]. The energy
threshold in this work was 40 eV. This was achieved thanks to
effective pulse shape discrimination of the noise pulses from
electromagnetic disturbances and “microphonic effect”

2.3. The Expected Uncertainty of Measurements. The rate of
counting for different gases for antineutrinos from reactor
depends on the threshold of counting. The background count
rate depends on the counting interval: the less is an interval,
the less is the background. The optimal counting interval can

be found from the calculated integral efficiency of counting
presented in Figure 9.

The crossing of the dashed line with curves for some
specific gas indicates the interval which contains ~90% of the
total count rate higher than a threshold 300eV at QF = 1.
From this point of view the most advantages would be to
use xenon and the least advantages would be to use CO,.
In the real experiment QF is expected to be on the level of
0.1; thus the real threshold will be around =30 eV, that is,
equal to an average energy of ionizing eradiation to produce
an electron-ion pair in argon. However, QF may be very
different for different gases and for low nuclear recoil energies
less than 1keV there is no valid approximation for QF. The
measurement of this factor is very challenging and important
task, but it is out of the scope of this paper. Here we consider
two cases: when the background B is equal to the rate R
and when it is 10 times higher: B = 10R. We take a relative
uncertainty 8 equal to 10%, 5%, and 2%. The first one is what
we need to prove that we really observe the effect. The last one
is what is necessary for the precise measurements to search
for new physics. Having these R and X one writes for the
time of measurements needed to achieve these uncertainties
ast; =3/R- (0.018)? for the first case and t, =21/R- (0.018)*
for the second case. Table 1 shows the times needed for both
cases for different gases. The flux of antineutrinos was taken
2.7-10" n/cm?/sec, that is, equal to the one at the site of
KNPP in GEMMA experiment. One can see that for the vast
majority of cases these times are quite reasonable and can be
realized.

The general conclusion from the data presented in Table 1
is that for 16 counters each containing 1mol of gas the
tolerable background is somewhere in between R and 10R.
The notable point is that if we take argon from atmosphere the
background from >’ Ar will be just in between these marks if
to take the results of measurements presented in [11]. The use
of argon from underground sources depleted by *”Ar may
turn out to be a very useful approach. The background from
neutrons generated in the surrounding materials by cosmic
rays was calculated as it was described in [12]. It is presented
in Figure 2 for different gases and also for germanium just for
comparison. One can see that it is quite tolerable to conduct
the experiment and it can be efficiently suppressed by an
active shield.

3. Results and Discussions

The measurements were performed on argon proportional
counter at pressure from 0.1 till 0.3 MPa using > Fe calibration
sources to record the shapes of the pulses from ionization
with amplitudes from a few eV till a few keV. It was shown
that the use of gaseous proportional counters with gas ampli-
fication of about 10> and low noise electronics enable the
reliable registration of the ionizing eradiation with the energy
threshold as low as 5eV. The pulse shape discrimination in
the energy interval from 5eV till 100eV enables substan-
tially reduce noise from electromagnetic interferences and
microphonics. The critical point to conduct the experiment
is the background. The one from neutrons generated in
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FIGURE 8: The shapes of the pulses in the time interval 400 ys.

the surrounding materials by cosmic rays was calculated for
different working mediums. The detector should be placed
as close as possible to the core of the reactor to get high
flux of antineutrinos. So the overburden in the experiment

is determined by the construction of the reactor and cannot
be changed. The calculation shows (see Figure 2) that the
background level from neutrons is quite satisfactory and can
be tolerated. The total background from all sources, internal
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TaBLE 1: The times of measurements in years at reactor on and reactor off to get a relative uncertainty § at B = R and B = 10R.

Gas B=R B=10R

6 =10% 6 =5% 6=2% 6 =10% 6 =5% 6=2%
Ay 0.037 0.141 0.889 0.248 0.996 6.219
B2Xe 0.019 0.081 0.507 0.141 0.567 3.541
"Ge 0.022 0.085 0.533 0.148 0.596 3.726
CO, 0.052 0.215 1.341 0.374 1.504 9.396
CF, 0.022 0.089 0.548 0.152 0.615 3.841

100 RS S SAT SR T ST SR S SN (NN SN S ST SR N ST SR S SUN [T S S S

Integral efficiency (%)

10-_

0.0 0.5 1.0 1.5 2.0 2.5
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FIGURE 9: The integral efficiency of counting as a function of a
threshold.

and external, can be tolerated if it is somewhere in between
two marks: B = R and B = 10R, and it determines the
time of measurements needed to get the definite uncertainty.
One can see from Table1 that it is quite appropriate from
experimental point of view. However it demands that very
clean materials be used for the fabrication of the detector and
in case of argon it would be helpful to use an underground
argon depleted by *°Ar. The important point for verification
of the discovery of CNNS would be to make experiment with
different gases, say, argon and xenon, to compare the results
obtained and to prove that the spectral data are in agreement
with the predicted ones for CNNS.

4. Conclusions

The gaseous proportional counter with a threshold 5¢V is a
very perspective tool to study neutrino scattering on electrons
and nuclei at small recoil energies. It has a potential of
making discovery of still unobserved effect from coherent
scattering of neutrinos on nuclei and may measure the
magnetic moment of neutrinos, if it is higher than 5:107'* y5.
To have a mass adequate to obtain the accuracy of measure-
ments of a few percent the detector should be composed
of several counters. We are planning to use an array of 16
counters arranged in 4 planes. The main limiting factor is
the background so the detector should be constructed from
very pure materials, well shielded from external radiation and

neutrons and equipped with an electronics system with pulse
shape discrimination. At the present time the work is focused
on the development of the prototype module. The next step
will be the construction of the array from 16 modules and
placing the full assembly with active and passive shielding at
the reactor.
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An overview of the current theoretical studies on neutrino-atom scattering processes is presented. The ionization channel of these
processes, which is studied in experiments searching for neutrino magnetic moments, is brought into focus. Recent developments
in the theory of atomic ionization by impact of reactor antineutrinos are discussed. It is shown that the stepping approximation is
well applicable for the data analysis practically down to the ionization threshold.

1. Introduction

In particle physics, the neutrino plays a remarkable role of a
“tiny” particle. The scale of neutrino mass m, is much lower
than that of the charged fermions (mvf < my, [ =euT).

Interaction of neutrinos with matter is extremely weak as
compared to that in the case of other known elementary
fermions. According to the Standard Model (SM), it can
be mediated only via exchange of the W* and Z° bosons.
However, the recent development of our knowledge of neu-
trino mixing and oscillations, supported by the discovery
of flavor conversions of neutrinos from different sources
(see [1-4]), substantiates the assumption that neutrinos can
possess electromagnetic properties and, hence, take part in
electromagnetic interactions (see, e.g., the review articles
[5-7]). These properties include, in particular, the electric
charge, the charge radius, the anapole moment, and the
dipole electric and magnetic moments. Such nontypical
neutrino features are of particular interest, because they open
a door to “new physics” beyond the SM (BSM). In spite of
appreciable efforts in searches for neutrino electromagnetic
characteristics, up to now there is no experimental evidence
favoring their nonvanishing values.

Among the electromagnetic properties of neutrinos, the
most studied and well understood theoretically are neu-
trino magnetic moments (NMM), along with electric dipole
moments. For the most recent and complete review on theo-
retical and experimental aspects of NMM, as well as for the
corresponding references, see [7]. The effective Lagrangian,
which describes the coupling of NMM to the electromagnetic

field F*#, can be written in the form

1_ «,
Line = E‘Viaaﬁ (Hij + eij)’s) y;F #+he, €]

where the magnetic moments y;;, in the presence of mixing
between different neutrino states, are associated with the
neutrino mass eigenstates v;. The interplay between the
magnetic moment and neutrino mixing effects is important.
Note that the electric (transition) moments €;; do also con-
tribute to the coupling. A Dirac neutrino may have nonzero
diagonal electric moments in models where CP invariance is
violated. For a Majorana neutrino the diagonal magnetic and
electric moments are zero. Therefore, NMM can be used to
distinguish between Dirac and Majorana neutrinos [8-10].
In the Standard Model the magnetic moment of a mass-
less neutrino is zero. In the minimal extension of the SM,
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the explicit evaluation of the one-loop contributions to
the Dirac NMM in the leading approximation over small
parameters b, = m;/M;, (m; are the neutrino masses, i =
1,2, 3) that however exactly accounts for the parameters g, =
”’"12 /Mév (I = e, u, 7) yields the following result [11-14]:

p eGpm < mj) #
= 1+ — E a))U,U;,
Mz] 8\/57‘[2 m; l:e%rf( l) lji~li (2)

where U}, is the neutrino mixing matrix, and

1 2q 2a’ Ing ] 3)
_ 2 3
=4 (1-4) (1-a)

fla)=3 [u

A Majorana neutrino can also have nondiagonal (transition)
magnetic moments ‘uiI}/I = Zyi? (i # j). The obtained value for
NMM is proportional to the neutrino mass and is, in general,
of the order ~107*' =107 5.

Much larger values for NMM can be obtained in different
other SM extensions (see [6, 7] for the detailed discussion).
However, there is a problem [15] for any BSM theory of
how to get a large NMM value and simultaneously to
avoid an unacceptable large contribution to the neutrino
mass. Recently, this problem has been reconsidered for a
class of BSM theories and it has been shown in a model-
independent way that in principle it is possible to avoid the
above mentioned contradiction in the case of Dirac [16] and
Majorana [17] neutrinos. It has been shown that in this kind
of theoretical models the NMM can naturally reach values
of ~107°-107"* 1. These values are at least two orders of
magnitude smaller than the present laboratory experimental
limits (see below). There is also a huge gap of many orders
of magnitude between these values and the prediction of
the minimal extension of the SM. Therefore, if any direct
experimental confirmation of nonzero NMM is obtained in
the laboratory experiments, it will open a window to “new
physics”

The neutrino magnetic moments are being searched in
reactor [18, 19], accelerator [20, 21], and solar [22, 23] experi-
ments on low-energy elastic neutrino-electron scattering (for
more details see the review articles [6, 7] and references
therein). The current best upper limit on the NMM value
obtained in such direct laboratory measurements is

phy <2.9x10 g, (4)

where py = e/(2m,) is a Bohr magneton. This bound, which
is due to the GEMMA experiment [19] with a HPGe detector
at Kalinin nuclear power station, is by an order of magnitude
larger than the tightest constraint obtained in astrophysics
[24]:

< 3x10 2. €)

And it by many orders of magnitude exceeds the value derived
in the minimally extended SM that includes right-handed
neutrinos [12, 14]:

_ m
Y, <3x10 19//13(16(/), (6)
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where m,, is a neutrino mass. At the same time, there are
different theoretical BSM scenarios that predict much higher
, values. For example, the effective NMM value in a class of
extra-dimension models can be as large as about 10™'%4 [25].
Future higher precision reactor experiments can therefore be
used to provide new constraints on large extra-dimensions.

The paper is organized as follows. Section 2 outlines the
current status of searches for NMM and the problem of
atomic-ionization effects in reactor experiments. Section 3 is
devoted to the theoretical background for neutrino scattering
on atomic electrons. In Section 4, we discuss the case of neu-
trino scattering on one bound electron. Hydrogen-like states
and a semiclassical limit are considered. Section 5 focuses on
ionization of many-electron atoms by neutrino impact. The
case of a helium atomic target and the Thomas-Fermi and ab
initio approaches are discussed. Finally, Section 6 summarizes
this review.

2. Searches for Neutrino Magnetic Moments
of Reactor Antineutrinos

The strategy of experiments searching for NMM is as fol-
lows. One studies an inclusive cross section for elastic
(anti)neutrino-electron scattering which is differential in the
energy transfer T. In the ultrarelativistic limit m, — 0,
it is given by an incoherent sum of the SM contribution
dog/dT, which is due to weak interaction that conserves
the neutrino helicity, and the helicity-flipping contribution
doy,,/dT, which is due to ,,

d_a _ dogy dG(M) 7)
dr  dT ar -
The SM term is well documented and is given by [26]
dogy Gim,
ar 2z
2 2 T\
| (gv +ga)" + (gv — 9a) -7 (8)

T
)|

where E, is the incident antineutrino energy, g, = 1/2 and
gy = (4sin*6y, + 1)/2 for v,, and g, = —1/2 and g, =
(4sin” 0y, — 1)/2 for v, and v, with 6, being the Weinberg
angle. For antineutrinos one must substitute g, — —gy.
The possibility for neutrino-electron elastic scattering due
to NMM was first considered in [27], and the cross section of
this process was calculated in [28] (the related brief historical
notes can be found in [29]). Here we would like to recall
the paper by Domogatsky and Nadezhin [30], where the
cross section of [28] was corrected and the antineutrino-
electron cross section was considered in the context of the
earlier experiments with reactor antineutrinos of Cowan and
Reines [31] and Cowan et al. [32], which were aimed to
reveal the NMM effects. Discussions on the derivation of the
cross section and on the optimal conditions for bounding
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the NMM value, as well as a collection of the cross section
formulas for elastic scattering of neutrinos (antineutrinos) on
electrons, nucleons, and nuclei, can be found in [29, 33]. The
result relevant to the y, component in (7) reads [29, 30, 33]

dG(M) 5 1 1
—_— = _—— — 9
ar 4”“””<T E) ©)

where « is the fine-structure constant. Thus, the two com-
ponents of the cross section (7) exhibit qualitatively differ-
ent dependencies on the recoil-electron kinetic energy T.
Namely, at low T values the SM cross section is practically
constant in T', while that due to y, behaves as 1/T". This means
that the experimental sensitivity to NMM value critically
depends on lowering the energy threshold of the detector
employed for measurement of the recoil-electron spectrum.

The current reactor experiments with germanium detec-
tors [18, 19] have reached threshold values of T' as low as
few keV and are to further improve the sensitivity to low-
energy deposition in the detector [34-36]. At low energies,
however, one can expect a modification of the free-electron
formulas due to the binding of electrons in the germanium
atoms, where, for example, the energy of the K, line, 9.89 keV,
indicates that at least some of the atomic binding energies
are comparable to the already relevant to the experiment
values of T. Thus a proper treatment of the atomic effects
in neutrino scattering is necessary and important for the
analysis of the current and, even more, of the future data with
astill lower threshold. Furthermore, there is no known means
of independently calibrating experimentally the response of
atomic systems, such as the germanium, to the scattering
due to the interactions relevant for the neutrino experiments.
Therefore, one has to rely on a pure theoretical analysis in
interpreting the neutrino data. For the first time this problem
was addressed in [37], where a 2-3-time enhancement of the
electroweak cross section in the case of ionization from a Is
state of a hydrogen-like atom with nuclear charge Z had been
numerically determined at neutrino energies E, ~ aZm,c’.
Subsequent numerical calculations within the relativistic
Hartree-Fock method for ionization from inner shells of
various atoms showed much lower enhancement (~5-10%)
of the electroweak contribution [38-43]. It was found that
in the scattering on realistic atoms, such as germanium, the
so-called stepping approximation works with a very good
accuracy. The stepping approach, introduced in [40] from
an interpretation of numerical data, treats the process as
scattering on individual independent electrons occupying
atomic orbitals and suggests that the cross section follows the
free-electron behavior in (8) and (9) down to T equal to the
ionization threshold for the orbital and that below that energy
the electron on the corresponding orbital is “deactivated”
thus producing a sharp “step” in the dependence of the cross
sectionon T.

The interest in the role of atomic effects was renewed
in several more recent papers. The early claim [44] of a
significant enhancement of the NMM contribution in the
case of germanium due to the atomic effects has been later

disproved [45, 46] and it was argued [47-50] that the modifi-
cation of the free-electron formulas (8) and (9) by the atomic-
binding effects is insignificant down to very low values of T'.
This conclusion appeared to be also in contradiction to the
results of [51], where it was deduced by means of numerical
calculations that the y, contribution to ionization of the
helium atomic target by impact of electron antineutrinos
strongly enhances relative to the free-electron approximation.
However, from calculations performed in [52] it follows
that the stepping approximation is well applicable practically
down to the ionization threshold for helium.

3. General Theoretical Framework

As indicated in the introduction, the most sensitive and
widely used method for the experimental investigation of
the neutrino electromagnetic properties is provided by direct
laboratory measurements of low-energy elastic scattering
of neutrinos and antineutrinos with electrons in reactor,
accelerator, and solar experiments. In this section, we deliver
a theoretical background for such studies.

3.1. Neutrino-Electron Interactions. Let us consider the elas-
tic-scattering process

v+e —v+e, (10)

where an incident neutrino with energy E, transfers to a free
electron, which is initially at rest in the laboratory frame, the
energy-momentum g. There are two recoil-electron observ-
ables: the kinetic energy T, which amounts to the energy
transfer, and the outgoing angle y measured with respect to
the incident neutrino direction. In the ultrarelativistic limit
m, = 0, these kinematical variables are related by

E, +m, T
= . 1
cosx E, \]T +2m, a

The maximal value of the kinetic electron energy is thus
realized when y = 0" and is given by
2
= (12)
2E, +m,

Within the SM, the scattering process (10) takes place
due to exchange of the weak bosons, as shown in Figure 1.
The W-boson channel corresponds to the charged current
interaction and is absent in the cases of the muon and tau
neutrinos. If |q2| < m‘z/v, where m,,, is the W-boson mass, the
scattering amplitude is given by [26]

Gr_ — .
MW = \/_%uvz)/a (1 - VS) U, U,y (1 - Ys)uel, (13)

where u, (u,) and u, (u, ) are initial and final neutrino
1 1 2 2

(electron) spinors. The Z° boson mediates the neutral current
interaction. The corresponding scattering amplitude in the
case qul < mzz, where m is the 7°-boson mass, reads [26]

Gr_ — &
MZ = —= uvz)/[x (1 - YS) uvl uezy (gV - gAYS) uel : (14)
V2
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(a)

(b)

F1GURE 1: Elastic neutrino-electron scattering due to the weak interaction. Exchange by the W (a) and Z° (b) bosons is shown.

Vv Vv

FIGURE 2: Contribution of the neutrino electromagnetic vertex
function to neutrino elastic scattering on a charged lepton [5].

Using the matrix elements (13) and (14), one arrives, after
averaging over the initial and summing over the final electron
spins, at the SM single-differential cross section (8).

Figure 2 shows the electromagnetic channel of the scatter-
ing process (10). In general, the matrix element of the neu-
trino electromagnetic current ], can be considered between

different neutrino initial y;(p) and final wj(p') states of

. !
different masses, p* = m? and p'* = m?,

<1//j (P,) |]y|Wi (P)> =1u; (P’)AM(Q) u(p). (15

In the most general case consistent with Lorentz and electro-
magnetic gauge invariance, the vertex function is defined as
(see [5, 6] and references therein)

A (@) = [Fol@), + £a(@) 5| (v~ )
(16)

+ (@) i + fo(a) 10,0 v,

where fQ(qz), Fa@): fa(q),and fx(q*) are, respectively, the
charge, anapole, dipole magnetic, and dipole electric neutrino
form factors, which are matrices in the space of neutrino mass
eigenstates [14].

Consider the diagonal case i = j. The hermiticity
of the electromagnetic current and the assumption of its
invariance under discrete symmetries’ transformations put
certain constraints on the form factors, which are in general

different for the Dirac and Majorana neutrinos. In the case of
Dirac neutrinos, the assumption of CP invariance combined
with the hermiticity of the electromagnetic current ] u implies
that the electric dipole form factor vanishes, f; = 0. At zero
momentum transfer only f,(0) and f),(0), which are called
the electric charge and the magnetic moment, respectively,
contribute to the Hamiltonian H;,, ~ J,A¥ that describes the
neutrino interaction with the external electromagnetic field
A¥. The hermiticity also implies that f,, f4, and f,, are real.
In contrast, in the case of Majorana neutrinos, regardless of
whether CP invariance is violated or not, the charge, dipole
magnetic, and electric moments vanish, fo = f)y = f =0,
so that only the anapole moment can be nonvanishing among
the electromagnetic moments. Note that it is possible to prove
[8-10] that the existence of a nonvanishing magnetic moment
for a Majorana neutrino would bring about a clear evidence
for CPT violation.

In the off-diagonal case i # j, the hermiticity by itself does
not imply restrictions on the form factors of Dirac neutri-
nos. It is possible to show [8] that if the assumption of the
CP invariance is added, the form factors fQ, fao fer and
f4 should have the same complex phase. For the Majorana
neutrino, if CP invariance holds, there could be either a
transition magnetic or a transition electric moment. Finally,
as in the diagonal case, the anapole form factor of a Majorana
neutrino can be nonzero.

The neutrino dipole magnetic and electric form fac-
tors (and the corresponding magnetic and electric dipole
moments) are theoretically the most well-understood among
the form factors. The value of the magnetic form factor
fu(@) at ¢ = 0 defines the NMM, u, = f,(0). In
the low-energy limit, the NMM contribution to the effective
electromagnetic vertex can be expressed in the following
form:

Hy B
A =g P
« 2me G“ﬁq (17)

Thus, the corresponding scattering amplitude is

drrp, Ve _ _
(W = 2qu2 uvzo“ﬁqﬁuvluez)}auel' (18)
e

This leads to the NMM single-differential cross section given
by (9).
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3.2. Neutrino Scattering on Atomic Electrons. Consider the
process where a neutrino with energy-momentum p, =
(E,, p,) scatters on an atom at energy-momentum transfer
q = (T, q). In what follows the recoil of the atomic nucleus
is neglected because of the typical of current experiments
situation T' > 2E2/My, where My is the nuclear mass. The
atomic target is supposed to be unpolarized and in its ground
state |0) with the corresponding energy E,,. It is also supposed
thatT < m, and aZ « 1, where Z is the nuclear charge and «
is the fine-structure constant, so that the initial and final elec-
tronic systems can be treated nonrelativistically. The neutrino
states are described by the Dirac spinors assuming m, = 0.

Thus, the magnetic moment interaction of the neu-
trino field v with the atomic electrons is described by the
Lagrangian

W5

Lin = == (p)) 00pv (p,) 4" A*, (19)

int
2m,

where p! is the final neutrino four-momentum. The elec-
tromagnetic field A = (A,,A) of the atomic electrons is

Ay(qQ = Vina p(q)/qz, A(q) = \/47'rocj(q)/q2 (hereafter
we use the notation g = |q|), where p(q) and j(q) are
the Fourier transforms of the electron number density and
current density operators, respectively,

Z
p(q) = Z exp (iq-1,), (20)

2
J(q)———Z[eXP(zq ra) +Texp(1q r )]
(21)

and the sums run over the positions r, of all the Z electrons
in the atom. The double-differential cross section can be
presented as

dzo(u) _ dza(ﬂ) N dza(u) (22)
dTdq? dTdq? | dTdq? l’

dza( 2 T2
2 nuv 2
(deq2>”=47T06¥(1—?>S(T,q ) (23)

dzo( 2 2
) u, q 2

=4 1-— |R(T, N 24
(deqZ)i e q( 4E2) (T.q) @4)

where S(T, q2 ), also known as the dynamical structure factor
[53], and R(T, qz) are

S(T,4°) =Y 6(T-E,+E) [(nlp@|0)f, (25
R(L) =Y 8T~ B+ B nlis @IOF. g

where

with j, being the j component perpendicular to q and parallel
to the scattering plane, which is formed by the incident and

final neutrino momenta. The sums in (25) and (26) run over
all the atomic states |n) with energies E, of the electron
system, with |0) being the initial state.

The longitudinal term (23) is associated with atomic
excitations induced by the force that the neutrino magnetic
moment exerts on electrons in the direction parallel to q.
The transverse term (24) corresponds to the exchange of
a virtual photon which is polarized as a real one, that is,
perpendicular to q. It resembles a photoabsorption process
when g — T and the virtual-photon four-momentum thus
approaches a real-photon value. Due to selections rules, the
longitudinal and transverse excitations do not interfere (see
[54] for detail).

The factors S(T, qz) and R(T, qz) are related to, respec-
tively, the density-density (or polarization) and current-
current Green’s functions

1
S(T.q*) = =ImF(T.q%),
()= e (1) .
2 2
R(T,q ) = ImL(T,q ),

where

[(nlp (@) 0>|2

—~T-E,+E,—

<|P(q)T H+E,

L(T,qz) _ Z |<”|J¢ (‘1)|0>|

F(T,qz) =

P(q)l >
T-E,+E,

= <0 et (q)l >

H being the Hamiltonian for the system of electrons. From
these relations it follows that, due to the parity selection rule,
the functions S(T, qz) and R(T, qz) are even with respect to g.
For small g values, in particular, such that ¢ ~ T,
only the lowest-order nonzero terms of the expansion of
(27) in powers of g are of relevance (the so-called dipole
approximation). In this case, one has [45, 47]

R(T.q") =

Taking into account (30), the experimentally measured singe-
differential inclusive cross section is, to a good approxima-
tion, given by (see, e.g., [47, 49, 50])

]J_(_q)T H+E,

(2E,-T) 2
8 4mx(,£12, J’TZ S (T, qz) dqiz (31

The standard electroweak contribution to the cross sec-
tion can be similarly expressed in terms of the same factor
S(T, qz) [45, 50] as

dogy
daT

Glzﬂ 2 4
= — (1 + 4sin”6y, + 8sin" 6O
47_[( 7% W)

(2E,-T)*
X j S (T, q2

T

(32)
)dd’,



where the factor S(T,q) is integrated over g* with a unit
weight, rather than g~ as in (31).

The kinematical limits for g* in an actual neutrino
scattering are explicitly indicated in (31) and (32). At large
E,, typical for the reactor neutrinos, the upper limit can
in fact be extended to infinity, since in the discussed here
nonrelativistic case the range of momenta q ~ E, is
indistinguishable from infinity on an atomic scale. The lower
limit can be shifted to g = 0, since the contribution of
the region of ¢ < T? can be expressed in terms of the
photoelectric cross section [45] and is negligibly small (at the
level of below one percent in the considered range of T'). For
this reason one can discuss the momentum-transfer integrals
in (31) and (32) running from q2 =0to q2 =00

00 d 2
I, (T) = L s(1.¢) q—qz,

L(T) = JOOO s(T.4°) de*

For a free electron, which is initially at rest, the density-
density correlator is the free particle Green’s function

(33)

2 -1
Fop (T,q?) = (T - 3 —ie) | 34
(FE) ( q ) ( 2me l€> ( )
so that the dynamical structure factor is given by
2
2 g
S(FE) (qu ) = 6<T_ zme); (35)

and the discussed here integrals are in the free-electron limit
as follows:

oo dqg? 1
(FE) 2\ 49
I = S 1 N —_— = =,
1 L (FE)( g ) qz T

o (36)
FE 2\ ;2
Ié ) = L S(rE) (T, q ) dq” =2m,.
Clearly, these expressions, when used in the formulas (31) and
(32), result in the free-electron cross sections for the case T' <«
E >

v

2
da(#) _ 47-[0‘[’41/

>

d G; de ! 7
;;M = % (1 +4sin’0y, + 85in49W) ,
correspondingly.

4. Scattering on One Bound Electron

In this section, we consider neutrino scattering on an electron
bound in an atom following consideration of [47, 49, 50].
The binding effects generally deform the density-density
Green’s function, so that both the integrals (33) are somewhat
modified. Namely, the binding effects spread the free-electron
8-peak in the dynamical structure function (35) at g* =
2m,T and also shift it by the scale of characteristic electron
momenta in the bound state.
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4.1. Ionization from a Hydrogen-Like Orbital. Consider the
situation when the initial electron occupies the discrete nl
orbital in a Coulomb potential V(r) = —«Z/r. The dynamical
structure factor for this hydrogen-like system is given by

1

Z dekapi 1P (@] @)
(38)

Snl)(Tq) (2 )32

where ¢,,,,, is the bound-state wave function, ¢, is the outgo-
ing Coulomb wave for the ejected electron with momentum

k,and k = |k| = \/2m,T — p2, with p, = aZm,/n being the

electron momentum in the nth Bohr orbit. The closed-form
expressions for the bound-free transition matrix elements in
(38) can be found, for instance, in [55]. In principle, they
allow for performing angular integrations in (38) analytically.
This task, however, turns out to be formidable for large
values of n. Therefore, below we restrict our consideration
to the n = 1,2 states only, which nevertheless is enough
for demonstrating the validity of the semiclassical approach
described in Section 4.2.

Using results of [56], we can present the function (38)
whenn =1,2as

8m P6
3[1 - exp(-2m7)]
2 2
9 fn
x (7) s (39)
(@ -2 + p2)° + 4p2k]

2p.k
T-k+p )]

where the branch of the arctangent function that lies between
0 and 7 should be used, 4 = «aZm,/k is the Sommerfeld
parameter, and

Sy (T.4°) =

X exp [—211 arctan (

fis(@') =34 + K + pi, (40)
fos (@) = 839" -

+(82p; + 72p3k” + 14K%) ¢°

(32p + 1K) ¢°

(
+(20p5 - 62p3k* - 20p3k* - 6k°) ¢
(

41
+ p§+k2) 4D
x(gp —p )¢
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FIGURE 3: The ratio of single-differential cross sections for magnetic
neutrino scattering from the 1s hydrogen-like and free-electron

states, respectively, versus T'/¢, at different values of E,. The E, =
50¢, and E, = 100¢, curves are practically indistinguishable.

fop (@) = 23 | 364" ~ 48 (3 + 1)

+(152p5 - 48p3k* - 8k*) q*

+(py+ k%) (42)
1712 4, 1568 5, 4> 5
X<_15 p2+—15 pyk” +16k™ | q

+ <%p§ +4k2> (pg +k2)3] .

Figure 3 shows the magnetic single-differential cross
section (31) for ionization from the 1s orbital, which is
normalized to the free-electron value (9), as a function
of T/g,, with the electron binding energy given by g, =
o’ Z*m, /2. As can be seen, the numerical results for E, > &,
are close to the free-electron ones in magnitude. This can
be qualitatively explained by noticing the following facts.
First, in an attractive Coulomb potential there is an infinite
set of bound states, with the discrete spectrum smoothly
transforming into the continuum at the ionization threshold.
Second, the average value of the 1s electron momentum is
p. = p; and the average change in the electron momentum
after ejection, Ap,, is such that Ap> = 2m,T, which is
analogous to the free-electron case.

Thus, taking into account the results in Figure 3, one
might expect the atomic-binding effects to play a subsidiary
role when E, > ¢, The authors of [44], however, came
to the contrary conclusion that the single-differential cross
section dramatically enhances due to atomic ionization when
T ~ &, The enhancement mechanism proposed in [44]
is based on an analogy with the photoionization process.
As mentioned above, when g — T the virtual-photon
momentum approaches the physical regime T° — g* = 0.

In this limit, we have for the transverse component of the
double-differential cross section (24)

dZG(M) _ /4_,2, (o (T) (43)
dTdg? T T’
1

where ay(T) is the photoionization cross section at the
photon energy T [57]. The limiting form (43) was used in
[44] in the whole integration interval, when deriving the
single-differential cross section. Such procedure is obviously
incorrect, for the integrand rapidly falls down as g* ranges
from T2 up to (2E,~T)?, especially when ¢* > r, %, where r, is
a characteristic atomic size (within the Thomas-Fermi model
;1 = zY 3(xme [58]). This fact reflects a strong departure
from the real-photon regime. For this reason we can classify
the enhancement of the differential cross section determined
in [44] as spurious.
Insertion of (39) into the integrals (33) and integration
over g%, using the change of variable

2p,k

—q2 Ry =tanx (44)

and the standard integrals involving the products of the
exponential function and the powers of sine and cosine
functions, yield [50]

19(1)

19(r) = 2
e

T—l

T1- exp (-27/+/y; - 1)

x{l—exp(— i ) (45)
-1

y -2

-2
X exp [—arctan(—)]
V-1 24y -1

4 16
(G
»oo3

-1
1 —exp (—4r/+[y, - 1)
(46)

27
x{l—exp(— 1)
V2=
X ex _—4arctan )}2—_2
P vy, -1 24/y, -1

8 80 448 1792
X{1-—+-—- 5+ 71>
Y, 3y; 15y; 155

1%(1) =




8
2m
I(Zs) (T) _ e
2 1-exp (—4n/+[y, - 1)
2
X {1 — exp (— , )
V2 (47)
X exp [_— arctan(yz—_2>j|
VY2~ 1 24y =1
8 80 448 1024
X{(l-—+-— - 5+ 1 ,
Y2 3y, 15y, 15y,
-1
@p) T
I77°(T) =
! 1 —exp (—4n/+[y, - 1)
2
X {1 — exp (— g )
Y2 (48)
X exp [ - arctan ()/z—_)]
vy -1 24y =1
8 80 704 3328
X(l——+—2——3+—4) >
Y2 3y, 15y, 45y
2
177 (1) = -

1 —exp (—4m/~[y, — 1)

t-or()
Xql-—exp| ——=
¥ -1

Yy —2

(49)
X exp [ marctan<ﬁ)]

8 80 704 512
Y. 3y; 15y, 15y

where y, = 2m,T/p> = T/|E,|. The largest deviations of
these integrals from the free-electron analogs (36) occur at
the ionization threshold T' = |E, |. The corresponding relative
values in this specific case are [50]

(1s) (1s)
I I 7 _
L _ 22 1-3e * =0.9572635093,  (50)

(FE) ~ 7(FE)
1! I
(2s)
I 1639 _
< =l e 8 = 0.9633451168,
1! 15
1 871 _
2 =1- ¢ =09805208034,
1 15
1 2101 (1)
1 -8
= 1 g = 0.9843376226,
Il
(2p)
I 103 _
%FE) =T ¢ 8 = 0.9976964900.
I

2

The above results indicate a clear tendency: the larger the
nand] are, the closer the I and I{™ are to the free-electron
values. The departure from the free-electron behavior does
not exceed several percent at most. These observations
provide a solid base for the semiclassical approach described
below.
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4.2. Semiclassical Approach. In the one-electron approxima-
tion, the Hamiltonian has the form H = p*/2m, + V(r), and
the density-density Green’s function from (28) can be written
as

F (T, qz)
= <O |ef"q'r [T - H(p,r) + E,] '¢""

0)

= (0|[T - H(p +q,1) + Ey] | 0) (52)

0).

where the infinitesimal shift T — T — ie is implied.

Clearly, a nontrivial behavior of the latter expression in
(53) is generated by the presence of the operator (p - q)
in the denominator and the fact that it does not commute
with the Hamiltonian H. Thus an analytical calculation of
the Green’s function as well as the dynamical structure factor
is feasible in only few specific problems. In Section 4.1 such
calculation has been presented for ionization from the lIs,
2s, and 2p hydrogen-like states. In particular, we have seen
that the deviations of the discussed integrals (33) from their
free values are very small: the largest deviation is exactly
at the ionization threshold, where, for instance, each of the
1s integrals is equal to the free-electron value multiplied by
the factor (1 — 7 e7*/3) = 0.957 (see (50)). It can be also
noted from (45) that both integrals are modified in exactly
the same proportion, so that their ratio is not affected at any
T: L(T)/I,(T) = 2m,T. We find, however, that this exact
proportionality is specific for the ionization from the ground
state in the Coulomb potential.

-1
—————H(p,r)+EO]
m m

2
[Tq Pq

The problem of calculating the integrals (33), however,
can be solved in the semiclassical limit, where one can
neglect the noncommutativity of the momentum p with
the Hamiltonian and rather treat this operator as a number
vector. Taking also into account that (H — E;)|0) = 0, one
can then readily average the latter expression in (53) over
the directions of q and find the formula for the dynamical
structure factor:

S (T, qz)

2 2
_me [Q(T_q_+m)_9<T_q__m>],
2pq 2m, m, 2m, m,

(53)

where 0 is the standard Heaviside step function. The expres-
sion in (53) is nonzero only in the range of g satisfying
the condition —pg/m, < T — g*/2m, < pq/m,, that is,
between the (positive) roots of the binomials in the argu-

ments of the step functions: q>, = 2m,T + p> — p and
qfnax = \/2m,T + p? + p. One can notice that the previously

mentioned “spread and shift” of the peak in the dynamical
structure function in this limit corresponds to a flat pedestal
between g7, and g2, . The calculation of the integrals (33)
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with the expression (53) is straightforward and yields the free-
electron expressions (36) for the discussed here integrals in
the semiclassical (WKB) limit:

(wkp) _ 1 (WKB) _
Il = ?, IZ = 2me.

The appearance of the free-electron expressions here is not
surprising, since (53) can be also viewed as the one for
scattering on an electron boosted to the momentum p. The
difference from the pure free-electron case however is in the
range of the energy transfer T. Namely, the expressions (54)
are applicable in this case only above the ionization threshold,
that is, at T > |E,|. Below the threshold the electron becomes
“inactive”

We believe that the latter conclusion explains the so-
called stepping behavior observed empirically [40] in the
results of numerical calculations. Namely, the calculated cross
section do/dT for ionization of an electron from an atomic
orbital follows the free-electron dependence on T all the way
down to the threshold for the corresponding orbital with a
very small, at most a few percent, deviation. This observation
led the authors of [40] to suggest the stepping approximation
for the ratio of the atomic cross section (per target electron)
to the free-electron one:

_ dojar 1 )
()= {ojdT)m Zznie (T -E), (55)

i

(54)

where the sum runs over the atomic orbitals with the binding
energies E; and the filling numbers n;. Clearly, the factor
f(T) simply counts the fraction of “active” atomic electrons
at the energy T, that is, those for which the ionization
is kinematically possible. For this reason we refer to f(1')
as an atomic factor. We conclude here that the stepping
approximation is indeed justified with a high accuracy in the
approximation of the scattering on independent electrons,
that is, if one neglects the two-electron correlations induced
by the interference of terms in the operator p(q) in (20)
corresponding to different electrons. The effects of such
interference will be discussed in the next section.

5. Scattering on Many-Electron Atoms

In considering the neutrino scattering on actual many-
electron atoms one needs to evaluate the dependence of the
number of active electrons on T and generally also evaluate
the effect of the two-electron correlations. The latter can be
studied, for example, in the case of a helium atom, where
the electron-electron correlations are known to play a very
significant role.

5.1. Helium. Recently, the authors of [51] deduced by means
of numerical calculations that the y, contribution to ion-
ization of the He atomic target by impact of electron
antineutrinos from reactor and tritium sources strongly
departures from the stepping approximation, exhibiting large
enhancement relative to the free-electron case. According
to [51], the effect is maximal when the T value approaches
the ionization threshold in helium, T; = 24.5874 eV, where

the relative enhancement is as large as almost eight orders
of magnitude. It was thus suggested that this finding might
have an impact on searches for y,, provided that its value
falls within the range 107'?-107"?415. In this section, following
consideration of [52], we show that (i) the result of [51] is
erroneous and (ii) the stepping approximation for helium is
well applicable, except the energy region T ~ T; where the
differential cross section substantially decreases relative to the
free-electron case.

We consider the process where an electron antineutrino
with energy E, scatters on a He atom at energy and spatial-
momentum transfers T' and q, respectively. In what follows
we focus on the ionization channel of this process in the
kinematical regime T' < E,, which mimics a typical situation
with reactor (E, ~ 1MeV) and tritium (E, ~ 10keV)
antineutrinos when the case T — T} is concerned. The
He target is assumed to be in its ground state |®;) with the
corresponding energy E;. Since for helium one has aZ « 1,
where Z = 2 is the nuclear charge, the state |®;) can be
treated nonrelativistically. As we are interested in the energy
region T ~ T, the final He state |® f) (with one electron
in continuum) can also be treated in the nonrelativistic
approximation.

Under the above assumptions, the dynamical structure
factor (25) is given by

S (T, qz) = Z|<<Df (rl,r2)| AL L |®©; (r),1,))
f

|2
(56)
><6(T—Ef+Ei).

Here the f sum runs over all final He states having one
electron ejected in continuum, with E ; being their energies.

For evaluation of the dynamical structure factor (56) we
employ the same models of the initial and final He states as in
[51]. The initial state is given by a product of two 1s hydrogen-
like wave functions with an effective charge Z;,

@, (1'1’ 1'2) = P15 (Zi’ 1'1) P1s (Zi’ 1'2) >
= 57
Z_?E_Zir/uo ( )

P1s (Zi’ l’) = nag

where g, = 1/(am,) is the Bohr radius. The final state has the
form

O (r,1,)

(Zf’rl) @15 (Z.13) + ¢ (Zf>r2) o5 (Z, rl)] >

(58)

e
—ﬁﬁok

where ¢y (Z ¢, 1) is an outgoing Coulomb wave for the ejected
electron with spatial momentum k. Z ; is the effective charge
experienced by the ejected electron in the field of the final
He" ion. Contributions to the dynamical structure factor
from excited He" states are neglected due to their very small
overlap with the K-electron state in the He atom.
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To avoid nonphysical effects connected with nonorthog-
onality of states (57) and (58), we use the Gram-Schmidt
orthogonalization

@) — [@f) — (®; 1 f) [@;). (59)

Substitution of (57) and (58) into (56) thus yields

S(T.q°) = j%w(k,qnz

(60)
K 2 2 2
x| T- +2a'm, - Z;ia'm, |,
2m,

where k = \/Zme(T +202m, — Z?a®m,), and

F(kq) = V2 <gol; (Zf, rl) A rz)' PR L )
-2p;(q) |(P1s (Zix) 91 (Zis1y))
is the inelastic form factor, with

Pis (q) = J P1s (Zia l‘) eiquq)ls (Zi’ l’) dr. (62)

It is straightforward to perform the further calculation of the
dynamical structure factor analytically (see, e.g., the textbook
[58]). The resulting expression is

2160c4m£’ZfZi6
6
(1-e>)(2+Z,)

x [A (k.q) + B (k.q) A, (k.q) + B* (k.q)],
(63)

S(T,q°) =

where 7 = —~aZ ;m, [k and (introducing p; = aZ;m,)

1 (k. q)

exp | 2narccos

4k2q2]3>71

x {(pi ek (p+  + )

([ +a 4y -

+4kq’ [%kpf - %nzkpf -’k

—rlpi(Pf+q2+k2)”>
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A, (k.q)

pi+q -k
(P2 +q2 +K2)" - 4k

= 2exp | narccos
< (9 +q + ) - 4i*q?)

2 2
[p<nlw>
2 (k-q) +p}

2 2,72
+Pi q +k
2q

2 2
xsin(ﬂln—(k+q)2+pi )],
2 (k-q) +p}

B (k q) _ eZnarctg(k/pi) (Zi B Zf) ant,
(k2 + p?)°

2+ Z) a*m? 32p?
X - .
[(2 +7,) a?m? + q2]2 (4pt + @)’

(64)

Finally, the usual choice of the effective charges is Z; =
27/16 = 1.69 and Zf = 1 (see, e.g., [59] and references
therein). The value Z; = 27/16 follows from the variational
procedure that minimizes the ground-state energy E;, while
the value Z, = 1 ensures the correct asymptotic behavior of
the final state. However, the authors of [51] utilized in their
calculations the values Z; = 1.79 and Z; = 1.1 derived from
fitting the photoionization cross section data on helium with
the present model of the He states.

The departures of the differential cross sections (31) and
(32) from the free-electron approximation are characterized
by the respective atomic factors

do )/dT
do FE/alT

dog,/dT

fSM dO’FE /dT NMM —

(65)

where dogy, /dT and da ,/dT are the SM and y, contri-
butions to the dlfferentlal cross section for scattering of an
electron antineutrino on two free electrons. Let us recall that
following [51] one should expect the fywn Vvalue to be of
about 10° at T — T;.

Numerical results for atomic factors (65) are shown in
Figure 4. They correspond to the kinematical regime T «
am, < 2E,, which is typically realized both for reactor and
for tritium antineutrinos when T' < 200eV. Note that in
such case one can safely set the upper limit of integrals in
(31) and (32) to infinity, as the dynamical structure factor
S(T,q*) rapidly falls down when q = am, and practically
vanishes in the region g > am,. It can be seen from Figure 4
that atomic factors exhibit similar behaviors for both sets of
the Z; and Z ; parameters discussed in the previous section.
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FIGURE 4: Atomic factors (65) as functions of the energy transfer [52].

Namely, their values are minimal (~0.5) at the ionization
threshold, T' = T}, and tend to unity with increasing T'. The
latter tendency is readily explained by approaching the free-
electron limit. It can be also seen that a more or less serious
deviation (>10%) of the present results from the stepping
approximation is observed only in the low-energy region T' <
100 eV. This deviation can be attributed to the effect of the
electron-electron correlation in a helium atom. Indeed, if the
electrons do not interact with each other, then they occupy
two 1s hydrogen-like states (with opposite spins), in which
case the departure of the atomic-factor values from unity is,
according to the results of Section 4.1, less than 5%.

Thus, the calculations presented in Figure 4 do not
confirm the huge enhancement of the y, contribution with
respect to the free-electron approximation. Moreover, in
accord with various calculations for other atomic targets [38—
41, 43, 47, 49, 50], we find that at small energy-transfer
values the electron binding in helium leads to the appreciable
reduction of the differential cross section relative to the free-
electron case. We attribute the erroneous prediction of [51]
to the incorrect dynamical model that draws an analogy
between the NMM-induced ionization and photoionization.
Indeed, as discussed in Section 3.2, the virtual photon in the
NMM-induced ionization process can be treated as real only
when g — T. However, the integration in (31) involves the g
values ranging from T up to 2E, — T'. Since E,, > T, the real-
photon picture appears to be applicable only in the vicinity
of the lower integration limit. When moving away from that
momentum region, one encounters a strong departure from
the real-photon approximation which treats the integrand as
a constant in the whole integration range, assuming it to be
equal to its value at g = T;; that is,

q—12 S(T.q°) = % s(1,7?). (66)

Such an approach is manifestly unjustified, and it gives rise
to the spurious enhancement of the y, contribution to the
differential cross section.

5.2. Thomas-Fermi Model. In the Thomas-Fermi model (see,
e.g., [58]) the atomic electrons are described as a degenerate
free-electron gas in a master potential ¢(r) filling the momen-
tum space up to the zero Fermi energy, namely, up to the
momentum py(r) such that p;/2m, — e¢ = 0. The electron
density n(r) = pg /(37%) then determines the potential ¢(r)
from the usual Poisson’s equation. In the discussed picture
at an energy transfer T the ionization is possible only for
the electrons whose energies in the potential are above T,
that is, with momenta above pr.(r) with p7./2m, — e¢ = -T.
The electrons with lower energy are inactive. Calculating the
density of the inactive electrons as p%/ (37%) and subtracting
their total number from Z, one readily arrives at the formula
for the atomic factor, that is, the effective fraction of the active
electrons Z.4/Z as a function of T,

_ Zeff (T)
fm= — o
67
xo(T) 3/2
ZI_J [X(x)_Z] Xdx,
0 pe TO

where x(x) is the Thomas-Fermi function, well known and

tabulated, of the scaling variable x = 2(4/37)**m,aZ'", the
energy scale T}, is given by

AN s 473
Ty = 2(3—) moa’Z"> = 30.82"" eV, (68)
T

and, finally, x(T) is the point where the integrand becomes
zero, namely, corresponding to the radius beyond which all
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FIGURE 5: The atomic factor f for germanium in the stepping
approximation with the actual energies of the orbitals (solid line)
and its interpolation in the Thomas-Fermi model (dashed line) [49].

the electrons are active at the given energy T. The energy
scale T, in germanium (Z = 32) evaluates to T, =~ 3.1 keV.
The Thomas-Fermi atomic factor for germanium calculated
from the formula (67) is shown by the dashed line in the
plot of Figure 5. The discussed statistical model is known
to approximate the average bulk properties of the atomic
electrons with a relative accuracy O(Z*/*) and as long as the
essential distances r satisfy the condition Z™' <« m,ar <
1, which condition in terms of the scaling variable x reads
as 2P « x « Z'.1In terms of the formula (67)
for the number of active electrons, the lower bound on the
applicability of the model is formally broken at T ~ Z*/°T,,
that is, at the energy scale of the inner atomic shells. However,
the effect of the deactivation of the inner electrons is small,
of order Z™' in comparison with the total number Z of
the electrons. On the other hand, at low T, including the
most interesting region of T ~ T, the integral in (67) is
determined by the range of x of order one, where the model
treatment is reasonably justified.

The energies of the inner K, L, and M orbitals in the
germanium atom are well known (see, e.g., [61]) and provide
the necessary data for a description of the neutrino scattering
by the stepping formula (55) down to the values of the energy
transfer T in the range of the binding of the M electrons, that
is, at T > |E| = 0.18keV. The corresponding steps in the
atomic factor are shown in Figure 5. One can see that the
stepping atomic factor (55) mimics upon average over the
energy intervals between the electron shells in germanium
the Thomas-Fermi result. Thus, it can be considered as
refinement of the latter due to accounting for the quantization
of the electron binding energies. It can be mentioned that
if one applies formulas of Section 4.1 to the onset of the K
shell step, namely, just above 10.9 keV, the difference from the
shown in the plot step function would be practically invisible
in the scale of Figure 5.

5.3. Ab Initio Approaches. While the treatments based on
a generic model of many-electron atomic targets allow
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determining characteristic features and behaviors of the
differential cross sections (31) and (32), to obtain accurate
numerical results one needs to resort to ab initio calculations.
Such calculations can be realized using the Hartree-Fock
(HF) method (see, e.g., [58]) and its modifications. In the
HF approximation, atomic electrons occupy one-electron
states in a spherically-symmetric mean-field potential which
is derived self-consistently from the solution of the HF equa-
tions. Accordingly, each one-electron state independently
contributes to the atomic-ionization process. For the first
time this approach was formulated in [38, 39], where it was
illustrated with numerical calculations of neutrino-impact
ionization of the F and Mo atomic targets. The wave functions
and energies of atomic bound states were calculated within
the relativistic HF method [62, 63] with local exchange-
correlation potential [64]. The wave functions of outgoing
electrons were obtained by a numerical solution of the Dirac
equation in the same mean-field potential as for the wave
functions of discrete states. Performed in [40] numerical
calculations for ionization of the iodine atoms by impact of
reactor antineutrinos led the authors to suggest the stepping
approximation (55).

In a very recent theoretical study [60], the authors
adopted the multiconfiguration relativistic random-phase
approximation (MCRRPA) [65, 66] to evaluate the ger-
manium atomic factors. This particular method is based
on the time-dependent HF approximation [67]; however,
several important features make it a better tool beyond the
usual HF approximation to describe transitions of open-shell
atoms of high atomic number Z. First, for open-shell atoms,
typically there is more than one configuration which has
the desired ground-state properties. Therefore, a proper HF
reference state should be formed by a linear combination
of these allowed configurations, that is, a multiconfiguration
reference state. Second, for atoms of high Z, the relativistic
corrections can no longer be ignored. By using a Dirac
equation, instead of a Schrodinger one, the leading relativistic
terms in the atomic Hamiltonian are treated nonpertur-
batively from the onset. Third, two-body correlations in
addition to the HF approximation are generally important for
excited states and transition matrix elements. The random-
phase approximation (RPA) is devised to account for part of
the additional two-body correlations (particles can be in the
valence or core states) not only for the excited but also for the
reference state, and in a lot of cases, it gives good agreement
with experiment [68]. Furthermore, it has been shown that
RPA equations preserve gauge invariance [69]; this provides
a measure of stability of their solutions.

The MCRRPA has been applied successfully to photoex-
citation and photoionization of divalent atoms such as Be,
Mg, Zn, and Sr (some of the results are summarized in [70]).
Following similar treatments, the authors of [60] treated the
electronic configuration of germanium as a core filled up to
the 4s orbits, with two valence electrons in the 4p orbits. As
the Ge ground state is a P, state, it is a linear combination
of two configurations, namely, [Zn] 4p? jpand [Zn] 4 P /2- The
wave function was calculated using the multiconfiguration
Dirac-Fock package [71]. The atomic excitations due to
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FIGURE 6: The SM (weak) and NMM contributions to the differential
cross section of 7,-Ge ionization at E, = 1 MeV [60] in comparison
with the corresponding stepping-approximation results (FEA). The
NMM value is set to be the current upper limit g, = 2.9 x 10y
[19].

weak and magnetic scattering were solved by the MCRRPA
equation, and consequently transition matrix elements were
yielded. In that calculation, all the current operators were
expanded by spherical multipoles, and the resulting final
scattering states were represented in the spherical wave basis
and subject to the incoming-wave boundary condition.
Compared with the previous works on the same subject
[38-41, 43] which are also in the similar spirit of the
relativistic HF method, the MCRRPA approach differs in
several respects. First, due to the near degeneracy of the
Ny (4p;),) and Ny (4p, ;) levels, using a multiconfiguration
reference state is necessary. Second, the nonlocal Fock term
is treated exactly, without resorting to the local exchange
potentials. Third, the excited states are calculated with two-
body correlation built in by MCRRPA, not simply by solving
a Coulomb wave function with a static one-hole mean field.
Figure 6 shows numerical results from [60] for ionization
of germanium by impact of an electron antineutrino. As can
be seen, in the energy region T > 1keV the results are
very well explained by the stepping-approximation formula
(55). At the same time, in the sub-keV region, that is, where
the electrons from the K and L shells in germanium stay
“inactive;,” both the SM and NMM contributions appear
to be significantly suppressed as compared to the stepping
approximation. The latter finding seems to disagree with the
semiclassical approach discussed in Section 4.2, according to
which the ionization involving more loosely-bound electron
states, such as those belonging to the M and N shells, is
expected to follow more closely the free-electron scenario.
Notice that a similar suppression of the atomic-factor values
close to the ionization threshold was observed in the case
of helium (see Figure 4), and it was attributed to the two-
electron correlation effect. Thus, we can suggest that the
correlation effects beyond the approximation of independent
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electrons lead to the suppression of atomic factors in the low-
energy region. This feature will be important for the next-
generation experiments with Ge detectors having energy
thresholds in the sub-keV region [34-36].

6. Summary and Perspectives

In this review, we have considered the neutrino-atom ionizing
collisions with focus on the most important theoretical issues
related to the problem. The main results discussed in the
paper can be summed up as follows.

The differential over the energy transfer cross section
given by the free-electron formulas (8) and (9) and the
stepping behavior of the atomic factor given by (55) provide
a reasonable description of the neutrino-impact ionization
of a complex atom, such as germanium, down to quite low-
energy transfer. The deviation from this approximation due
to the onset of the ionization near the threshold is less than
5% (of the height of the step) for the K electrons, if one applies
the analytical behavior of this onset that one finds for the
ground state of a hydrogen-like ion. It is also found that the
free-electron expressions for the differential cross section are
not affected by the atomic binding effects in the semiclassical
limit and for independent electrons. These analytical results
can support the numerically determined behaviors of the
electroweak and magnetic contributions to the neutrino-
impact ionization of various atomic targets within the mean-
field model [38-41]. At the same time, very recent numerical
calculations of the 7,-impact ionization processes of helium
[52] and germanium [60] exhibit suppression of the SM
and NMM differential cross sections relative to the stepping
approximation with lowering the energy-transfer value. This
suppression can be assigned to the electron-electron correla-
tion effects.

A theoretical analysis [52] of ionization of helium by elec-
tron-antineutrino impact shows no evidence of the recently
predicted enhancement [51] of the electromagnetic contri-
bution as compared with the free-electron case. In contrast,
in line with previous studies on other atomic targets, it is
found that the magnitudes of the differential cross sections
decrease relative to the free-electron approximation when
the energy transfer is close to the ionization threshold. Thus,
no sensitivity enhancement can be expected when using the
He atomic target in searches for NMM. And the stepping
approximation appears to be valid, within a few-percent
accuracy, down to the energy-transfer values as low as almost
100 eV. We thus conclude that for practical applications, that
is, for the analysis of data of the searches for NMM, one
can safely apply the free-electron formulas and the stepping
approximation at the energy transfer down to this range.

When analyzing the low-T data of the current high-sensi-
tivity experiments searching for neutrino electromagnetic
properties, one must go beyond the free-electron approxi-
mation for the elastic neutrino-electron scattering and take
into account the atomic-ionization effects, at least, in the
case of K electrons. At the present time, the experiment
GEMMA-II with reactor antineutrinos is in preparation [19].
Its sensitivity to the NMM value is expected to be at the level
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of 1x 107" . To achieve such a sensitivity level, which is the
region of astrophysical interest [24], it is planned to reduce
the effective energy threshold of a Ge detector from 2.8 to
1.5 keV. This threshold value will be very close to the binding
energies of the L electrons in germanium (1.2-1.4 keV [61]).
Recently, a p-type point-contact Ge detector [34-36] has
been implemented in the TEXONO experiment with reactor
antineutrinos. The energy threshold of this detector is about
0.3 keV, whose value is comparable to the binding energies
of the My electrons in germanium (0.12-0.18 keV [61]).
This means that an accurate analysis of the corresponding
data will require numerical calculations based on the ab initio
methods.

With lowering the T value down to T' = 2E$ [(E, + My),
an additional collision channel apart from ionization opens
up, namely, the coherent elastic neutrino-nucleus scattering
[72], which has not been observed experimentally so far.
The early treatments of the atomic effects in the coherent
elastic neutrino-nucleus scattering within SM can be found
in [37, 73, 74]. It should be noted that any deviation of
the measured cross section of the coherent elastic neutrino-
nucleus scattering from the very precisely known SM value
[75] will provide a signature of the BSM physics (see [76-
79]). In this context, the accurate calculations of the NMM-
induced contribution to the cross section of the coherent
elastic neutrino-nucleus scattering appear to be of particular
importance. The NMM-induced coherent neutrino scattering
by single atoms as well as by crystals was discussed theoreti-
cally only in [80]. However, further studies are necessary for
the correct interpretation of future measurements at low T
values [81].
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Neutrinos can be used to search for deviations from exact Lorentz invariance. The worldwide experimental program in neutrino
physics makes these particles a remarkable tool to search for a variety of signals that could reveal minute relativity violations. This
paper reviews the generic experimental signatures of the breakdown of Lorentz symmetry in the neutrino sector.

1. Introduction

In 1930, Pauli postulated the neutrino as a desperate remedy to
save one of the sacred principles of physics, the conservation
of energy, which appeared to be violated in beta decays [1].
Today, neutrinos remain as some of the less understood
particles of the standard model (SM) and their mysteries
are still fascinating. Their ghostly nature makes them barely
interact with matter and their interferometric behavior makes
them oscillate between different flavors. Neutrino oscillations
have led to the remarkable conclusion of massive neutrinos,
presenting an established evidence of physics beyond the SM.

In the search for new physics, different candidate theories
for quantum gravity involve mechanisms that could trigger
the breakdown of one of the most fundamental symmetries
in modern physics, Lorentz invariance. In the theoretical
front, Lorentz-violating descriptions of neutrino behavior
have shown that these fundamental particles can serve as
powerful probes of new physics. Experimentally, neutrino
oscillations have been used to perform several searches
for Lorentz violation. The development of techniques to
perform systematic searches for Lorentz violation in many
other experimental setups shows a rich phenomenology to
be studied, with a large variety of experimental effects that
remain unexplored.

This paper summarizes the main experimental signatures
of deviations from exact Lorentz invariance in the neu-
trino sector. The experimental searches for Lorentz violation

performed in recent years are presented and future tests
of Lorentz symmetry are discussed, ranging from precision
measurements of beta decay and double beta decay at low
energies to the high energy of astrophysical neutrinos and
oscillation experiments using accelerator, atmospheric, and
reactor neutrinos.

2. Lorentz Invariance Violation

Deviations from exact Lorentz symmetry have been shown to
be possible at very high energies in candidate descriptions of
gravity at the quantum level. For instance, mechanisms for the
spontaneous breaking of this fundamental symmetry have
been identified in string-theory scenarios [2]. Interactions
could generate Lorentz-violating terms if a tensor field
acquires a nonzero vacuum expectation value (Tyg,.) =
topy-. #0, which acts as a background field. In the same
fashion as the nonzero vacuum expectation value of the
dynamical Higgs field generates mass terms for other fields
via interactions, background tensor fields that couple to
conventional particles in the SM will generate new terms that
break Lorentz invariance. These new terms are Lorentz scalars
under coordinate transformations; in fact, the spacetime
indices of the background field are all contracted with the
indices of the SM operator in the form t, y___@“'g”'". This
structure guarantees that there is no privi{;ged reference
frame because the theory is observer invariant. For instance,
consider the case of Lorentz violation generated by a 2-tensor
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top> which will be coupled to some SM operator with the same

number of spacetime indices in the form & = t,;0**. Under
a coordinate transformation both the operator and the tensor
background field transform to a new set of coordinates as
follows:

0" — 0%F = A% NS 0%,
N , ey
-1 -1
taﬁ — talﬁ/ = (A )a’(A )ﬁ’t/lﬁ’

so that the terms in the Lagrangian & = t- O remain invariant
Z' =t'.0' =t-0 = Z. The same construction can be applied
for a general tensor.

On the other hand, when a Lorentz transformation
is performed over the physical system, this is when the
experimental apparatus is rotated or boosted rather than
the coordinates used to describe it, then the SM operator
transforms as shown in (1) but any background field remains
unchanged &' = t - 6' # Z. This so-called particle Lorentz
transformation changes the coupling between the back-
ground fields and the SM operators, resulting in a physically
observable anisotropy of spacetime; this is a violation of
Lorentz invariance [3].

Phenomenological approaches to parameterize and ex-
perimentally search for particular types of Lorentz violation
have been considered since several decades [4-7]. However,
effective field theory can be used to incorporate generic
operators that break Lorentz invariance for all the particles
in the SM. This general framework is known as the standard-
model extension (SME) [3, 8, 9], whose action includes
general coordinate-invariant terms by contracting operators
of conventional fields with controlling coefficients for Lorentz
violation and reduces to the SM if all these coeflicients vanish.
Gravity can also be incorporated by writing the SM in a
curved background [9]. The development of the SME has led
to a worldwide experimental program searching for viola-
tions of Lorentz invariance, whose results are summarized in
(10].

Flat spacetime is considered for experiments in particle
physics, in which case the coefficients for Lorentz violation
that act as background fields can be chosen to be constant
and uniform, which guarantees conservation of energy and
linear momentum. In this limit, these coefficients represent
the vacuum expectation value of the tensor fields of the
underlying theory. Excitations of these fields lead to a
rich phenomenology; for instance, Nambu-Goldstone modes
could play fundamental roles when gravity is included, such
as the graviton, the photon in Einstein-Maxwell theory
[11-14], and spin-dependent [15] and spin-independent [16]
forces.

It should be noted that a subset of operators in the SME
also break CPT symmetry. In fact, all the Lorentz-violating
terms in the action involving operators with an odd number
of spacetime indices are odd under a CPT transformation.
In realistic field theories, CPT violation always appears with
Lorentz violation [17]. Nonetheless, alternative approaches
exist in which CPT violation is implemented with and
without Lorentz invariance [18-25].
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3. Neutrinos

The general description of three left-handed neutrinos and
three right-handed antineutrinos in the presence of Lorentz-
violating background fields is given by a 6 x 6 effective
Hamiltonian of form [28]

(hO)ub 0 Ohy, Shy
= 0 (hO);b ’ ah:E 8hﬁé ’ @
where the indices indicate the flavors of active neutrinos

a,b = e,u, 7 and antineutrinos a,b = e, y, 7. The Lorentz-
preserving component is explicitly given by the following:

2
Moy

2|pl

(ho) gy = P18 + . 3)

where at leading order the neutrino momentum is given by
the energy |p| = E and the mass-squared matrix is commonly
written in terms of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [29-31] as m* = UPMNS(mé)U;MNS, with
my, = diag(m:, m3, m3).

The Lorentz-violating block describing neutrinos in the
Hamiltonian (2) is given by the following:

Ohgy, = (aL)Zbﬁtx + (CL)Zfﬁaﬁﬁ Ipl. (4)

The components of the 3 x 3 complex matrices (a; )5, and

(cL)Zf are called coefficients for CPT-odd and CPT-even
Lorentz violation, respectively. The spacetime indices «, f3
encode the nature of the broken symmetry; for instance,
isotropic (direction-independent) Lorentz violation appears
when only the time components of the coefficients are
nonzero; while space anisotropy appears when any of
the other components is nonzero, generating direction-
dependent effects in the neutrino behavior. The breakdown
of invariance under rotations is evident due to the presence
of the four-vector p* = (1; p) that depends on the neutrino
direction of propagation p.

The block Hamiltonian describing right-handed antineu-
trinos is obtained as the CP conjugate of the neutrino
Hamiltonian &hg; = CP(8h,,), which has the same form
as the neutrino Hamiltonian (4) with (aR)gZ = —(a);, and

(CR)fg = (cL)Zf *. Given the structure of these coefficients
a

in flavor space, it is expected that they will affect neutrino
mixing and oscillations. Notice, however, that there exist
coefficients that modify the three flavors in the same way,
producing no effects on neutrino oscillations because they are
proportional to the identity in flavor space. These oscillation-
free coefficients and their observable effects are discussed in
Sections 5 and 6.

Signals of the breakdown of Lorentz invariance cor-
respond to the anisotropy of spacetime due to preferred
directions set by the coefficients for Lorentz violation that act
as fixed background fields. Taking advantage of the coupling
of these background fields with the neutrino direction of
propagation p, we can search for violations of Lorentz
invariance by making measurements with neutrino beams
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with different orientations, which would reveal the presence

of the SME coefficients (a;)5, and (cL)Zé3 . For Earth-based
experiments, detectors and source rotate with a well-defined
angular frequency w, = 27/(23h56 min) due to Earth’s
rotation, which makes the neutrino direction vary with
respect to the fixed background fields. This time dependence
will explicitly appear in the relevant observable quantities
and it can be parameterized as harmonics of the sidereal
angle w,yT,. Due to the invariance of the theory under
coordinate transformations, there is no preferred reference
frame to make the measurements. In order to establish a
consistent and systematic search for Lorentz-violating effects,
experimental results are conventionally reported in the Sun-
centered equatorial frame described in [10, 32]. In this frame,
the sidereal variation of the coupling between the neutrino
direction p and the background fields that break Lorentz
symmetry can be explicitly written in the form

Shy, = (€) g + (), sin we Ty
+ (), cos we Ty (5)
+(By) p 50 206 Ty + (B,) ;) €08 2w, Ty,

where the amplitude of each sidereal harmonic is a function
of the coefficients for Lorentz violation and experimental
parameters including neutrino energy, location of the exper-
iment, and relative orientation between source and detector
(33, 34].

The coefficients (a; )y, and (cL)Zf arise from operators of
dimension three and four, respectively. Operators of arbitrary
dimension d can be incorporated in the theory, in which case
the coefficients for Lorentz violation in the Hamiltonian (4)
appear as momentum-dependent quantities of the form [35,
36]

« PO 2
(aL)ab > (aL)ab Pr,Pa, d odd, ©
6
o NoBA Ay
(CL)af > (CL)af ¢ Da, o Pay d even.

The extra derivatives in the Lagrangian appear in the neu-
trino Hamiltonian as higher powers of the neutrino energy.
Although the conventional massive-neutrino description of
oscillations accommodates all the established experimental
results, nonnegative powers of the neutrino energy could
help to elegantly solve some anomalous results obtained in
recent years in beam experiments [37-39]. In fact, interesting
attempts to describe the global data using the SME have
led to the construction of alternative models for neutrino
oscillations that can accommodate the results reported by
different experiments [40-46].

In the following sections we discuss the observable
signatures of these coefficients for Lorentz violation in dif-
ferent types of neutrino experiments including oscillations,
neutrino velocity, and beta decays.

4. Neutrino Oscillations

The interferometric nature of neutrino oscillations has been
widely identified as an ideal experimental setup to search for

new physics in the form of deviations from the conventional
description of neutrinos. The mixing and oscillation between
neutrino flavors occur in general due to off-diagonal entries
in the neutrino Hamiltonian leading to eigenstates with
different energy.

4.1. Oscillation of Neutrinos and Antineutrinos. Neutrino os-
cillations are well described by a model of three massive neu-
trinos, which depends on two mass-squared differences Am3,
and Am, controlling the oscillation lengths and three mixing
angles 0,,, 0,5, and 0,; that govern the amplitude of the
oscillation [47]. According to this massive-neutrino model,
the oscillation probabilities are proportional to the factor
sinz(Amisz/élE). Tests of Lorentz invariance using neutrino
oscillations can be performed by searching for deviations
from the conventional behavior. For some experiments study-
ing neutrinos over a large range of energies and baselines,
such as Super-Kamiokande [48], an exact treatment of the
diagonalization of the Hamiltonian is necessary [49]. In most
cases, the experimental features allow the implementation
of approximation methods for determining the oscillation
probabilities, as discussed in the following sections.

4.1.1. Short-Baseline Approximation. According to the mas-
sive-neutrino model, for experiments using neutrinos of
energy E and baseline L that satisfy Amisz/4E < 7/2, the
oscillation phase would be too small to impact the neutrino
propagation and no neutrino oscillations should be observed.
The effects of the mass terms in the conventional Hamiltonian
hy (3) become negligible and the effective Hamiltonian can be
approximated by h = &h. Direct calculation of the oscillation
probabilities shows that in this approximation we can write
the appearance probability [33]

P = L*|0h,|", a#b, (7)

= K
with a similar expression for antineutrinos using 6h; instead.
The sidereal decomposition of the Hamiltonian (5) can be
used to show that the probability will also exhibit sidereal
variations, one of the key signatures of Lorentz violation. The
Hamiltonian contains also a time-independent component
(€)ap> which can lead to both isotropic and direction-
dependent effects. In all cases, the energy dependence is
different with respect to the conventional case, so spectral
studies can be used to study these particular coefficients.
Experimental studies using the probability (7) have been
performed by Double Chooz [50], IceCube [51], LSND [52],
MiniBooNE [53, 54], and MINOS using its near detector [55,
56]. The absence of a positive signal in all these experiments
has been used to set tight constraints on several coefficients
for Lorentz violation, which are summarized in [10]. It
is important to emphasize that, since all these searches
use different oscillation channels, they are complementary,
accessing similar coefficients but with different flavor indices.

4.1.2. Perturbative Approximation. Since the phase of the
oscillation is given by Amij/élE, the oscillation probability
can be enhanced by placing a detector at a distance L =
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FIGURE 1: Number of events normalized by protons on target (POT)
in the MINOS far detector as a function of the sidereal phase. The
flat distribution of events is interpreted as the absence of sidereal
variations in the oscillation probability. Figure adapted from [26].

2nE/ Amfj from the neutrino source. For experiments satis-
tying this condition, mass-driven oscillations /1, dominate in
the Hamiltonian and we can consider the effects of Lorentz
violation 8h as a small perturbation [34]. In this case, the
oscillation probability appears as a power series of the form

(1)
va—w _th—>v va—>vu+”" (8)
where Pv _,,, is the conventional probability given by the

massive-neutrino model and the following terms are given in
powers of the coefficients for Lorentz violation, whose explicit
form is given in [34]. Once again, the sidereal variation of
the oscillation probability appears as a key signal to search by
experiments. For instance, the leading-order term PSIL ,, €an
be generically written as follows:

P(l)

Yy =,

2L - = (P(g}))ab

+ (Pé{ls))ab sin wg Ty + (P;c))ab

€)

cos wg Ty
(1 : (1)
+ (ngs )ab sin 2wg, Ty, + (ngc )ab €08 2wg T,

This is the dominating probability for neutrino mixing as well
as antineutrino oscillations.

Since the first-order correction (9) to the oscillation
probability arises from the interference between the con-
ventional and the Lorentz-violating effects, the sensitivity
to the coefficients in Pﬁ )_”, is greater than in the short-
baseline approximation presented in the previous section.
Figure 1 shows part of the study performed by the MINOS
experiment, which used the expression (9) to search for
sidereal variations in the event rate measured at the far
detector. The sensitivity to different coefficients was improved
by a factor 20-510 compared to the previous constraints using
the near detector [26].

The mixing between neutrinos and antineutrinos is also
possible due to the block A 7 in the Hamiltonian (2), which
is discussed in the following section.
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4.2. Neutrino-Antineutrino Mixing. The off-diagonal block
0h; in the Hamiltonian (2) can produce the mixing between
neutrinos and antineutrinos. This 3 x 3 matrix is given by [28]

Oh ;= =iV2(e, ) H z\/_(€+) ﬁﬁg 5r Ipl, (10)

where the complex 4-vector (e +) « 1s the neutrino polarization
that can be directly written in terms of the location of the
experiment and the orientation of the neutrino beam [34].
Two sets of coefficients for Lorentz violation denoted by ﬁ *

and §° 9; # control CPT-even and CPT-odd effects, respectlvely
This Hamlltoman can also be decomposed in form (5), with
harmonic amplitudes given in terms of the coefficients HZE
and 5" [34].

Contrary to the neutrino Hamiltonian (4), the neutrino-
antineutrino block always appears with direction-dependent
effects, for this reason the search of sidereal variations is
an ideal setup to search for these coefficients. Following
the perturbative description presented in Section 4.1.2, it has
been shown that at first order the oscillation probability
vanishes, in other words, neutrino-antineutrino oscillations
appear as a second order effect [34]. For this reason, the
second-order probability Pﬁf?_} 7, can be decomposed in form

(9), although involving up to four harmonics.

The possible oscillation of neutrinos into antineutrinos
modifies, for instance, the survival probability of muon
neutrinos in a beam experiment because now some v, could
disappear into antineutrino states. A systematic searcﬁ of the

66 coeflicients I:IZE and §° 5 producing sidereal variations was
a

performed using data from the MINOS experiment [57]. The
remaining 15 coeflicients producing time-independent effects
could only be explored by a spectral study in a disappearance
experiment. Figure 2 shows a fit to the data from the Double
Chooz experiment, searching for the spectral modification
that could arise in the disappearance of electron antineutrinos
[27].

A total of 81 coefficients H% and " # has been tightly con-

ab ab

strained by these two experimental searches, whose results
are summarized in [10].

5. Neutrino Kinematics

Oscillations are very sensitive to unconventional effects pro-
ducing neutrino mixing due to their interferometric nature.
There are, however, terms in the Hamiltonian (2) that are
unobservable in oscillations. Neutrino oscillations only allow
us to measure energy differences between different neutrino
states; for this reason, the absolute scale of neutrino masses
cannot be determined from oscillations. Similarly, some
coeflicients for Lorentz violation modify the energy of all
flavors in the same way producing no effects in oscillations.
Neglecting mixing effects results in a decoupling of the three-
flavor system into three copies of a single state. One of
the observable effects of these oscillation-free coeflicients is
the modification of the neutrino velocity, which produces
measurable effects in the neutrino time of flight. Moreover,
as a consequence of the unconventional dispersion relations,
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FIGURE 2: Fit to the disappearance of reactor antineutrinos in the
form v, — v, due to neutrino-antineutrino mixing (red line) and
the conventional oscillation in the absence of Lorentz violation (blue
line) in the Double Chooz experiment. Figure adapted from [27].

the neutrino phase space and energy-conservation condition
relevant for decay processes are modified as well.

5.1. Neutrino Velocity. The neutrino velocity can be obtained
from the Hamiltonian (2). For completeness, operators of
arbitrary dimension d can be incorporated, in which case the
neutrino velocity takes the form [35]

|m? 4
=1-——=+ Y (d-3)lpl" e

! |P| djm (11)
x (@)= (67),)

where the factor |m|* is a real mass parameter that does
not participate in oscillations, and the Lorentz-violating
component has been written in spherical form. The index
d denotes the effective dimension of the operator and the
pair jm corresponds to angular momentum indices that
label the rotational properties of the oscillation-free spherical
coeflicients (a(()‘f)) i and (cé?)) > controlling CPT-odd (for
odd d) and CPT-even (for even d) effects, respectively. These
spherical coeflicients can be identified with coefficients in
Cartesian coordinates used in the previous sections [35]. The
expression for the neutrino velocity (11) has been written in
the Sun-centered frame [10, 32], where all the directional
information is contained in the angular factors (.//',, and
the sidereal time dependence appears as harmonics functions
controlled by the index m.

The neutrino velocity (11) exhibits a rich phenomenology
in the form of many physical effects that can affect neu-
trino propagation if deviations from Lorentz symmetry are
present. Depending on the dimension d of the operator in
the theory, neutrino velocity can be energy dependent; for
j#0, anisotropic effects appear and the velocity becomes

a function of the direction of propagation; for m #0, time
dependence arises, in which case the neutrino velocity varies
with sidereal time Tg; and for odd d, CPT violation makes
neutrinos and antineutrinos move at different speed.

Beam experiments are suitable setups to compare the
speed of neutrinos with respect to the speed of photons.
From the neutrino velocity (11), we clearly find that the mass
term makes neutrinos travel slower than light, whereas the
coeflicients for Lorentz violation can generate subluminal
or superluminal velocities depending on the sign of each
coefficient. Different beam experiments have measured the
time for neutrinos to travel a distance L [58-64], which
will experience a delay with respect to photons given by the
following:

At=L(1-v,), (12)

which can be used to set limits in the oscillation-free
coefficients for Lorentz violation that modify the neutrino
velocity in (11). Since the minute effects of Lorentz violation
can be enhanced by neutrinos travelling a long distance, a
precise constraint on the isotropic dimension-four coefficient
was obtained using the few antineutrino events from the
supernova SN1987A [65].

For the particular case of Lorentz invariance violation
generated by a dimension-four operator, the modification
to the neutrino velocity (11) is simply a constant factor. For
operators of dimension d > 5, low- and high-energy neu-
trinos will move at different velocity. If a burst of neutrinos
of different energies is created at the same time, this velocity
difference will generate a spread of neutrinos, observable as a
delay between high- and low-energy neutrinos at the detector
[35]. A similar effect has been widely studied for Lorentz-
violating photons [66-69].

5.2. Threshold Effects. The modified dispersion relations that
neutrinos satisty in the presence of Lorentz violation alter
the energy-momentum conservation relation, which plays an
important role in meson-decay processes of the form M* —
I" + ;. Tt can be shown that above some threshold energy E,,
these relations can completely block the phase space available
for the decay [35, 70-78]. The observation of atmospheric and
accelerator neutrinos v, with energy E; produced by the decay
of a meson of mass M, implies that E;;, > E;, which can be
used to write the condition

T ®)[+(a?),,, - (1), < My =Y
lim
(13)

where the + (-) sign is for neutrinos (antineutrinos) and
is the mass of the accompanying charged lepton. This formula
has been used in [35] to constrain several coefficients for
Lorentz violation, including many associated to nonrenor-
malizable operators.

The sensitivity to the effects of Lorentz violation increases
with the energy of neutrinos observed as well as the distance
that they travel. The observation of very-high-energy neu-
trinos reported by the IceCube collaboration [79, 80] offers



FIGURE 3: Electron-positron pair emission as neutrino Cerenkov
radiation.

a great sensitivity to the effects described in this section.
The small number of neutrinos observed with energies at
the PeV level [79] allows the study of isotropic effects (j =
0); nevertheless, a full study of direction-dependent effects
would require several events spread in the sky. Although
the IceCube results suggest an astrophysical origin for these
energetic neutrinos, tight constraints on different coefficients
for Lorentz violation can be obtained even in the conservative
interpretation of these neutrino events having atmospheric
origin [81]. The observation of PeV neutrinos created by the
decay of heavy mesons in the upper atmosphere has been
used to implement the threshold condition (13), leading to
sensitive limits in several isotropic coefficients of dimension
d =4,6,8and 10 [81].

5.3. Cerenkov Radiation. In same way as some processes can
be forbidden above certain energies, the effects of Lorentz
violation can also open particular decay channels that would
be otherwise forbidden. In particular, coeflicients leading to
v, > 1in (11) can produce Cerenkov emission of one or more
particles [35, 82-92]. Cerenkov radiation makes neutrinos
lose energy, which distorts the spectrum in long-baseline
experiments using accelerator and atmospheric neutrinos.
This feature provides another method to search for Lorentz
violation. The observation of high-energy neutrinos after
propagating a distance L sets a lower value for the character-
istic distortion distance D(E) = —E/(dE/dx) in the form L <
D(E). The determination of the characteristic distance for the
spectral distortion caused by the isotropic Lorentz-violating
operator of dimension four (cgfl))oo is described in [82-
92]. The general calculation including direction-dependent
effects for operators of arbitrary dimension can be found in
[35].

Using the PeV neutrinos observed by IceCube [79], the
limits obtained using threshold conditions can be improved
by one order of magnitude by determining spectral distortion
produced by Cerenkov radiation [81]. For instance, the
emission of electron-positron pairs in the formv — v+e™ +
e” is characterized by a rate of energy loss given by [35, 81]

dp'dQ,, (14)

de _ C J K« a|’€’|q-kq'-k'
dx 8J(

- KZ—M%)Z 0Ky qokodoky
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where C is a constant, the auxiliary 4 vectors x = k +
k' and ¥ = k — k' have been defined in terms of the
momentum of the electron and the positron, and g/q, =
(L,p), q'/q('] = (1,p), following the conventions in Figure 3.
Several orders of magnitude in sensitivity can be gained when
using an astrophysical interpretation for the PeV neutrinos
in IceCube. After travelling astrophysical distances these
neutrinos would rapidly fall below the threshold energy
for Cerenkov emission. The observation of these neutrinos
with PeV energies implies that this threshold energy lies
above 1PeV, leading to stringent limits on isotropic Lorentz
violation of dimension d = 4, 6, 8, and 10 [81]. Similar studies
for the case d = 4 can be found in [93, 94].

Direction-dependent effects using high-energy neutrinos
require several events. The recent observation of 26 new ener-
getic events in IceCube [80] distributed in the sky allows the
search of space anisotropy for operators of dimensiond = 4,6
[81]. The simultaneous study of several coeflicients producing
direction-dependent effects allows two-sided bounds, more
restrictive than the very particular case of isotropic Lorentz
violation considering superluminal velocity that allows one-
sided limits only. In the future, the observation of more
events should allow a detailed study of operators of higher
dimension.

6. Beta Decay

The interferometric nature of neutrino oscillations makes
them an ideal type of experiment to search for minute
deviations from exact Lorentz symmetry. Nonetheless, the
effects that modify the kinematics of all neutrino flavors in the
same manner are unobservable in oscillation experiments,
which makes the studies described in Section 5 an important
complement to oscillation searches. The enhancement of
Lorentz-violating effects with the neutrino energy makes
also the study of neutrino velocity and Cerenkov radiation
a sensitive probe of Lorentz invariance with high-energy
neutrinos. Nevertheless, it has been shown that low-energy
experiments can also play a key role in the study of Lorentz
invariance. In particular, signals of oscillation-free operators

of dimension three (a(()?) jm are not only unobservable in
oscillations but also produce no effects in the neutrino
velocity (11).

The experimental signatures of the coeflicients associated
with these so-called countershaded operators [16, 95, 96]
motivate the study of weak decays. The effects of these
operators are unaffected by the neutrino energy, giving low-
energy experiments a competitive sensitivity to signals of
Lorentz violation. It is important to emphasize that Lorentz-
violating effects appear as kinematical effects modifying the
neutrino phase space; nevertheless, modifications of the
spinor solutions must also be taken into account. Beta decay
in the context of Lorentz violation in sectors other than
neutrinos has recently been studied theoretically [97, 98] and
experimentally [99].

6.1. Tritium Decay. The absolute mass scale of neutrinos
cannot be studied in oscillation experiments, which only offer
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access to mass-squared differences. The direct measurement
of neutrino masses can be made by searching for a distortion
of the electron energy spectrum in tritium decay. The mea-
surement of beta electrons near the endpoint of the spectrum

ar 2 1 5
d—T—C[(AT) zmv], (15)

allows the study of the effective mass m’ of electron antineu-
trinos, where C is approximately constant and AT = T —
T, denotes the kinetic energy of the electron T' measured
from the endpoint energy T,. This type of experimental
measurements has been made by Troitsk [100] and Mainz
[101], and high precision will be achieved by KATRIN [102].

In these experiments the antineutrino escapes unde-
tected; however, magnetic fields select the beta electrons
emitted in a particular direction to be studied. This feature
permits the study of anisotropic effects. In the presence of
Lorentz-violating neutrinos, the spectrum (15) gets corrected
by the replacement

AT — AT + (k') + (k) sinw, T,
(16)
+ (k(;z) cos wy Ty,

which shows that the distortion near the endpoint can
be shifted and also exhibits a sidereal-time dependence.
The amplitudes in the modification (16) depend on the

four independent coeflicients (a(()?))oo, (aﬁ))m, (a(()?))u, and

(a(()?))l_1 and experimental quantities such as location of the
laboratory, orientation of the apparatus, and intensity of the
magnetic fields used to select the beta electrons for their
analysis [96].

An interesting feature appears when the effective coeffi-
cients (C(()?))m are considered, which arise as a consequence
of neutrino mass and CPT-even Lorenz violation [35]. These
coefficients can mimic the effects of a mass parameter, in
which case the spectrum (15) gets modified in the form

mi — m’ = mf, + (kg)) + (kz)) sin wg T
17)
+ (kgi) cos wg T,

We find that the experimental mass-squared parameter m*
involves the actual neutrino mass m,; however, the mass can
be screened by the effects of the three coefficients (c(()?))lm
(m = 0, +1), varying with sidereal time and depending on the
orientation of the apparatus. Notice also that the sign of the
experimental mass-squared parameter ” is not restricted to
be positive, so the coefficients (c(()?)lm could even mimic a
tachyonic neutrino [103].

Alternative approaches have been considered to search
for isotropic Lorentz violation in tritium decay for other
operators in [104, 105].

6.2. Neutron Decay. Neutrons are fascinating laboratories to
study the validity of fundamental symmetries. The effects of
deviations from exact Lorentz invariance would affect the

spectrum of the beta electrons as well as the measurements
of particular experimental asymmetries. Contrary to tritium
decay experiments, the study of neutron decay covers the
whole energy spectrum, which takes the form of the spectrum
(15) neglecting the neutrino mass that plays no role far from
the endpoint and the factor C can no longer be approximated
by a constant so it becomes a function of the electron energy.
For experiments only counting the number of beta electrons
per energy range, all the anisotropic effects disappear after
integrating over all the neutrino orientations. The net effect
is a distortion of the whole spectrum that can be studied by
searching for deviations from the conventional spectrum. The
residual spectrum is proportional to the coefficient (aé?))oo
[96].

Anisotropic effects can be studied by constructing asym-
metries A, in experiments that can determine the direc-
tionality of some of the decay products. For experiments
using unpolarized neutrons, an asymmetry counting elec-
trons emitted in the same direction as the antineutrino N,
compared to events in which the two leptons are emitted in
opposite directions N_ can be constructed for the measure-
ment of the electron-antineutrino correlation a in the form

of

N, N (18)
Oegp = —————.
PN, +N_
Similarly, experiments using polarized neutrons that are able
to measure the electron and the recoiling proton can be used
to search for electron-proton coincidence events, useful for
the measurement of the neutrino asymmetry B. As shown in
Figure 4, the experimental asymmetry counts events in which
proton and electron are emitted against N__ or along N, , ; the
direction of the neutron polarization n can be written in the
form
N_-N ++

B, =— ' 1
= N_IN,, (19)

Effects of Lorentz violation arise from the modified spinor
solutions that affect the matrix element of the decay as well as
the unconventional form of the neutrino phase space due to
the modified dispersion relations, making the asymmetries
(18) and (19) have the general form [96]

Aexp = (A‘g) + (Aﬂs) sin wg T + (Adc) cos wEBTGB’ (20)

where the amplitudes depend on the coefficients for Lorentz
violation (af}?))w, (ac(;))n, and (a((j))l,1 and experimental
quantities including the orientation and location of the

apparatus.

6.3. Double Beta Decay. The same coefficients modifying the
spectrum for beta decay can also introduce observable effects
in double beta decay experiments. Since the antineutrinos
escape unobserved, the simplest test of Lorentz invariance
is an alteration of the two-electron spectrum for the two-
neutrino mode of double beta decay produced by the

coeflicient (af)?)oo [96, 106]. Similar to the neutron-decay
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FIGURE 4: Electron-proton coincidence events for the asymmetry B,,. The polarization of the neutron is denoted by f.

spectrum, the resulting effect is a distortion of the whole
spectrum that can be studied by searching for deviations from
the conventional spectrum. The energy at which this effect is
maximal has been identified for several isotopes, which will
guide these types of studies [106].

The neutrinoless mode of double beta decay offers access
to other type of coefficient, one that modifies the neutrino
propagator. This Majorana coupling in the SME denoted | gggl
is a combination of other coefficients in the SME that can
trigger neutrinoless double beta decay even if the Majorana
mass is negligible. In terms of this effective coefficient for
CPT-odd Lorentz violation, the half-life of an isotope of
radius R is given by [106]

2
|2 |9/§Z (21)

GRS

where G” is the phase-space factor regarding the two emitted
electrons and M" is the relevant nuclear matrix element.
Limits on the Majorana mass parameter |rgg| can be used

to constrain the coeflicient | gggL Since the Lorentz-violating

neutrinoless double beta decay depends on the nuclear size R
of the isotope used, a future observation of this decay mode
can be distinguished because the Majorana-mass mechanism
depends on the isotope only through the nuclear matrix
elements.

7. Conclusions

In this paper we have presented a general overview of
the effects of deviations from exact Lorentz invariance in
neutrinos in the context of the Standard-Model Extension. In
general, the signatures of the breakdown of Lorentz symme-
try are direction and time dependence of the relevant observ-
ables for Earth-based experiments as well as unconventional
dependence on the neutrino energy. Neutrino oscillations are

sensitive probes of new physics, which makes this type of
experiment an ideal setup to search for violations of Lorentz
invariance. In oscillations, some effects of Lorentz violation
include direction and time dependence of the oscillation
probability, oscillation phases that grow with the neutrino
energy, CPT violation, and mixing between neutrinos and
antineutrinos.

Some effects are unobservable in neutrino oscillations,
in which case kinematical effects become a complementary
technique. Effects of Lorentz violation appear as modifi-
cations to the neutrino velocity as well as unconventional
behavior in decay processes. In particular, some decays with
neutrinos in the final state can become forbidden above
certain threshold energy; similarly, some forbidden processes
can become allowed, including Cerenkov radiation of one
or more particles. Most of these effects are enhanced by
the neutrino energy, which makes high-energy neutrinos of
particular interest for future tests of Lorentz invariance.

Finally, there are operators in the theory whose exper-
imental signatures are independent of the neutrino energy.
In this case, the high precision of low-energy experiments
can play a fundamental role in the test of Lorentz symme-
try for some particular operators that are unobservable in
oscillations and that leave the neutrino velocity unchanged.
For these countershaded operators, beta decay is the ideal
experimental setup. Depending on the properties of the
experiment, the main features have been identified for studies
of tritium decay, neutron decay, and double beta decay.

To date, there is no compelling evidence of Lorentz viola-
tion; nevertheless, only a few of the experimental signatures
have been studied [10]. Neutrinos offer great sensitivity and
numerous ways to test the validity of the cornerstone of
modern physics. Many of the different techniques presented
in this review are currently being implemented by a variety of
experimental collaborations. Interesting new tests of Lorentz
symmetry will be performed in the near future, in which
low- and high-energy neutrinos will play a key role in our
understanding of the nature of spacetime.
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The study of the neutrinoless double beta (0v33) decay mode can provide us with important information on the neutrino properties,
particularly on the electron neutrino absolute mass. In this work we revise the present constraints on the neutrino mass parameters
derived from the 0v3f decay analysis of the experimentally interesting nuclei. We use the latest results for the phase space factors
(PSFs) and nuclear matrix elements (NMEs), as well as for the experimental lifetime limits. For the PSFs we use values computed
with an improved method reported very recently. For the NMEs we use values chosen from the literature on a case-by-case basis,
taking advantage of the consensus reached by the community on several nuclear ingredients used in their calculation. Thus, we try
to restrict the range of spread of the NME values calculated with different methods and, hence, to reduce the uncertainty in deriving
limits for the Majorana neutrino mass parameter. Our results may be useful to have an updated image on the present neutrino mass
sensitivities associated with 0vf8 measurements for different isotopes and to better estimate the range of values of the neutrino

masses that can be explored in the future double beta decay (DBD) experiments.

1. Introduction

Neutrinoless double beta decay is a beyond standard model
(BSM) process by which an even-even nucleus transforms
into another even-even nucleus with the emission of two
electrons/positrons but no antineutrinos/neutrinos in the
final states. Its study is very attractive because it would clarify
the question about the lepton number conservation, decide
on the neutrinos character (are they Dirac or Majorana par-
ticles?), and give a hint on the scale of their absolute masses.
Moreover, the study of the 0v38 decay has a broader potential
to search for other BSM phenomena. The reader can find
up-to-date information on these studies from several recent
reviews [1-6], which also contain therein a comprehensive list
of references in the domain.

The scale of the absolute mass of neutrinos is a key
issue for understanding the neutrino properties. It cannot
be derived from neutrino oscillation experiments which can
only measure the square of the neutrino mass differences
between different flavors [7-12]. Analysis of 0¥ decay and

cosmological data are at present the most sensitive ways to
investigate this issue.

The lifetime of the 0vff3 decay modes can be expressed,
in a good approximation, as a product of a phase space
factor (depending on the atomic charge and energy released
in the decay, Qﬁﬁ)’ a nuclear matrix element (related to the
nuclear structure of the parent and daughter nuclei), and
a lepton number violation (LNV) parameter (related to the
BSM mechanism considered). Thus, to extract reliable limits
for the LNV parameters we need accurate calculations of
both PSFs and NMEs, as well as reliable measurements of the
lifetime.

The largest uncertainties in theoretical calculations for
DBD are related to the NMEs values. That is why there is
a continuous effort in the literature to develop improved
nuclear structure methods for their computation. At present,
the NMEs are computed by several methods which dif-
fer conceptually, the most employed being the proton-
neutron quasi-random phase approximation (pnQRPA) [13-
20], interacting shell model (ISM) [21-25], interacting
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boson approximation (IBA) [26-28], projected Hartree-
Fock-Bogoliubov (PHFB) [29, 30], and energy density func-
tional (EDS) method [31]. There are still large differences
between the NMEs values computed with different methods
and by different groups, and these have been largely discussed
in the literature (see, e.g., [2, 3]). On the other side, there is a
consensus in the community on the way that several nuclear
effects and nuclear parameters should be used in calculations.
In this work, we take advantage of this consensus when we
chose the NMEs values, trying to restrict their range of spread
and, consequently, to reduce the uncertainty in deriving the
neutrino Majorana mass parameters.

Unlike the NMEs, the PSFs have been calculated a long
time ago [32-39] and were considered to be computed with
enough precision. However, recently, they were recalculated
within an improved approach, by using exact electron Dirac
wave functions (w.f.) taking into account the finite nuclear
size and electron screening effects [40]. The authors found
differences between their results and those calculated previ-
ously with approximate electron w.f., especially for heavier
nuclei. We have also independently recalculated the PSFs
by developing new routines for computing the relativistic
(Dirac) electron w.f. by taking into account the nuclear finite
size and screening effects. In addition, we use a Coulomb
potential derived from a realistic proton density distribution
in the daughter nucleus [41, 42]. In this work we use new PSFs
values obtained by improving the numerical precision of our
routines as compared with our previous works. The obtained
values are very close to those reported in [40, 41].

Finally, for the lifetime limits, we take the most recent
results found in the literature.

The paper is organized as follows. In the next section
we shortly recall the general formalism for the derivation
of the neutrino mass parameters from 0v3f3 decay analysis,
highlighting the nuclear ingredients involved in calculations.
In Section 3 we discuss the way of choosing the NME values
and report our results for the light neutrino Majorana mass
parameters, while in Section 4 we formulate the conclusions
of our work.

2. Formalism

We shortly present the general formalism for the derivation
of neutrino mass parameters from 0vSf3 decay analysis. We
start with the lifetime formula and then describe the main
steps and ingredients used in the theoretical calculation of
their components, that is, PSFs and NMEs.

Assuming that the dominant mechanism of occurrence
for the 0vf33 decay mode is the exchange of Majorana left-
handed light neutrinos between two nucleons from the parent
nucleus, the lifetime reads

2
(i) = 6" (Qup2) 'MOV|2<M> -0

m,

where G” are the PSFs for this decay mode, depending on
the energy decay Qg and nuclear charge Z, M are the
corresponding NMEs, depending on the nuclear structure of
the parent and daughter nuclei involved in the decay, m, is
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electron mass, and (m,) is the light neutrino Majorana mass
parameter. This parameter can be expressed as a (coherent)
linear combination of the light neutrino masses:

3
2

Z Ui

k=1

(m,) = , )

where U,; are the elements of the first row in the PMNS
(Pontecorvo-Maki-Nakagawa-Sakata) neutrino matrix and
my, are the light neutrino masses [56]. From (1) the expression
of m, reads

m,

(m,) = VTG (3)

For deriving (m,) we need accurate calculations of
both PSFs and NMEs for each isotope for which there are
experimental lifetime limits. The PSFs have been calculated
a long time ago in some approximations [32-39] and were
considered, until recently, to be computed with enough
precision. However, they were recalculated recently in [40-
42] using more advanced approaches for the numerical
evaluation of the Dirac wave functions with the inclusion
of nuclear finite size and screening effects. In addition, in
[41] the usual Coulomb spherical potential was replaced by
another one, derived from a more realistic proton density
distribution in the daughter nucleus. These recent PSF cal-
culations led to significant differences in comparison to the
older calculations, especially for the heavier isotopes, that
should be taken into account for a precise derivation of the
neutrino mass parameters.

The computation of the NME:s is a subject of debate in
the literature for long time, because they bring the large
uncertainties in the theoretical calculations for DBD. Dif-
ferent groups have developed several conceptually different
nuclear structure methods [13-31], as we have mentioned in
the previous section. The expression of the NMEs can be
written, in general, as a sum of three components:

2
M* =M%, - (g—") MY - MY, (4)
9a
where Mg"T, MIO;”, and M%” are the Gamow-Teller (GT),
Fermi (F), and Tensor (T') components, respectively. These

are defined as follows:

0 + +
szv = Z <0f "T—mT—nOzm" Oi >’ (5)
m,n

where O), ~are transition operators (¢« = GT,F,T) and
the summation is performed over all the nucleon states. An
important part of the NME calculation is the computation
of the reduced matrix elements of the two-body transition
operators O%. Their calculation can be decomposed into
products of reduced matrix elements within the spin and

relative coordinate spaces. Their explicit expressions are [4,
23]

0% =0, -0,H(r), O, =H(r),

. 5 - o (6)
O, = \/5[‘71 xa,]" EH(T)C ().
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The most difficult is the computation of the radial part
of the two-body transition operators, which contains the
neutrino potentials. These potentials depend weakly on the
intermediate states and are defined by integrals of momentum
carried by the virtual neutrino exchanged between the two
nucleons [16]:

2R © h(x (q) 1 2
H = — 7.
o (r) T JO .]1 (qr) w w + <E> d
- (7)
= L Ji (ar) Ve () 4°dg,
where R = A"’ fm (r, = 12fm), @ = /@ +m?

is the neutrino energy, and j;(gr) is the spherical Bessel
function (i = 0, 0, and 2 for GT, F, and T, resp.). Usually,
in calculations one uses the closure approximation which
consists of a replacement of the excitation energies of the
states in the intermediate odd-odd nucleus contributing to
the decay, by an average expression (E). This approximation
works well in the case of 0vf8 decay modes and simplifies
much the calculations. The expressions of h, (« = GT,F, T)
are

hy =Gy (q°), (8)
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where m, is the pion mass, m,, is the proton mass, and

Gu(a') = (up — 1) Gy (2) )

with (4, — p,,) = 4.71.

The expressions (9)-(10) include important nuclear ingre-
dients that should be taken into account for a precise
computation of the NMEs, such as the higher order currents
in the nuclear interaction (HOC) and finite nucleon size effect
(FNS). Inclusion of HOC brings additional terms in the Hgy
component and leads to the appearance of the H; component
in the expressions of the neutrino potentials. FNS effect is
taken into account through G, and G form factors:

2 A2 ’
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For the vector and axial coupling constants, the majority of
the calculations take either the quenched value, g, = 1,
or the unquenched one, g, = 1.25, while the values of the
vector and axial vector form factors are A, = 850 MeV
and A , = 1086 MeV [1], respectively. As one can see, when
HOC and ENS corrections are included in the calculations,
the dependence of NMEs expression on g, is not trivial
and the NMEs values obtained with the quenched or the
unquenched value of this parameter cannot be obtained by
simply rescaling.

To compute the radial matrix elements (nl|H,|n'l') an
important ingredient is the adequate inclusion of SRCs,
induced by the nuclear interaction. The way of introducing
the SRC effects has also been subject of debate ([16-18, 20]).
The SRC effects are included by correcting the single particle
w.f. as follows:

Yo (r) — [1+ f ()] (r). (13)

The correlation function f(r) can be parametrized in several
ways. There are three parameterizations which are used,
Miller-Spencer (MS), UCOM, and CCM (with CD-Bonn
and AV18 potentials). The Jastrow prescription [34] for the
correlation function is

f(r)=—c- e (1 - brz) (14)

and includes all these parameterizations, depending on values
of the a, b, c parameters.

Including HOC and ENS effects, the radial matrix ele-
ments of the neutrino potentials become

(it H 1) = | Py 0y 0 1+ £
(15)

X L q°dqV, (q) j. (ar)

where v is the oscillator constant and V,,(g) is an expression
containing the g dependence of the neutrino potentials.

From (4)-(15) one can see that a set of approximations
and parameters are involved in the NMEs expressions, as
the HOC, ENS, and SRC effects and gy, 1, (A 4, A ), (E)
parameters. Are there any recommendations on how should
they be included in the calculations? At present there is a
general consensus in the community in this respect that will
be discussed in the next section.

3. Numerical Results and Discussions

The neutrino mass parameters are derived from (3). To get
(m,) in the same units as 1, we take the NMEs dimensionless
and the PSFs (G”) in units of [yr] .

The PSF values were obtained by recalculating them with
our code, developed in [41], but with improved numerical
precision. At this point we mention that the improved PSF
values come, on the one hand, by the use of a Coulomb
potential describing a more realistic proton charge density in
the daughter nucleus instead of the (usual) constant charge
density one, to solve the Dirac equations for obtaining the



electron w.f. On the other hand, we got better precision of
our numerical routines that compute the PSFs by enhancing
the number of the interpolation points on a case-to-case
basis until the results become stationary. The obtained values
are very close to both those reported previously in [40, 41].
This gives us confidence on their reliability. We mention
that these PSFs values differ from older calculations as, for
example, those reported in [33, 35-37] by up to 28%. Such
differences are important for precise estimations and justify
the reactualization of the PSFs values in extracting Majorana
neutrino mass parameters.

For the experimental lifetime we took the most recent
results reported in the literature. In particular, we remark the
newest results for °Ge from GERDA [49] and for **Xe from
KamLAND-Zen [54].

The largest uncertainty in the derivation of (,) comes
from the values of the NMEs. Fortunately, at present there is
a general consensus in the community on the employment of
the different nuclear effects (approximations) and parameters
which appear in the NMEs expressions (see (4)-(15)) [57].
Thus, one can restrict the range of spread of the NMEs
values for a particular nucleus, if one takes into account some
recommendations resulting from the analysis of many NMEs
calculations. For example, one recommends the inclusion in
calculation of the HOC, ENS, and SRC effects (although their
effects can partially compensate each other [43]). For SRCs,
softer parametrizations like UCOM [17,18, 20] and CCM [58-
60] are recommended, while the MS produces a too severe
cut of the w.f. for very short internucleon distances, which
reflects into smaller NMEs values. Concerning the nuclear
parameters, one recommends the use of an unquenched value
for the g, axial vector constant, the values specified above for
the vector and axial vector form factors (A, A 4), and avalue
of ry = 1.2 fm for the nuclear radius constant. The value for
the average energy ({E)), used in the closure approximation,
is a function of atomic mass A, but the results are less sensitive
to changes within a few MeV. The use in different ways of
these ingredients can result in significant differences between
the NMEs values. Hence, a consensus is useful to approach
the results obtained by different groups. Having agreement
on these nuclear ingredients, the differences in the NMEs
values should be searched in the features of the different
nuclear structure methods. These methods use different
ways of building the wave functions and different specific
model spaces and type of nucleon-nucleon correlations and
use some specific parameters [3, 24, 43]. Unfortunately, the
uncertainties in the NMEs calculation associated with a
particular nuclear structure method cannot be easily fixed
and they are still a subject of debate. As a general feature,
ShM calculations underestimate the NMEs values (due to the
limitations of the model spaces used), while the other meth-
ods overestimate them. There are, however, a few hints on
how to understand/bring closer the NMEs results obtained
with different methods. One idea would be to analyze the
structure of the wave functions used in terms of the seniority
scheme [57]. Another one is to (re)calculate the NME values
as to reproduce s.p. occupancies numbers measured recently
for 7°Ge and ¥2Se nuclei [61, 62]. For example, when the
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QRPA calculations have been modified with the s.p. energies
that reproduce the experimental occupancies, the new QRPA
NME:s values are much closer to the ShM ones.

In Table1 we display the NMEs values obtained with
different nuclear methods. For uniformity and in agreement
with the consensus discussed above, we chose those results
that were performed with the inclusion of HOC, FNS, and
SRC (UCOM and CD-Bonn) effects and with unquenched
ga = 125, as nuclear ingredients. We mention that
the newest experimental determinations of this parameter
report values even larger (1.269, 1.273) [63]. However, the
differences between NMEs values obtained with g, = 1.25-
1.273 are not significant [43]. The NMEs values for 5Ge
and ¥Se written in parenthesis represent the adjusted NMEs
values obtained with QRPA method by the Tuebingen and
Jyvaskyla groups, when the s.p. energies were adjusted to the
occupancy numbers reported in [61, 62]. One remarks that
the QRPA calculations with s.p. occupancies in accordance
with experiment get significantly close to the ShM results,
which is remarkable. In the future, one expects measurements
of the occupancy numbers for other nuclei, as well. Also, it
would be interesting if other methods, besides QRPA, would
try to recalculate the NMEs by adjusting s.p. energies to
experimental occupancy numbers.

We also make some remarks about the NMEs values on
a case-by-case basis. For **Ca we appreciate that ShM cal-
culations give more realistic results than the other methods.
In support of this claim we mention that, in the case of
this isotope, ShM calculations are performed within the full
pf shell and using good effective NN interactions, checked
experimentally on other spectroscopic quantities [43, 44,
64]. Also, we remark that NMEs values obtained with ShM
for this isotope were used to correctly predict le}'z, before
its experimental measurement [65]. For the isotopes with
A = 96-130 there is a larger spread of the NMEs values
calculated with different methods and, consequently, a larger
uncertainty in predicting the (m,) parameters. For **Xe
there are new ShM large-scale calculations with inclusion of
a larger model space than the older calculations [45]. For this
isotope the NMEs values are more grouped. Corroborated
with a quite good experimental lifetime, from this isotope one
gets the most stringent constraint for the (m,) parameter.

In Table2 we present our results for the Majorana
neutrino mass parameters ({r,)) together with the values of
Qpg> the PSFs (G”), NMEs (M®”), and experimental lifetime

(Ti)/"z) for all the isotopes for which data exists. Making a
sort of the NMEs values from the literature according to
the considerations presented, we reduce the interval of their
spread to about a factor of 2, even less (with one exception).
This results in reducing the uncertainty in deriving the
constraints on the light neutrino Majorana mass parameters,
while taking into account NME values obtained with all the
main nuclear methods existent on the market. One observes
that the stringent constraints are obtained from the **Xe
isotope, followed by the °Ge one. This is due to both
the experimental sensitivity of the experiments measuring
these isotopes and the reliability of the PSFs and NMEs
theoretical calculations. The experiments measuring these
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TaBLE 1: The NMEs obtained with different methods. The values are obtained using an unquenched value for g, and softer SRC

parametrizations, which are specified in the second column.

Method SRC 48Ca 76Ge SZSe 9621‘ 1001\/[0 llscd 130T€ 136Xe 15ONd
[43] ShM CD-BONN 0.8 313 2.88

[44] ShM CD-BONN  0.90 2.21 [45]

[24] ShM UCOM 0.85 2.81-3.52 2.64 2.65 219

[27] IBM-2 CD-BONN 238 6.16 4.99 3.00 4.50 3.29 4.61 3.79 2.88
[3] QRPA CD-BONN 593(3.27) 530 (4.54) 219 4.67 372 4.80 3.00 3.16 [46]
[47] QRPA UCOM 5.36 (4.11) 372 312 3.93 4.79 422 2.80

[31] GCM CD-BONN 237 4.60 422 5.65 5.08 4.72 5.13 420 171
[29,30] PHFB CD-BONN 2.98 6.07 3.98 2.68

TABLE 2: Majorana neutrino mass parameters together with the other components of the 0v33 decay halftimes: the Qgs values, the
experimental lifetime limits, the phase space factors, and the nuclear matrix elements.

Qpp [MeV] Tk [yr] G [yr] MOFF (m,) [eV]

Ca 4272 >5.810% [48] 2.46E — 14 0.81-0.90 <[15.0-16.7]
5Ge 2.039 >2.110% [49] 2.37E - 15 2.81-6.16 <[0.37-0.82]
825 2.995 >3.610% [50] 1.01E — 14 2.64-4.99 <[1.70-3.21]
%7r 3.350 >9.210% [51] 2.05E — 14 2.19-5.65 <[6.59-17.0]
10000 3.034 >1.110* [50] 1.57E — 14 3.93-6.07 <[0.64-0.99]
116¢cd 2.814 >1.710% [52] 1.66E — 14 3.29-4.79 <[2.00-2.92]
1308 2.527 >2.810% [53] 1.41E - 14 2.65-5.13 <[0.50-0.97]
136Xe 2.458 >1.610% [54] 1.45E — 14 2.19-4.20 <[0.25-0.48]
15ONd 3.371 >1.810% [55] 6.19E — 14 1.71-3.16 <[4.84-8.95]

isotopes are already exploring the quasi-degenerate scenarios
for the neutrino mass hierarchy (which is around 0.5¢eV).
With the ingredients presented in Table 2 (PSFs and NMEs)
one can appreciate, as well, the sensitivities, translated into
neutrino mass parameters, of the future generation of DBD
experiments.

4. Conclusions

We report new values of light Majorana neutrino mass
parameters from a 0vS3f3 decay analysis extended to all the
isotopes for which theoretical and experimental data exists.
We used the most recent results for the experimental lifetime
Tf/”z as well as for the theoretical quantities G” and M.
For the PSFs we use newly obtained values, recalculated with
an approach described in [41] but with improved numerical
accuracy. We use exact electron w.f. obtained by solving a
Dirac equation when finite nuclear size and screening effects
are included and, in addition, a Coulomb potential derived
from a realistic proton distribution in the daughter nucleus
has been employed. For choosing the NMEs we take advan-
tage of the general consensus in the community on several
nuclear ingredients involved in the calculations (HOC, FHS,
and SRCs effects, values of several nuclear input parameters)
and restrict the range of spread of the NMEs values, reported
in the literature. This, in turn, reduces the uncertainty in
deriving constraints on the light Majorana neutrino mass

parameters, while taking into account NME values obtained
with all the main nuclear methods. The stringent constraints
are obtained from the **Xe and "°Ge isotopes, due to both
the experimental sensitivity and the reliability of the PSFs
and NMEs calculations. The experiments measuring these
isotopes are already exploring the quasi-degenerate scenarios
for the neutrino mass hierarchy which is around 0.5 eV. Our
results may be useful for having an up-to-date image on
the current neutrino mass sensitivities associated with 0vf3f3
measurements for different isotopes and to better estimate
the range of the neutrino masses that can be explored in the
future DBD experiments.

Note. After the submission of this paper Exo-2000 published
their 2-year new limits for the neutrinoless double beta decay
of 1*Xe, which is less than the value that we used for deriving
the neutrino mass parameter in this case. For this isotope, the
presently stringent limit for the lifetime is 1.9 x 10>y, from
KamLand-Zen experiment [33]. Hence, we use this value,
which shifts the interval of the neutrino mass parameter to
[0.23-0.44], which represents a small change in our results
for this isotope.
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Tools of quantum information theory can be exploited to provide a convenient description of the phenomena of particle mixing
and flavor oscillations in terms of entanglement, a fundamental quantum resource. We extend such a picture to the domain of
quantum field theory where, due to the nontrivial nature of flavor neutrino states, the presence of antiparticles provides additional
contributions to flavor entanglement. We use a suitable entanglement measure, the concurrence, that allows extracting the two-
mode (flavor) entanglement from the full multimode, multiparticle flavor neutrino states.

1. Introduction

In the last years, many efforts have been dedicated to the
investigation of entanglement in the domain of elementary
particle physics and quantum field theory [1-11]. The under-
standing of the role of nonlocal quantum correlations in
infinite-dimensional systems of fields and particles, as well
as the underlying mechanism governing their aggregation,
represents a main goal. For systems composed by identical
particles and/or sets of in general distinguishable field modes
(either discrete or continuous, finite or infinite), the charac-
terization and quantification of entanglement are achieved
unambiguously only by properly taking into account the
algebra of observables besides the tensor product structure
of the individual state spaces. In the case of quantum fields,
a further extension of such a framework is needed to take
into account the correlations among distinguishable physical
field modes rather than among indistinguishable particles
and excitations [12-27].

For instance, the single-particle Bell superposition state
[0, 1) + |1, 0) between any two modes of the electromagnetic
field is a well-known example of a maximally (bipartite)
entangled quantum state (i.e., with maximal von Neumann
entropy of the reduced single-mode density matrices), despite

the fact that it involves only one excitation of the field
(a single photon) [26]. In this case, the entanglement is
between two different field modes with occupation numbers
ranging between 0 and 1. Considering single-particle or
multiparticle (e.g., multiphoton) states of many modes leads
to straightforward generalizations that allow considering the
bipartite and multipartite multimode field entanglement of
single-particle and multiparticle states. In the same way, it
is possible to make precise sense of Bell nonlocality in the
context of single-particle, multimode states [28-30].

In this context, it has been recently recognized that the
phenomena of particle mixing and flavor oscillations can be
understood in terms of quantum entanglement [4, 5]. In par-
ticular, a connection has been established among the flavor
transition probabilities and the multimode, single-particle
entanglement for oscillating neutrinos [5]. Such a connection
allows in principle engineering experimental protocols for
the transfer of the quantum information encoded in neutrino
states to spatially delocalized two-flavor charged lepton states
[4, 5]. The above analysis has been carried out in the
context of quantum mechanics (QM), using the well-known
Pontecorvo formalism for neutrino oscillations. On the other
hand, it has been shown that flavor mixing in the context
of quantum field theory (QFT) is associated with a highly
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nontrivial nature of the vacuum for the mixed fields [31-34].
As a consequence, neutrino states turn out to be multimode,
multiparticle states, with a very rich structure of quantum
correlations. In [6, 7], we studied the entanglement in such
a system by means of entropic measures and found a relation
with experimentally measurable quantities, like the variances
of the lepton numbers and charges.

In the present work, we further investigate along this
direction by adopting an alternative operational viewpoint
on the entanglement associated with the system of oscillating
neutrinos. Indeed, entanglement is an observable-induced,
relative physical quantity [15-22], endowed with a specific
operational meaning according to the selected reference
quantum observables and quantum subsystems. By assuming
the particle-antiparticle species as further quantum modes,
we investigate the entanglement content of the neutrino
system in the state obtained by tracing out the antiparticle
species. Since such a state turns out to be a mixed one, we
adopt the concurrence as a measure for the quantification of
its entanglement content. Our results are in line with those of
[6, 7] and naturally generalize the QM ones presented in [5].

The paper is organized as follows. In Section2 we
review the quantum information tools exploited in the paper
and some results corresponding to the QM framework. In
Section 3 we investigate the entanglement phenomenology
of neutrino mixing and flavor oscillations adopting a QFT
framework, and we discuss the nontrivial structure of flavor
entanglement that emerges in the QFT framework.

2. Entanglement and Flavor Oscillations:
Quantum Mechanics

In this section, we briefly review the background of the
present analysis, that is, the formalism developed and the
results obtained within the quantum mechanical framework
[4, 5]. Flavor mixing of neutrinos for two generations is
described by the 2 x 2 rotation matrix U(0) [35]

cosf sin@) ) M

—sinf cosf

U(G)z(

where 0 is the mixing angle. The two-flavor neutrino states
are defined as

) =u© "), )
where |1_J(f Y = (Ive),lvﬂ))T are the states with definite
flavors e, p and Iz("’)) = (), |v2))T those with definite
masses m,,m,. Both [v,) (« = e, u) and Iv]-) (G = 1L2)

are orthonormal. By describing the free propagation of the
neutrino mass eigenstates with plane waves of the form
[v j(t)) = e_i“’ftlvj), w; denoting the frequency associated with
the mass eigenstate |v j), the time evolution of the flavor states
is given by

P w)=vwp?)=veUv,0UuO)), )

where Iz(f )Y are the flavor states at £ = 0, and Uyt) =
diag(e™"“1f,e™"). By assuming the neutrino occupation
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number associated with a given flavor (mode) as reference
quantum number, one can establish the following correspon-
dences with two-qubit states:

) = 11),,10),, = [10),,,
(4)
[,) =10, 11),, =101},

where |j), stands for a j-occupation number state of a
neutrino in mode «. Entanglement is thus established among
flavor modes, in a single-particle setting. For instance, the free
evolution of the electron-neutrino state |v,(¢)) can be written
in the form

|, (1)) = U, (t) [10), + U, () [01),,, (5)
where |Uee(t)|2 + |Ue,4(f)|2 = 1 due to normalization.
Thus, the time-evolved states |1_/(f )(t)) are entangled Bell-
like superpositions of the two masses with time-independent
coeflicients or flavor eigenstates with time-dependent coeffi-
cients. It is worth remarking that the entanglement of (5) is in
principle experimentally accessible, throughout a scheme for
its transfer from single-neutrino states to two-flavor charged
lepton states [5].

The entanglement content of the pure two-qubit state
equation (5) is quantified by the von Neumann entropy of
the reduced density matrix (or any other monotonic function
of it), which is the widely accepted measure of the bipartite
entanglement of pure states [36]. For other measures of
entanglement (bipartite and multipartite systems), see [37-
42]. In the instance of mixed states, a particularly convenient
measure for two-qubit systems is the concurrence C(p) [43,
44]. For the particular case of a pair of qubits, such a measure
is closely related to the entanglement of formation Ep(p),
which is the prototype of the convex-roof-based measures.
The entanglement of formation has a simple physical inter-
pretation: it is the minimal amount of entanglement needed
for the production of a mixed state described by a given
density matrix.

We briefly recall the definition of the concurrence, which
will be used in this work. Let p be the density operator
corresponding to an arbitrary N-qubit state and describing
a system partitioned into N parties. The reduced density
operator p'®?) associated with p is defined as

P(a;ﬁ) = Try#a,ﬁ [P] ’ (6)
where the trace operation is made over all the parties different
from a and f. Next, the spin-flipped state 5 reads

PP = (0,0,)p""" (0,®0,), )

where the complex conjugate is taken in the standard basis
{100),101),|10),]11)}. Then the concurrence is expressed in
terms of square roots A; of the eigenvalues of the non-

Hermitian matrix p(“;ﬁ ) ﬁ“;ﬁ ).
C(pP) = max{0,A, = A, - A5 = Ay}, (8)



Advances in High Energy Physics

Cles V)

0.75
0.5 F

0.25 -

T

FIGURE 1: QM instance. The concurrence C"#"%) as function of the
scaled time 7 = (w, — w,)t. The mixing angle 0 is fixed at the
experimental value sin®6 = 0.314.

where the A;s are nonnegative real numbers taken in decreas-
ing order with respect to the index i. The concurrence
equation (8) can be easily computed for the pure two-qubit
Bell state |v,(t)), that is, (5), with density matrix p, =

|v,(£)) (v,(t)]. The concurrence C*#") = C(p®")) writes
ct= = 2]U,, (1) |Ue;4 (t)|. )

It is worth noticing that, in the instance of pure states, the
concurrence coincides with the square root of the linear
entropy. In Figure 1, we show the behavior of CU<" as
functions of the scaled, dimensionless time 7 = (w, — w, )t. At
time 7 = 0, the two flavors are not mixed, the entanglement
is zero, and the global state of the system is factorized. For
7 > 0, flavor oscillations occur, and the linear entropy exhibits
atypical oscillatory behavior; the entanglement is maximal at
largest mixing.

3. Entanglement and Flavor Oscillations:
Quantum Field Theory

In this section, first we review the essential features of
a specific QFT model of particle mixing describing the
phenomena of neutrino oscillations [31, 32]. For a general
theory of mixing for an arbitrary number of fields see also
[45].

Then, by using such a model, we present a generalization
of the above analysis to the QFT framework. The neutrino
Dirac fields v,(x) and v#(x) are defined through the mixing
relations

v, (x) = cos v, (x) + sin Oy, (x),

(10)
v, (x) = —sin 0v, (x) + cosOv, (x),
where, in standard notation, x stands for the four-vector x =
(t,x) and the free fields v, (x) and v,(x) with definite masses

m, and m,. The generator of the mixing transformations is
given by

Gy (1) = exp [9 J &x (v} ()9, () 7] (0)», (x))] (1)
so that

W (x) =Gyl (1) (x) Gy (1), (12)

where (0,i) = (e, 1), (4, 2), and the superscript « = 1,...,4
denotes the spinorial component. At finite volume, Ggy(t)
is a unitary operator, that is, Ggl(t) G_y(t) = G;(t),
preserving the canonical anticommutation relations. The
generator G,' (t) maps the Hilbert space for free fields % ,
to the Hilbert space for mixed fields 7, ,; that is, G,'(t) :
#\, v ., In particular, the flavor vacuum is given by

|0(t)>e,y = G;l(t) |0),, at finite volume V. We denote by
0}, the flavor vacuum at £ = 0. It is worth noticing that,
in the infinite volume limit, the flavor and the mass vacua are
unitarily inequivalent. The free fields v;(x) (i = 1,2) are given
by the following expansions:

V; (x) \/—Z [ukz(xkz (t) + V—kz (t)] elkx’ (13)

where k is the momentum Vector r = 1,2 denotes the
helicity, oclr()i(t) S ockl e kit (t) rT st and w; =

k% + m;}. The operators oy ; and f ; are the annihilation

operators for the vacuum state [0),, = [0); ® |0),; that is,
;10 ., Biil0),, = 0. The anticommutation relations
are the usual ones; extended details, for example, on the
orthonormality and completeness relations are presented in
our previous works [31, 32]. By use of Gy(t), the flavor fields
can be expanded as

Ve (X) =

1 ik
WZ [ulr(,ioclr(,a (t) + vik,z -k, (t)] e (14)
k,r

The flavor annihilation operators are defined as ocf( L) =

Gél(t)oc]r(,iGe(t) and ﬁlrgg(t) Gg (1) /3 .Gy(t). Without any
loss of generality, let us choose the reference frame such that
k = (0,0, |k|); we have

o, (1) = cosBoq, (t)
T (15
+sin 6 (|U] age, () + € Vi B, D)
where € = (-1)" and
|Uk| = ulr(lrzulr(] = Vj(zvik]
_ Ik|* + (w1 +my) (W, +my)
2\/“-’k,1wk,2 (W1 +my) (W +my)
(16)
|Vk| = er”gﬂ’ K2 = €r”lr:,rz"tk,l
(w1 +my) = (w, +my)

= k|,
2\/wk,1wk,2 (wk,l +my) (wk,z +my)




with 4,j = 1,2, i+, and IUkI2 + IVkI2 = 1. The explicit
expression for the flavor states |vlr()e) attimet = 0 is

ke)

o (0)10).,

_ rt . rt
[cos Boq.| + |Uy| sin B,

r . rt _rt ort (17)
— €’ Vi sin Ooq, g, Bl

X Gy () [ [ Gape 010) 15,
p#k

where Gy(t) =[], = 1Gop,s(t). In the state (17), a multiparti-
cle component is present disappearing in the relativistic limit
k| > +/m,71,: indeed, for large [k|, since one gets |Uy|* —
and IVkI2 — 0, the (quantum-mechanical) Pontecorvo states
are recovered. In order to simplify the notation, we omit the
superscript r (by fixing r = 2) and the subscript k, thus
restricting the analysis to the flavor neutrino state |v,) of
fixed momentum and helicity. Let us consider again the free
evolution of the electron-neutrino state (17):

P () = e v, ), (18)

where H,, is the standard QFT free Hamiltonian. Finally, in
the Hilbert space #, ,, (18) can be written in the form

e,
= ! G 11
|ve (t)> - [Uee (t) *, + U (t)(x + U (t)OC (X
(19)
+ Uﬂﬂ ) oc ] 0 o
where the time-dependent coefficients are given by
U, () =" [cosze +sin’60 (e_i(“’z_w‘)tIUl2
+ e_i(“’2+w1>tlv|2)] :
U, (t) = e "1'U cos B'sin O (e*"(“’f“’l)t - 1) ,
¢ i ; (20)
U, () = e 1"V cos 0 sin 6 (1 e"(wz+w1)t> ,
Ugeﬁ (t) = el UVsm26( —i(wtwy)t e—i(wz—a)l)t) ’
2 2
0.0 4]0, 0] +[05 Of + o of =1

In the following, in order to conveniently parameterize
the neutrino masses m, and m,, momentum |k|, and the
evolution time t, we use the real parameters x = m,/m,,
= |k|/+/mm,, and T = (w, — w;)t. Therefore, x represents
the ratio between the two masses eigenvalues; p expresses
the ratio between the momentum and the masses geometrical
mean and corresponds to the relativistic limit for p > 1.
Evidently, the time-evolved state |v,(t)) in the flavor
eigenstates Hilbert space, that is, (19), is a multiparticle
entangled state. Analogously with the Pontecorvo states (5),
we assume the neutrino occupation number as reference
quantum number. However, with respect to (5), we have still
two flavors, but we have a further degree of freedom, that
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FIGURE 2: QFT instance (color online). The concurrences C¢"
(full line) and C%"¥ (dashed line) as functions of the scaled time
7 = (w, — w; )t. The mixing angle 0 is fixed at the experimental value
sin’0 = 0.314; the parameters x and p are fixed as x = 10 and
p = 5. The concurrence associated with the quantum-mechanical
Pontecorvo states (dotted line), that is, Figure 1, is also reported for
comparison.

is, the neutrino species, that is, particles and antiparticles.
Therefore, we obtain multipartite entanglement in a four-
qubit state. In the instance 7, ,, (19) can be written in the
form

|, (1)) = U, () |1000)

e,u>

U,,, () 0100)

eyey eyep
_ (21)
+ Uf;; (t) [1110) .57 + UM (1) [1101) 57
where  |ijkh),z; denotes the four-qubit vector

16,1705, k)3, 1), with 4, jk, b =
the entanglement content possessed by a given pair of modes
of |v,), that is, (21), by using the concurrence, that is, by (8).
Specifically, we compute the quantity C“?) associated with
the twomodes a # = v, 7,7, 7. We do not report the ana-
lytical expressions for the concurrences, as they are long and
unwieldy and provide no further significant physical insight.

In Figure 2, we plot the quantities C*"« and C”"¥) as
functions of the scaled time 7 for x = 10 and p = 5;
it is worth noticing that such a choice of the parameters
corresponds to the following assumptions: mass m, greater
than mass 7, of one order of magnitude and momentum of
the same order of magnitude as the masses geometrical mean.
We observe that the particle-mode entanglement (v,5v,) is
predominant; thus, most entanglement is shared between
the two particle modes. Notwithstanding, a nonvanishing
(although suppressed), nontrivial, oscillating contribution
originates from the antiparticle-mode pair (7,,7,).

For completeness, in Figure 3 we also plot the concur-
rences C%) and CUw) panel (a), and CU") and CUwW)
panel (b). Specifically, plots in Figure 3 represent the concur-
rences associated with the pairs particle-antiparticle (v4; 7p).
We observe that there exists strong entanglement content in
these pairs; this fact is due to the Bogoliubov contribution in
(15). Let us notice that the curves C""# and C"+"¥ (with

0,1. Let us analyze
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FIGURE 3: QFT instance (color online). In (a) the concurrences C %) (fyll line) and C"+" (dashed line), in (b) the concurrences C®” (full
line) and C”#’») (dashed line), as functions of the scaled time 7 = (w, — w, )t. The mixing angle 8 and the parameters x and p are fixed as in

Figure 2.

B = e, u) exhibit an opposite behavior; on average, when the
former increases (decreases), the latter decreases (increases).

4. Conclusions

In this paper, we analyzed a paradigmatic phenomenon
of particle physics, that is, neutrino oscillations, from the
point of view of entanglement, one of the fundamental
aspects of quantum theory. More specifically, we studied
the entanglement associated with a QFT model of neutrino
oscillations, generalizing our previous results derived in the
context of QM. The two-mode state, obtained by tracing
out two modes, is a mixed one, and we characterized the
entanglement of such a state by means of the concurrence.

We showed that such a phenomenon, described in a QFT
framework, exhibits significantly more complex effects with
respect to that found in a QM setting. This procedure is
applicable as well to other multiparticle QFT systems, beyond
the model considered here.

The present analysis has been carried out for the case of
two generations. A further extension can be carried out by
considering the case of three flavors, including CP violation,
for which the structure of QFT flavor states is considerably
more involved [34].

Moreover, the entanglement dynamics has been studied
in the time domain; an analogous study can be carried out in
the space domain, by considering the spatial distribution of
entanglement.

At last, it is also worth remarking that the (exact) results
obtained in our paper represent a canonical example of
evaluation of entanglement for a relativistic system.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors acknowledge support from the EU STREP
Project iQIT, Grant no. 270843.

References

[1] R. A. Bertlmann and W. Grimus, “Quantum-mechanical inter-

ference over macroscopic distances in the BB’ system,” Physics
Letters B, vol. 392, no. 3-4, pp. 426-432,1997.

[2] R. A. Bertlmann, W. Grimus, and B. C. Hiesmayr, “Bell
inequality and CP violation in the neutral kaon system,” Physics
Letters A, vol. 289, no. 1-2, pp. 21-26, 2001.

[3] A.DiDomenico, A. Gabriel, B. C. Hiesmayr et al., “Heisenberg’s
uncertainty relation and bell inequalities in high energy physics:
an effective formalism for unstable two-state systems,” Founda-
tions of Physics, vol. 42, no. 6, pp. 778-802, 2012.

[4] M. Blasone, F. DellAnno, S. De Siena, M. Di Mauro, and E.
Muminati, “Multipartite entangled states in particle mixing;’
Physical Review D, vol. 77, Article ID 096002, 2008.

[5] M. Blasone, E DellAnno, S. De Siena, and E Illuminati,
“Entanglement in neutrino oscillations,” Europhysics Letters,
vol. 85, no. 5, Article ID 50002, 2009.

[6] M. Blasone, F. DellAnno, S. De Siena, and F. Illuminati,
“Entanglement in quantum field theory: particle mixing and
oscillations,” Journal of Physics: Conference Series, vol. 442, no.
1, Article ID 012070, 2013.

[7] M. Blasone, E. Dell’Anno, S. De Siena, and E. Illuminati, “A field-
theoretical approach to entanglement in neutrino mixing and
oscillations,” In press, http://arxiv.org/abs/1401.7793.

[8] B. Kayser, J. Kopp, R. G. H. Robertson, and P. Vogel, “Theory
of neutrino oscillations with entanglement,” Physical Review D,
vol. 82, Article ID 093003, 2010.

[9] E. K. Akhmedov and A. Y. Smirnov, “Neutrino oscillations:
entanglement, energy-momentum conservation and QFT)
Foundations of Physics, vol. 41, no. 8, pp. 1279-1306, 2011.



[10] D. Boyanovsky, “Short baseline neutrino oscillations: when
entanglement suppresses coherence,” Physical Review D, vol. 84,
Article ID 065001, 2011.

[11] L. Lello, D. Boyanovsky, and R. Holman, “Entanglement
entropy in particle decay,” Journal of High Energy Physics, vol.
2013, article 116, 2013.

[12] G. Ghirardi and L. Marinatto, “Criteria for the entanglement
of composite systems with identical particles,” Fortschritte der
Physik, vol. 52, no. 11-12, pp. 1045-1051, 2004.

[13] E Benatti, R. Floreanini, and U. Marzolino, “Bipartite entangle-
ment in systems of identical particles: the partial transposition
criterion,” Annals of Physics, vol. 327, no. 5, pp. 1304-1319, 2012.

[14] F. Benatti, R. Floreanini, and U. Marzolino, “Sub-shot-noise
quantum metrology with entangled identical particles,” Annals
of Physics, vol. 325, no. 4, pp. 924-935, 2010.

(15] P. Zanardi, “Quantum entanglement in fermionic lattices,”
Physical Review A, vol. 65, Article ID 042101, 2002.

[16] P. Zanardi and X. Wang, “Fermionic entanglement in itinerant
systems,” Journal of Physics A: Mathematical and General, vol.
35, no. 37, article 7947, 2002.

[17] P. Zanardi, “Bipartite mode entanglement of bosonic conden-
sates on tunneling graphs,” Physical Review A, vol. 67, Article
ID 054301, 2003.

[18] P. Giorda and P. Zanardi, “Mode entanglement and entangling
power in bosonic graphs,” Physical Review A, vol. 68, Article ID
062108, 2003.

[19] E. Ciancio, P. Giorda, and P. Zanardi, “Mode transformations
and entanglement relativity in bipartite Gaussian states,” Physics
Letters A, vol. 354, no. 4, pp. 274-280, 2006.

[20] P.Zanardi, D. A. Lidar, and S. Lloyd, “Quantum tensor product
structures are observable induced,” Physical Review Letters, vol.
92, Article ID 060402, 2004.

[21] H. M. Wiseman and J. A. Vaccaro, “Entanglement of indistin-
guishable particles shared between two parties,” Physical Review
Letters, vol. 91, Article ID 097902, 2003.

[22] M. R. Dowling, A. C. Doherty, and H. M. Wiseman, “Entan-
glement of indistinguishable particles in condensed-matter
physics,” Physical Review A, vol. 79, Article ID 052323, 2006.

[23] H. Barnum, E. Knill, G. Ortiz, R. Somma, and L. Viola,
“A subsystem-independent generalization of entanglement;
Physical Review Letters, vol. 92, Article ID 107902, 2004.

[24] H.Barnum, G. Ortiz, R. Somma, and L. Viola, “A generalization
of entanglement to convex operational theories: entanglement
relative to a subspace of observables,” International Journal of
Theoretical Physics, vol. 44, no. 12, pp. 2127-2145, 2005.

[25] M.-C. Banuls, J. I. Cirac, and M. M. Wolf, “Entanglement in
fermionic systems,” Physical Review A, vol. 76, Article ID 022311,
2006.

[26] S.]J.van Enk, “Single-particle entanglement,” Physical Review A,
vol. 72, Article ID 064306, 2005.

[27] M. O. T. Cunha, J. A. Dunningham, and V. Vedral, “Entangle-
ment in single-particle systems,” Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences, vol. 463, no.
2085, pp. 2277-2286, 2007.

[28] J. Dunningham and V. Vedral, “Nonlocality of a single particle,”
Physical Review Letters, vol. 99, Article ID 180404, 2007.

[29] J. Dunningham, V. Palge, and V. Vedral, “Entanglement and
nonlocality of a single relativistic particle;” Physical Review A,
vol. 80, Article ID 044302, 2009.

Advances in High Energy Physics

[30] L. Heaney, A. Cabello, M. E Santos, and V. Vedral, “Extreme
nonlocality with one photon,” New Journal of Physics, vol. 13,
Article ID 053054, 2011.

[31] M. Blasone and G. Vitiello, “Quantum field theory of fermion
mixing,” Annals of Physics, vol. 244, no. 2, pp. 283-311, 1995.

[32] M. Blasone, P. A. Henning, and G. Vitiello, “The exact formula
for neutrino oscillations,” Physics Letters B: Nuclear, Elementary
Particle and High-Energy Physics, vol. 451, no. 1-2, pp. 140-145,
1999.

[33] M. Blasone, P. Jizba, and G. Vitiello, “Currents and charges for
mixed fields,” Physics Letters B: Nuclear, Elementary Particle and
High-Energy Physics, vol. 517, no. 3-4, pp. 471-475, 2001.

[34] M. Blasone, A. Capolupo, and G. Vitiello, “Quantum field
theory of three flavor neutrino mixing and oscillations with CP
violation,” Physical Review D, vol. 66, no. 2, Article ID 025033,
2002.

[35] C. Giunti and C. W. Kim, Fundamentals of Neutrino Physics and
Astrophysics, Oxford University Press, Oxford, UK, 2007.

[36] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
“Quantum entanglement,” Reviews of Modern Physics, vol. 81,
no. 2, pp. 865-942, 2009.

[37] H. Barnum and N. Linden, “Monotones and invariants for
multi-particle quantum states,” Journal of Physics A: Mathemat-
ical and General, vol. 34, no. 35, pp. 6787-6805, 2001.

[38] D. A. Meyer and N. R. Wallach, “Global entanglement in
multiparticle systems,” Journal of Mathematical Physics, vol. 43,
no. 9, pp. 4273-4278, 2002.

[39] G. K. Brennen, “An observable measure of entanglement for
pure states of multi-qubit systems,” Quantum Information &
Computation, vol. 3, no. 6, pp. 619-626, 2003.

[40] T.-C. Wei and P. M. Goldbart, “Geometric measure of entan-
glement and applications to bipartite and multipartite quantum
states,” Physical Review A, vol. 68, Article ID 042307, 2003.

[41] T.R. de Oliveira, G. Rigolin, and M. C. de Oliveira, “Genuine
multipartite entanglement in quantum phase transitions,” Phys-
ical Review A, vol. 73, Article ID 010305(R), 2006.

[42] M. Blasone, E. DellAnno, S. de Siena, and E. Illuminati, “Hier-
archies of geometric entanglement,” Physical Review A, vol. 77,
no. 6, Article ID 062304, 2008.

[43] W. K. Wootters, “Entanglement of formation of an arbitrary
state of two qubits,” Physical Review Letters, vol. 80, no. 10, pp.
2245-2248,1998.

[44] S. Hill and W. K. Wootters, “Entanglement of a pair of quantum
bits,” Physical Review Letters, vol. 78, no. 26, pp. 5022-5025, 1997.

[45] C.-R.Jiand Y. Mishchenko, “General theory of quantum field
mixing,” Physical Review D, vol. 65, Article ID 096015, 2002.





