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High-luminosity fixed-target neutrino experiments present a new opportunity to search for light sub-
GeV dark matter and associated new forces. We analyze the physics reach of these experiments to light
leptophobic dark states coupled to the Standard Model via gauging the U(1), baryon current. When the
baryonic vector is light, and can decay to dark matter, we find that the MiniBooNE experiment in its current
beam-dump configuration can extend sensitivity to the baryonic fine structure constant down to ag ~ 107,
This is significantly below the existing limits over much of the sub-GeV mass range currently inaccessible

to direct detection experiments.
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I. INTRODUCTION

A variety of gravitational phenomena strongly suggest the
existence of dark matter (DM), which in its simplest form is
a new stable weakly interacting elementary particle. This
has motivated a broad experimental program to detect
nongravitational DM interactions, including direct searches
for DM-nucleus scattering, indirect searches for DM anni-
hilation products, and accelerator-based searches for miss-
ing energy. In recent years there has been a growing
appreciation that fixed-target experiments provide a com-
plementary approach to DM detection, with superior sensi-
tivity to light sub-GeV DM interacting with ordinary matter
via a light mediator particle. The potential of using high-
intensity proton-beam fixed-target experiments, such as
those employed to study neutrino oscillations, was high-
lighted and studied in Refs. [1-3], and a dedicated run in
beam-dump mode to search for DM with the MiniBooNE
experiment at the Fermi National Accelerator Laboratory is
currently underway [4]. More recently, the possibility of
using electron-beam fixed-target experiments to search for
DM has been investigated [5—7]. These proposals are part of
a broader effort to utilize high-intensity electron and proton
fixed-target experiments, as well as high-luminosity meson
factories, to study the physics of DM and more general
hidden sectors (see, e.g., Refs. [8-31]).

The studies of Refs. [1-7] have largely focused on
scenarios in which DM couples to the Standard Model
(SM) through a dark photon, a new massive gauge boson
that kinetically mixes with the ordinary photon [32].
The DM thus primarily couples to the electromagnetic
current, leading to a rich phenomenology with multiple
probes involving both leptonic and hadronic systems.
Such a model is well motivated on effective field theory
grounds since kinetic mixing provides one of the few
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renormalizable “portal” interactions, and is viable from a
phenomenological and cosmological standpoint [3,33].
Moreover, because the electromagnetic current automati-
cally conserves many of the important symmetries (CP,
parity, flavor), and does not couple to neutrinos, the
resulting DM-SM interaction strength may exceed the
strength of standard weak interactions without immediately
running into strong constraints imposed by flavor physics
and tests of discrete symmetries. However, given our
ignorance regarding the structure of the DM couplings
to ordinary matter, it is certainly worthwhile to explore the
phenomenology of alternative models. In particular one can
easily contemplate scenarios in which the mediator cou-
pling DM to the SM is primarily hadrophilic and lepto-
phobic, or vice versa. Such scenarios underscore the
necessity of a broad experimental program making use
of both proton and electron beams.

In this paper we investigate scenarios of sub-GeV DM in
which the mediator couples dominantly to quarks, i.e. is
leptophobic, and as such is uniquely suited for studies in
proton fixed-target experiments. As we will motivate
below, the specific model we consider is based on a local
U(1), baryon number symmetry, which, like the kinetic
mixing portal, is phenomenologically safe since the cor-
responding current conserves all approximate symmetries
of the SM. In this model, the DM is charged under U(1),
and the baryonic gauge boson serves as the mediator
coupling the DM to the SM. We provide a detailed
treatment of DM production and scattering relevant for
proton fixed-target experiments, and estimate the sensitiv-
ity of the ongoing beam-dump run at MiniBooNE [4] to this
model. As we demonstrate, MiniBooNE will have the
capability to cover significant new regions of parameter
space in this model, with sensitivity to the baryonic fine
structure constant at the level of az ~ 107°,

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.90.115014
http://dx.doi.org/10.1103/PhysRevD.90.115014
http://dx.doi.org/10.1103/PhysRevD.90.115014
http://dx.doi.org/10.1103/PhysRevD.90.115014

BATELL et al.

We begin in Sec. I by describing a low energy effective
theory containing a local U(1), baryon number symmetry
under which DM is charged. We examine several important
topics, including gauge anomalies, effective couplings to
hadronic states, cosmology, and existing experimental
constraints. In Sec. III we investigate the phenomenology
of this model at proton fixed-target experiments. We outline
the general detection strategy, describe in detail an
improved DM production model, and provide a general
treatment of the DM-nucleon elastic scattering. Our esti-
mates for the sensitivities achievable with the dedicated
MiniBooNE beam-dump run are presented in Sec. IV.
Finally, our conclusions and outlook are presented in
Sec. V. Several appendixes contain additional technical
details.

II. LEPTOPHOBIC DARK MATTER
AND GAUGED U(1),

We are interested in scenarios in which the interactions
of light DM, y, with the SM are communicated through a
new boson that dominantly couples to quarks. Scalar
bosons will generally have suppressed couplings to the
lightest quark generations, implying poor detection pros-
pects in proton-beam fixed-target experiments. Thus, in the
simplest models of a scalar singlet S, coupled to the SM via
a trilinear Higgs portal SH'H, one expects the effective
coupling of S to nucleons be O(10730), where 6 is the
mixing angle with the Higgs state. Given that one typically
has constraints on & below the 1072 level from flavor
physics, (see, e.g. [1,17]), the effective coupling of S to
nucleons does not exceed 107>, and thus is very difficult to
reach directly.

We therefore focus on a new vector boson with couplings
to quarks. Without complicated model building in the
flavor sector, the absence of tree level flavor changing
neutral currents implies that the quark couplings should be
generation independent. Furthermore, to allow renormaliz-
able Yukawa couplings of the quarks to the SM Higgs
boson, the charges of the left- and right-handed quarks
should be equal. These considerations lead to a model
containing a vector boson coupled to the baryon current.
The most straightforward realization of such a scenario is to
consider the vector boson, V%, to be a fundamental gauge
boson of a local U(1), baryon number symmetry [34-46].

As is well known, a model with a local U(1), symmetry
suffers from gauge anomalies, and therefore must be
regarded as a nonrenormalizable effective field theory with
an ultraviolet cutoff Ayy [47]. (Our requirement of building
a leptophobic model, as motivated above, prevents us from
extending this gauge symmetry to leptons to cancel the
anomalies via e.g. U(1)z — U(1)pz_,.) The upper bound
on Ayy can be estimated from the three loop vector boson
self-energy diagram and is well above the weak scale for
the mass and coupling parameters explored in this study. At
or below this scale, new states must enter to render the
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theory consistent at the quantum level, with the simplest
possibility being a perturbative completion with new chiral
fermions that cancel the anomalies. Such fermions may
obtain large masses through Yukawa couplings to the SM
Higgs boson or through couplings to the spontaneous
symmetry breaking sector of U(1),. We note that a variety
of constructions exist in the literature for anomaly free UV
completions of a local U(1),; symmetry [34-45]. For a
given UV completion, there will inevitably be additional
constraints from high energy accelerator data. Since our
focus in this work is on GeV-scale phenomenology, the
precise details of the UV completion will not be relevant to
our discussion, and we will therefore focus on a low energy
effective theory of a local U(1), symmetry under which the
DM y is charged.

The Lagrangian of the low energy effective theory is
given by

Lo 1
L=L, —Z(V’é )? +§m%,(V’g)2

K
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(Dirac fermion DM)
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g 2, (Complex scalar DM)
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where D = 0 — iggqpVp, with gg (¢p) the U(1), gauge
coupling (charge), J% = %Zi%’”qi is the baryon current
(with the sum over all quark species), and the ellipses
denote terms related to the sector responsible for sponta-
neously breaking U(1)g, the details of which will not be
important for us below. Note that we have included a
kinetic mixing term, with strength «, in the Lagrangian (1)
[32], which is allowed by all of the symmetries of the
theory." In the physical basis, the vector boson couplings to
quarks are

LD Vig(gpl§ — ke M), (2)

where the electromagnetic current is defined as Jgy, =
ZiQf]_‘,-y” fi (with the sum over all electrically charged
fermions). Kinetic mixing can lead to a relevant deforma-
tion of the phenomenology provided ke 2 gg. In models
where « is generated radiatively, one expects to
find k ~ egg/(167%).

It is important to mention that £, may contain
several states coupled to the baryonic current,
>_;(ix;Dyj — my 7;x;), including very light neutrinolike
states. Models of this type were already discussed in

'Below we will present numerical results for both the U(1),
model and, for comparison, the pure vector portal model. The
latter can be formally recovered from the Lagrangian (1) by
taking the limit gz — 0, ¢ =gpqp #0, and k#0. See
Refs. [1-4] for further studies of the pure vector portal model
in this context.
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Refs. [48-50] (see also [51]), where such light states were
called “baryonic neutrinos” v;, due to their coupling to V.
Mixing with active neutrinos and elastic scattering on
nuclei via Vp exchange creates novel signatures of v,
relevant for the interpretation of DM direct detection
signals, provided that the interaction strength is stronger
than the usual weak interactions. Therefore, light nearly
massless dark states from the y sector represent an
interesting physics target. As we will observe later,
although they cannot constitute the cosmological DM,
such states can be instrumental in constructing a realistic
model of thermal relic DM based on U(1) . Moreover, the
fixed-target signatures of massless v, states and those of
very light DM [m, ~ O(fewMeV)] are identical, and
therefore our work will also provide a method for con-
straining v;, models. For the sake of clarity, we will denote
all nearly massless states endowed with U(1) charge as v;,,
reserving the label y for the DM.

Since we are interested in physics below the GeV scale,
it is necessary to determine the couplings of Vz to mesons.
We will employ two approaches in the description of
these couplings. For processes with energies below the p
meson mass m,, we obtain the couplings of Vp to the
pseudoscalar mesons through the standard procedure
of gauging the chiral Lagrangian. There are two distinct
contributions to the V5 couplings in the chiral Lagrangian.
The first contribution arises from replacing partial deriv-
atives of the pion Goldstone field U with covariant ones,
OU - 0U — iVg|Qp, U], where the generator Qp =
(93/3)1] —K'EQEM, with QEM = dlag(%,—%,—%) We
observe that in the limit x — 0, V does not couple to
the mesons through the covariant derivative. The second
contribution arises due to the axial anomaly and is
described by the gauged Wess-Zumino-Witten (WZW)
term [52,53] (see also Refs. [54-56] for useful discussions).
These couplings are present even in the limit x — 0. For
example, the coupling of a neutral pseudoscalar meson to a
photon and a vector boson Vj is given by

1
o) —WeﬂmﬂF””V%ﬂ [e(gB — ke)n®
V1

1 2
+ \ﬁe(gg —Ke)ig + 2\@6(—“)’70} )

where g and 77, mix to form the # and #' mesons, and we
refer the reader to Ref. [54] for details of the origin of these
anomaly-induced couplings. This coupling will mediate
one of the dominant dark sector production mechanisms at
proton fixed-target experiments via pseudoscalar meson
decays, e.g. 7° — yVp. A detailed treatment of this subject
is presented in Appendix A 1.

We will also be interested in production due to vector
meson mixing, for which we employ the vector meson
dominance (VMD) prescription. Following Ref. [54], we
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can write the mixing between the vector Vg and the vector
mesons p, w, ¢ as

V2

1
LD n Vh [(—Ke)mf,pﬂ +3 (295 — ke)mpw,

- L2 gy - reini] @

These couplings are the analogues of the photon-vector
meson couplings in the VMD prescription; see again
Ref. [54] for a detailed discussion. The production of
DM through vector meson mixing with Vp is treated in
Appendix A 2.

A. Cosmology

There are several challenges that the minimal model
described by the Lagrangian (1) faces if one insists on y
being a viable thermal relic DM candidate. Besides the
usual difficulty of obtaining a sufficient (~pb) annihilation
cross section, such light DM states are strongly constrained
by the precise measurements of the temperature anisotro-
pies of the cosmic microwave background (CMB) radiation
[57-59]. If the annihilation occurs into visible SM states
other than neutrinos, these constraints typically rule out a
thermal relic with s-wave annihilation for the sub-GeV DM
masses of interest in this work. Systematically exploring
the range of viable cosmologies is not crucial for this paper,
and we limit our discussion to three distinct possibilities.

Scenario 1. A natural model based on U(1), achieves
the correct DM abundance via annihilation to neutrinolike
states, yy — Vi = vp0p, and in addition via yy —
VgV = vptpvpiy if m, > my. Annihilation to these light
new states completely avoids problems with energy injec-
tion during or after recombination, as v;,’s are not capable
of ionizing hydrogen due to their weak interaction with
matter. In addition, it is possible to generate the required
annihilation rate. For example, v ~ pb for my, < m, can
be achieved by choosing af ~ 107"'(m,/100 MeV)?. In
the opposite case, my > m,, az would need to be slightly
larger and, most relevant for our discussion, in both cases
g5/m% = Gy would necessarily be larger than the weak
Fermi constant G,.

Significant sensitivity to this model comes from CMB or
Big Bang Nucleosynthesis (BBN) determinations of the
dark radiation energy density, traditionally parametrized
via the effective number of neutrino degrees of freedom
Negr. The naive shift of N in this model with v, is
AN = 1, but the actual change might be smaller, depend-
ing on the precise time of v, decoupling [48]. In any event,
this increase to the effective number of neutrinos is not
completely excluded, and furthermore this parameter can
be additionally adjusted via new light states that decay to
electrons and photons after neutrino decoupling, thereby
lowering N ;.
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Scenario 2. Another minimal scenario involves scalar
DM y, with annihilation aided by the “baryonic Higgs” hp,
i.e. a particle accompanying the spontaneous breaking of
U(1)p. With the mass hierarchy, 2my > 2m, > my + my,,,
it is easy to see that yy' — 2V is kinematically forbidden,
while the Higgs-strahlung process yy' — Vi — Vghy is
allowed. Importantly, for scalar DM, the latter process is
necessarily p-wave. As a consequence, the CMB bounds
on energy injection can be evaded due to inefficient late
time annihilation. The requisite size of the annihilation
cross section is easily achieved by an appropriate choice of
ag. A potential problem for this construction is the
relatively long-lived hjp, that would have to deplete its
abundance before the start of BBN viae.g. the Vghy — 7%
coannihilation process (see the corresponding discussion in
Ref. [60]) or via the two-loop decay hp — 2y. It is also
possible to achieve an accelerated decay of &y via the SM
Higgs-U(1),; Higgs portal. Because of the chosen mass
hierarchy, the production of yy in fixed-target experiments
necessarily proceeds via an off-shell V.

Scenario 3. Finally, there are always classes of models
where the correct DM abundance of y is achieved via
portals which differ from Jf V’. One example involves a
new light scalar particle ¢ that couples to the DM through a
Yukawa interaction, £ D ¢y(a + ibys))(, with a, b, real
parameters. In the regime my < m, < my, the dominant
annihilation process is yy — ¢¢, which will proceed in the
p-wave if either a or b vanishes. The ¢ particle can decay
to ete” pairs through a small Higgs portal coupling,
LD A¢HTH . We have checked, for instance, that for mgy ~
10 MeV and A ~1 MeV, the ¢ lifetime is less than
1 second, the effective ¢ coupling to electrons is consistent
with supernova cooling constraints, and the contribution to
the ¢ mass from electroweak symmetry breaking is
subdominant.

We trust that the existence of these three classes of
scenarios will convince the reader that U(1)g-based ther-
mal relic DM models are possible, and we turn next to the
existing constraints on U(1),; gauge bosons. Since the
above scenarios all build upon the minimal field content
described by the Lagrangian (1), we will focus our attention
on that case below. We emphasize that scenarios with
expanded light field content may or may not alter the on-
shell decays of V and affect the dark matter signal rate in
fixed target experiments, although such decays may also
lead to additional signatures, e.g., the scattering of baryonic
neutrinos.

B. Existing constraints

In addition to the cosmological constraints, various
terrestrial particle physics experiments have sufficient
sensitivity to exclude portions of parameter space for the
model. A number of limiting contours are shown in Fig. 1,
and discussed below. We separate the discussion into those
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with specific sensitivity to gz, and those which rely on
kinetic mixing « with the electromagnetic current.

Constraints on the baryonic coupling. We list below the

constraints with sensitivity to gp in the parameter regions of
interest:

(1) Rare decays with missing energy: Certain rare
decays have significant sensitivity for both kinetic
mixing and the baryonic portal. The limit on
7% — yV g from the Brookhaven alternating gradient
synchrotron [61], with the branching ratio discussed
below in (A9), imposes competitive constraints at
low mass for both portals.

A stronger limit arises from the Brookhaven E949
measurement of the tiny branching fraction of
Kt — ntub [65], interpreted as KT — z7Vp [11].
The rate calculation needs to be generalized to
account for the baryonic portal, so we include some
details here. In general there are both short- and long-
distance contributions. However, while the loop-
induced K+ — zt — y* vertex can be inferred from
the measured 3-body hadronic kaon decays using
ChPT, since pseudosclar mesons are uncharged under
U(1)g, itis natural to anticipate that the long-distance
contribution is suppressed. The short-distance con-
tribution is dominated by the Glashow—Iliopoulos—
Maiani (GIM) suppressed V g-penguin with c- and u-
quark loops. Retaining just the leading logarithm,

2
= Gr gp m;
Lpen = Vig5y,d x sin 20, © 3247 log Lﬂft(—) A%R)}

+He., (5)

where 6, is the Cabibbo angle, and m, in the
logarithm needs to be replaced with the hadronic
IR cutoff ArA, with e.g. m, <A < 4nf,. Since
we expect the long-distance contrlbutlon to be sup-
pressed, the sensitivity to this cutoff leads to consid-
erable uncertainty in the result.

Allowing for both the baryonic and kinetic mixing
portal couplings, the amplitude takes the form,

e
X (g W) = exW,(on}). (6)

MK—V[V,; k+ p)

where k and p are the kaon and pion momenta, " is
the polarization vector of Vg, and W,((k — p)?) and
Wg((k—p)?) are form factors. We have from
Ref. [11] that W2(m3) ~3 x 107'2, and following
a similar approach obtain from Eq. (5) W%(m3,) ~
4 x 10713 for the decay to the baryonic vector in an
approximation where m? < m?% and the logarithm is
cut off in the infrared at the scale Ajg ~ m,. This
implies
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FIG. 1 (color online). Existing constraints on DM model parameter space. The left plot shows the constraints on the U(1), model in
the my — ap plane for a DM mass m, = 10 MeV and vanishing kinetic mixing x = 0. The shaded region is excluded by existing
constraints. The constraints shown are from limits on z° — y 4 invisible [61], J/y — invisible [62], pp — jet + invisble (labeled
monojet) [63], and neutron scattering [64]. The limit from the K™ — ztvb branching ratio measurement [65] is also shown under two
possible assumptions on the IR cutoff: (1) Ajg = 4zf, (solid orange), and (2) Ag = m,, (dashed orange). For comparison, the right plot
shows the constraints on the pure vector portal model with m, = 10 MeV and &' = 0.1. In this model there are additional constraints
originating from the sizable leptonic couplings: excessive contributions to electron and muon g — 2 [11,66—-69], a monophoton search by
BABAR (labeled “BABAR” sensitivity) [5,29,70], and deviations in precision electroweak measurements [71]. The blue band through the
parameter space marks where the scenario brings theory and experiment into better than 3¢ agreement for muon g —2 [11].

(iv) Direct dark matter detection: For DM candidates
saturating the local relic density, direct detection
experiments provide strong sensitivity  for
m,, >1GeV. The nonrelativistic limit of V z-mediated
scattering allows identification of the per-nucleon
cross  section, oy ~ 167(Z/A)?ad K3 y/my,
with Z/A ~1/2 for kinetic mixing and oy ~

Br(K+ - 7T+VB)

2 2
910 (3 eK) (100MeV - ()

in agreement, up to O(1) factors, with an earlier result
of Nelson and Tetradis [34].
For larger Vp masses, there are also constraints

(i)

from invisible decays of ¢¢ and bb vector mesons,
through mixing in analogy with the discussion below
in Appendix A 2. We include the constraint on
Br(J/V — invisible) < 7 x 10~ from BES [62].

CDF constraints on monojets: In the low O(GeV)
mass range, CDF provides the most stringent con-
straint on monojets, pp — jet + invisible [63] (see
also [72]), with g, < 0.026 and g; < 0.04 indepen-

167y /mi, for the baryonic current. For com-
parison, we show the strongest low mass direct
detection limits from DAMIC [73], CDMSlite
[74], SuperCDMS [75], and LUX [76] (ordered in
increasing mass). Direct detection limits on DM-
electron scattering also exist [77,78], although these
will be subdominant for radiatively generated kinetic
mixing, k ~ egg /167

Constraints on kinetic mixing. When Kinetic mixing with
hypercharge is also present via k # 0, several additional
constraints arise due in particular to the induced leptonic
couplings:

(1) Loop corrections to lepton g—2: Kinetic mixing

dent of mass for my < 10 GeV. This limit is relevant

for both kinetic mixing and the baryonic portal.
(iii) Angular dependence in neutron scattering: With

very low mass vectors V coupling via the baryonic

portal, there is an additional long-range contribution
to nucleon interactions, which is constrained by
studies of the angular dependence in neutron scat-
tering. For instance, from keV neutron-Pb scattering
data, ag <3.4x107'"(my/MeV)* for m, > 1 MeV
[64] (as recently discussed in [46]).
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disagreement between theory and experiment. The
blue band in the plots indicates the parameter range
for which the additional loop correction restores
better than 30 agreement with the SM, and defines
an interesting benchmark level of sensitivity.

(i1) Elastic scattering at LSND: An important limit on
kinetic mixing at low mass arises from an analysis of
the LSND measurement of elastic neutrino scatter-
ing on electrons [79]. A limit was placed on
nonstandard scattering contributions which, with
the large ~10%* protons-on-target (POT) data set
and production via neutral pion decay to DM
through an on-shell vector mediator, allows a strong
constraint to be placed on this light DM scenario as
discussed in more detail in [2].

(iii) BABAR monophotons: For kinetic mixing, one of the
most significant constraints comes from the BABAR
monophoton search, which can be interpreted in
terms of invisibly decaying vectors which are
produced in association with a single photon in
ete™ collisions [5,29,70]. This relies crucially on
the single photon trigger, and allows sensitivity over
the full mass range.

(iv) Amy and EW fit: Kinetic mixing with hypercharge
also has an impact on the y — Z alignment after
electroweak symmetry breaking. The ensuing shift
of myz, along with the precision of the global
electroweak fit, also imposes a significant (and
essentially mass-independent) limit [71].

(v) Rare visible decays: Visible decays of the vector
provide relatively weak limits with kinetic mixing
(and even weaker limits for the baryonic portal). For
the kinetic mixing parameters studied here, the
vector decays promptly and the limits imposed by
dark photon searches at MAMI, BABAR, APEX and
KLOE [8,80,81] are suppressed by the visible
branching fraction to leptons, k*a/d’, as the dom-
inant decays are invisible (to yy"). For the baryonic
portal, the dominant visible meson decays are even
further suppressed, either due to the need for decays
to three-body final states (e.g. 3 pions), and/or
through anomaly-mediated channels (as recently
discussed in [46]). The limits in each case are
subleading to the other constraints shown in Fig. 1.

III. SIGNATURES AT FIXED-TARGET
NEUTRINO EXPERIMENTS

We now investigate the sensitivity of proton fixed-target
experiments to the model of leptophobic DM described in
the previous section and by the Lagrangian (1). In this
section we will outline the basic detection strategy that can
be employed by neutrino experiments such as MiniBooNE.
We will provide a detailed overview of the production of
relativistic DM in the primary proton-target collisions,
as well as a treatment of the DM-nucleon scattering.
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Our estimates for the sensitivity of the dedicated
MiniBooNE beam-dump run to leptophobic DM will be
presented in Sec. IV. We note that much of the discussion
here follows that of our earlier works of Refs. [1-3],
although we will present a more comprehensive treatment
of the DM production model, which will extend the reach
of MiniBooNE to DM masses closer to 1 GeV.

A. Detection strategy

In neutrino experiments such as MiniBooNE, an intense
proton beam is directed onto a fixed target, resulting in
strong production of hadrons. An extended decay volume
downstream of the target allows the pions to decay in flight,
resulting in a large flux of neutrinos. Being weakly
interacting, neutrinos can travel unimpeded through the
dirt, potentially oscillating along the way, and then scatter
in the detector via charged and neutral current processes.

If DM y couples to quarks, as happens in the leptophobic
model (1) considered here, then both the mediator and the
DM can be copiously produced in the primary proton-target
collisions. There are a number of DM production mech-
anisms, including the decays of secondary mesons 7°, 7, 17,
mixing of the vector mediator Vz with vector-mesons p, @,
¢, and through direct perturbative QCD production. This
results in a relativistic flux of DM directed along the beam
line. Just like neutrinos, DM interacts very weakly with
ordinary matter, and can thus reach the near detector and
scatter elastically with nucleons through a 7-channel Vy
exchange. Thus, the signature of DM at these experiments
is a neutral current nucleon scattering event.

Since the signature is neutral-current-like scattering,
neutrinos constitute a significant background to the DM
signal. There are several strategies that can be employed to
combat this beam-related background [4]. The kinematic
differences in the nucleon recoil energy and angular
spectrum can be exploited through a dedicated analysis.
This requires a detailed understanding of the neutrino
background spectrum and will not be pursued further here.
Secondly, one can utilize precise timing information to
search for the scattering events that are out of time with the
proton beam spill, which would be expected for heavier
DM particles, m, 2 100 MeV, which have a delayed
arrival at the detector relative to the neutrinos. Finally,
one can dramatically reduce the neutrino flux by directing
the protons onto a beam dump, with no decay volume. In
this case the charged mesons are absorbed or stopped
before they decay, resulting in a smaller and more isotropic
neutrino flux, while the DM production mechanisms are
unaltered. MiniBooNE is currently carrying out a beam-
dump run, with the expectation of reducing the neutrino
flux by a factor of ~50.

B. Dark matter production

We now turn to a quantitative treatment of the DM
production model. We will specialize to the case of
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production at MiniBooNE, although the description can
easily be modified where appropriate for other experiments.
In general, we would like to determine as precisely
as possible o(pp(n) — yy"+--+), or equivalently
o(pp(n) = Vi + ) since Br(Vg — yx") ~ 1 in all cases
studied here. Since Vjp is a narrow resonance for the
parameters of interest, if we denote g”> as the invariant
mass of V73, then the cross section is well approximated by
g* ~ m}. At MiniBooNE, the low 4.2 GeV pp(n) center-
of-mass energy requires us to consider multiple hadronic
production modes for my < 1 GeV.

We will focus on three classes of production processes:
(1) secondary meson decay, (2) vector meson mixing, and
(3) direct QCD production for sufficiently large g> ~ m?.
Although beyond the scope of this work, one can also
contemplate production of DM through bremsstrahlunglike
radiation of the vector mediator from the proton beam, and
it would be worthwhile to investigate this mechanism in the
future.

(1) Secondary meson decay: For low mass vectors,

the dominant production mode is via radiative
decay of pseudoscalar mesons ¢ = 7°, #, 7/ [1,2].
We take o(pp(n) = Vp+-)~a(pp(n) = p+--)x
Br(¢p—yVp), and

Br(g =~ vVs) _ 2<c(pg—B—K)2<1 —m—i/>3’ (8)

Br(p — yy)

where ¢, ~{1,0.61,-0.12} for ¢ =12° n, 7.
Further details of the computation are presented in
Appendix A 1. Estimated production rates for the
pseudoscalar mesons at MiniBooNE are summa-
rized in Table L.

(i) Vector meson mixing: For my close to the mass of a
vector meson X = p, w, ¢, resonant production via
mixing can be important [31]. In principle, this
requires an off-shell treatment of both X and Vjp,
to account for the full spectral shape. However,
there is little (e.g. Drell-Yan) data available for the
relevant kinematic range, and we will focus on
one tractable contribution that corresponds to
taking o(pp(n) > Vi +--)~o(pp(n) > X +---)x
Br(X — V3 — yx"). This relation can be derived in
the narrow-width approximation for the vector

TABLE 1. Estimates of the production cross sections for the
8.9 GeV beam at MiniBooNE [82,83]. The number of particles
produced is given by N ~POT x oL,,.ny, where L.~ 1
interaction length, and ny the number density. The numbers
quoted are for the beryllium target, but can be rescaled for the iron
absorber.

Meson n/2° /2" p/n’ o/ ¢/n°
$ = 50%h 1/30 1/300 0.05 0.046 1/150
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meson resonance, and one can compute the branch-
ing ratio

Br(X —xx) _ 98 \*(9845\*
S o= cx——«k
Br(X — ee) e e

m2 4m2\ 1/2
X <1+a}(—)2(> (1-—{) . (9)
my my

where cy ={0,2,-1} for X = {p,w, ¢}, while

r,=1, a, =2 (Dirac fermion y), or r, = 1/4,

a, = —4 (scalar y). In practice, the X width is
usually much larger than the V width, so to better
approximate the spectral shape we will broaden the
effective resonance width, I'y — ' ~T'y. (In the
case of p, we also modify the spectral shape as a
Breit-Wigner distribution does not provide a good fit
to higher energy Drell-Yan data.) Further calcula-
tional details are presented in Appendix A 2.
Estimated production rates for the vector mesons
are again summarized in Table I.

(iii) Direct QCD production: For my above roughly a
GeV, we use direct parton-level production via
qq — Vp, and work with the narrow width approxi-
mation for Vg,

2
alpp(n) = Vo) = 3 3 (% -xe0, )
q

1d
X[ %T[fq/p(x)f@/pw) (g)

+ ) a/pin) <T>] ., (10)

X

where 7 = m},/s. We use the CTEQ6.6 parton dis-
tribution functions f,,(,) (x) and f5,,(,) setting the
scale Q = my. The uncertainties for m, ~ 1 GeV at
MiniBooNE energies are likely O(1), but we find that
the rates are not that large in practice so higher-order
corrections are not likely to significantly modify the
conclusions. Further details, including the full differ-
ential distributions, are discussed in [3].

In Fig. 2 we display the Vy production cross
sections for the various channels described above
for the U(1), model with k = 0, as well as the pure
vector portal model for comparison (see Footnote 1
for an explanation).

C. Dark-matter-nucleon elastic scattering

Once produced in the primary collisions, the DM can be
detected through its elastic scattering signature in the near
detector. The DM-nucleon differential elastic scattering
cross section can be written as

115014-7
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FIG. 2 (color online).
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Vector boson production cross sections 6(pp — yx' +---) as a function of my for MiniBooNE energies,

broken into individual production channels. We have fixed the DM mass to m, = 10 MeV. We show the results for the U(1), model
with ag = 107, x = 0 (left), and the pure kinetic mixing portal model with x = 1073 (right) for comparison. The blue line represents the

sum of all production channels considered.

dg;(N —yN o

, FivA(E.E,) + F3\B(E.E,) + F\ yFyyC(E,E,)

= Opqp
dE,

where E(E,) is the incoming (outgoing) dark matter
energy, my is the nucleon mass, Q% = 2my(E — Ex) is
the momentum transfer, the expressions for the form factors
F (1.2).n are given in Eq. (B9), and the kinematic functions
A, B, C depend on the DM spin and are given in Eqs. (B11)
and (B12) for a complex scalar and Dirac fermion,
respectively. Further details of the scattering computation
are presented in Appendix B.

IV. RESULTS

To generate estimates of the signal rate, the next step is to
simulate DM production distributions, so that the specific
geometric and energy cuts relevant for MiniBooNE can be
incorporated.

A. Production and scattering simulation

The momentum and angular distributions of the parent
mesons were simulated by sampling the MiniBooNE
Sanford-Wang meson production fits [84] using an accep-
tance-rejection method. The #° distribution was approxi-
mated using the mean of MiniBooNE’s z* and z~ fits, a
procedure which, according to previous studies (see
e.g. [85,86]), produces a fit in reasonably good agreement
with the measured z° distribution. For the other mesons
considered, we instead use MiniBooNE’s K fit in order to
obtain some estimate of how the momentum distribution
changes for a particle of much higher mass than that of a
pion, though in practice the two distributions are quite
similar. The pseudoscalar mesons thus produced are
decayed into vectors Vp and other final state particles,
while the vector mesons are replaced with Vp particles of
the same momentum and angle. The vectors Vjp are
decayed into yy" pairs, providing a set of DM trajectories

(E? = m)(my, + 2my(E - E,))? ’

(11)

|
emanating from the MiniBooNE target. Direct production
is handled in a similar manner, but it samples Vp and y
decay angles from the production distribution detailed
previously in [3]. Dark matter particles possessing trajec-
tories that intersect the MiniBooNE detector are recorded
for later use in calculating the MiniBooNE event rate. This
procedure is performed for all relevant production channels
for a given Vjp mass.

The set of DM trajectories produced for each production
channel A are summed over in order to calculate the DM
event rate in the MiniBooNE detector. For mesons, we use

Nynoyna = €eftNABr(A = Vg +---)Br(Vg _’Z)(T)nCHZ

1
X EZIjU;(CHZ—»;(CHZ (Ej), (12)
J

where €. is the detection efficiency, N, is the number of
mesons A produced in the MiniBooNE target for a given
POT, ncy, is the number density of mineral oil in the
MiniBooNE detector, J is the total number of DM
trajectories generated for production channel A, [; is the
length of intersection of the DM trajectory j and the
MiniBooNE detector, and 6,cp,,cn, (E;) is defined as

1.6GeV? 5 do,,—.,p
0yCH,—yCH, — dQ 6Cvp,C 402
0.1GeV2 o

de .., do,,_,
+6cyp,cc;‘Q;f+2cy,,,H;PQz“’), (13)

where the Q% dependent efficiencies C,, ) cn) are as
listed in Appendix B 2 of [87]. For direct production, we
make the substitution NyBr(A — Vg +---) = Ny,. The
estimate of the total event rate is calculated by adding the
results of the individual production channels together.
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TABLE II. A summary of the relevant MiniBooNE parameters used in this work; see the text for further details and notation.
POT Eveam L Ager Lo ncH, Fiducial mass Eoff
2 x 10% 8.9 GeV 541 m 1.2 x 105 cm? 11.5m 9 x 10 cm™3 450 tons 0.35

B. Sensitivity

The parameters relevant for MiniBooNE in its current
beam-dump run configuration are shown in Table II,
including the expected final POT to be achieved by the
end of summer 2014. The efficiencies are adopted from the
published neutral current analysis. With these parameters,
the simulation described above was used to determine the
expected number of events, and the contours are shown in a
series of plots overlaid on top of the existing constraints.
As described in [4], use of various techniques to reduce the
neutrino background should allow sensitivity to DM
scattering at the 100-event level.

In the left panel of Fig. 3 we display the sensitivity of
MiniBooNE to the U(1); model in the my — ap plane,
assuming a DM mass of m, = 10 MeV and vanishing
kinetic mixing, k = 0. The shaded green regions correspond
to 1 (light), 10 (medium) and 1000 (dark) expected DM-
nucleon scattering events during the beam-dump run. We
observe that MiniBooNE will be able to test a substantial
region of unexplored parameter space, probing couplings as
low as ag ~ 107 and Vz masses up to my ~ 1 GeV.

POT=2x10*

Ny—-Ny

m,=10 MeV k=0

ap

--- MiniBooNE

— K*-a*+invisible
— n%>y+invisible
107 — Monojet (CDF)

‘ N — Neutron Scattering

— J/y—invisible

1078

my(GeV)

FIG. 3 (color online).

For comparison, in the right panel of Fig. 3 we display
the sensitivity of MiniBooNE to the pure vector portal
model for the same DM mass and o = 0.1 (see Footnote 1
for an explanation). The existing constraints from LSND,
BABAR, and K — zvv cover much of the parameter
space to which MiniBooNE is sensitive. As discussed in
Sec. II B, these constraints are essentially a consequence
of the larger leptonic couplings present in the model.
However, MiniBooNE is capable of probing an interesting
range of unconstrained parameters, x~ 2 X 1073 and
myp < my <1 GeV.

We also show in Fig. 4 the MiniBooNE sensitivities
in the direct detection plane (effective spin-independent
DM-nucleon cross section vs DM mass—see the discussion
in Sec. II B for details on this conversion). The left panel
shows the sensitivity for the U(1)z model, with my, =
300 MeV and vanishing kinetic mixing, x =0, while
the right panel shows for comparison the sensitivity for
the pure vector portal model, with my = 300 MeV and
@ = 0.1. These plots highlight both the impressive capabil-
ity of MiniBooNE and, more generally, the unique potential

Ny—Ny POT=2x10%

my,=10 MeV a'=0.1

--- MiniBooNE
— LSND
~—— BaBar
— K*-7*+invisible
— Electron/Muon g-2
— J/y—invisible

— Relic Density

my(GeV)

Sensitivity contours for the MiniBooNE beam-dump run (green), with the three contour regions corresponding

to 1 event (light), 10 events (medium) and 1000 events (dark). In grey are exclusions from other sources, which are detailed in Sec. II B.
The left panel displays the sensitivity for the U(1); model in the my — ap plane, assuming a DM mass of m, = 10 MeV and vanishing
kinetic mixing, x = 0. For comparison, the right panel displays the sensitivity for the pure vector portal model for m, = 10 MeV and
a = 0.1. The black line through the parameter space (labeled “Relic Density”) traces the combination of parameters that reproduce the
observed matter density of the Universe [3].
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— Direct Detection
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FIG. 4 (color online).
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Ny-Ny my=300 MeV @'=0.1 POT=2x10%

--- MiniBooNE
— Direct Detection
~— BaBar
— Electron/Muon g-2

— Relic Density

107! 1 10
m(GeV)

Sensitivity contours for the MiniBooNE beam-dump run (green) in the direct detection plane (see the text for a

description), with the three contour regions corresponding to 1 event (light), 10 events (medium) and 1000 events (dark). In grey are
exclusions from other sources, which are detailed in Sec. IIB. The left panel shows the sensitivity for the U(1); model, with
my = 300 MeV and vanishing kinetic mixing, x = 0. For comparison, the right panel shows the sensitivity for the pure vector portal
model, with my = 300 MeV and « = 0.1, with the solid black line again showing the parameters required to reproduce the observed

dark matter density [3].

of proton-beam fixed-target experiments to probe light
leptophobic DM.

Finally, let us comment on the case of sizable kinetic
mixing, ke ~ g, in the U(1); model. In this case, as  is
increased, the leptonic couplings become larger, and the
constraints from LSND and BABAR, among others, become
relevant. However, the DM production and scattering rates
are not dramatically altered, since they primarily occur
through couplings of the vector mediator to quarks.

V. OUTLOOK

This paper has highlighted the unique sensitivity of
fixed-target neutrino experiments to leptophobic light DM
scenarios. We focused on a generic model in which the DM
candidate interacts predominantly via coupling to the
gauged baryon current. We have demonstrated that the
MiniBooNE beam-dump run will be able to test an
impressive range of model parameters that are currently
unconstrained.

Below, we remark on several important directions for
further study:

(1) Higher proton beam energies: While we have
focused on MiniBooNE, which uses the 9 GeV
Fermilab Booster as its proton source, a number of
existing and planned neutrino experiments employ
higher energy proton beams. Examples include
MINOS and NOvA (120 GeV protons from the
Fermilab Main Injector), T2K (30 GeV protons from
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the JPARC synchrotron), and the CNGS facility at
CERN (400 GeV protons from the CERN SPS).
Looking to the future, there is the LBNE experiment,
which will use an intense proton source based at
Fermilab, and the SHIP program, which will use the
CERN SPS beam. Future searches for light sub-GeV
DM provide an important new physics motivation
for these experiments, and therefore it will be critical
to study the sensitivity of these facilities to the light
leptophobic DM scenarios considered here. On the
experimental side, we encourage the collaborations
to begin to develop dedicated analyses aimed at
detecting anomalous neutral current events, which
could be induced by light DM states. Due to the
higher proton beam energy, direct QCD production
of vectors and DM will become more relevant, and
heavier dark sector states of the order of 1-10 GeV
can be produced. The sensitivity of these experi-
ments to the pure vector portal model was consid-
ered previously in Ref. [3]. It would also be useful to
expand the investigation of the scattering signatures
to the deeply inelastic regime [88], since the char-
acteristic energies of DM particles intersecting the
detector are in the tens of GeV range.

We note that the T2K Collaboration has recently
begun investigating the use of the far detector
(Super-K) to perform a search for light dark matter
propagating from the target. While the angular
acceptance is necessarily reduced (despite the large
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(i)

fiducial mass), the long travel distance and the
timing structure of the pulsed beam allow for a
low background search for out-of-time neutral-
current-like scattering events (see e.g. [89]). Such
an analysis could extend the sensitivity in mass to
the leptophobic scenarios considered here.

Visible decays of V g: One crucial parameter for the
model is the relation between the DM mass m,, and
the vector mass my,, or more generally the question
about the existence of states lighter than my /2
charged under U(1),. In the preceding sections
we have implicitly discussed both, since some of
the DM production mechanisms did not require
2m, < my. It is easy to see that for 2m, < my
the rate of visible decays (Vz — eé, Vz — 7'y, etc.)
are diluted by the dominant Vz — yjy decay mode,
while in the opposite case Vz — SM proceeds
unimpeded and indeed may provide a sensitive
probe of the model. The latter case also requires
the absence of extra light states v,. The phenom-
enology of the visible decays of a GeV-scale
U(1)p gauge boson were recently discussed in
Refs. [45,46].

For 2m, > my it is conceivable that the vector
state coupled to the baryon current can be more
efficiently probed directly through observation of
the visible final states in its decay. In addition to the
searches via rare meson decays discussed in
Refs. [45,46], one can utilize proton and electron
fixed-target experiments to search for Vp visible
decays. In the case of proton beams, one can employ
the same Vjp production channels described in this
paper. For a certain range of parameters, the vector
boson will be metastable and reach the near detector
before decaying. For vector masses below m o, Vp
will decay to either an e'e™ pair through kinetic
mixing, or to a three photon final state through an
off-shell 7°, leading to distinctive electromagnetic
signatures that can be searched for with MiniBooNE
as well as liquid-argon-based detectors such as
MicroBooNE. Above the pion threshold, the vector
will dominantly decay to a 7% state, again leading to
a three photon signature.

The visible decays of V also provide an excellent
physics case for electron fixed-target searches, and
in particular the HPS experiment [90] at Jefferson
Lab. In this experiment, significant sensitivity
should be possible via a search for displaced vertices
in decays to electron-positron pairs. In the pure
vector portal model, the experimental sensitivity
extends down to x~ 107> in the mass range
20 MeV <my <200 MeV. It is easy to see that
this is precisely the range of x expected in the
models with gauged U(1l)z, due to radiatively
induced kinetic mixing kg ~ gge/16x>. Despite

(iif)
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some uncertainty due to the initial value of «, for
ag ~ 107 one anticipates k ~ 107°—107%, right in
the middle of the parameter space accessible via the
displaced vertex search by HPS. Therefore, a sig-
nificant fraction of these models could result in both
the DM scattering signature and visible signatures in
electron machines.

Finally, it is also possible that the sensitivity to

my could be extended above 200 MeV via the
search for visible decay modes. This will depend
crucially on the direct production rate of Vjp in
electron-target collisions via the conversion of an
off-shell photon, p + y* — p + V. Notice that this
process does not require xk # 0 and can be induced
by the baryonic current. Evaluating this electro-
production mechanism and the ensuing sensitivity
to the U(1), parameter space goes beyond the
scope of this paper, but is important as it could
compete with the 5 decay channels suggested
in [46].
UV completions of local U(1)g: As discussed in
Sec. II, the model considered here suffers from
gauge anomalies, and requires a UV completion.
While a number of explicit UV complete models of
gauge U(1), exist in the literature [34—44], it would
be worthwhile to revisit this issue in the context of
the light sub-GeV DM scenario considered in this
work. There will in general be additional model-
dependent constraints from high energy colliders on
the new heavy states responsible for the quantum
consistency of the theory. For some recent discus-
sion of this matter, see Ref. [45].

(iv) Astrophysical sensitivity: The DM models studied
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here generally exhibit either suppressed or hidden
annihilation channels in the late Universe, in order
to satisfy, for example, the constraints from the
CMB. The astrophysical signatures are therefore
quite limited. However, for vector mass scales at
or below the supernova core temperature, my~
30 MeV, coupling through kinetic mixing or the
baryonic portal may allow the production of DM
within the core, e.g. via NN - NNV — NNjy.
For sufficiently weak coupling, e.g. 107 <k <
107% [91] and 107" <ag <1071 depending on
the vector mass, cooling of the core via free
streaming of y is inconsistent with the observed
neutrino emission from SN1987A [92]. This proc-
ess could be considered in more detail, but the
constraints are not relevant for the larger values of
k and ap considered here, for which DM thermal-
izes and only diffuses slowly from the core. Dark
matter would instead form a thermal sphere and be
radiated to form a diffuse SN background in the
same manner as neutrinos, albeit at a much
lower rate.
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APPENDIX A: DARK SECTOR PRODUCTION

1. Pseudoscalar meson decays

Here we compute the decays of pseudoscalar mesons to
vectors, ¢ — yVg, where ¢ = 7°, 1, 1. Given the generic
interactions,

L= Gy €mappO* AYOAP + g y€,0spd* AYOVY, (Al)
one obtains the branching ratio for ¢ — yVp:
Br(op — yVp) _ lgéyv <1 B m%)* (A2)
Br(p = 1r) 295, my,

It remains to determine the couplings g,,,, g,,v,» Which
arise from the gauged WZW Lagrangian.

First consider the two-photon couplings. In the U(3),
symmetric limit, the Lagrangian is given by

[04
L= WeﬂuaﬂaﬂAyaaAﬂ(cﬂ”O + cgng + coMo)s
b/

where U(3), symmetry dictates that (c,cg,¢q) =
(1,%,\/%. Fixing f, =92.2 MeV gives the correct

prediction for the 7° — yy decay width. To reproduce
the correct partial widths for the two-photon decays of 7
and ', we must include two additional effects: (1) U(3),
breaking in the form of distinct decay constants for each
meson, i.e. f,, fs, fo, and (2) n — 1 mixing, such that the
flavor eigenstates are related to the mass eigenstates by

(A3)

ng = cos Oy + sin Oy, o = —sinfn + cosOy’. (A4)
We adopt the following values from Ref. [93]:
0=—-145°  f3/f.=094, fo/fs=1.17. (A5)

The two-photon couplings are then given by
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gl!}’]/ = ’

2 f
6 - Csino
Gnyy = == E cos —]Tosm
Gty = (fg 1n¢9+}700059> (A6)
Next we consider the ¢@yVp couplings. Again, we

start from the U(3),
Lagrangian:

symmetric terms from the WZW

0

1
LD Weﬂmﬂﬁ’%”ﬁ“vﬁ[cﬂe(gg —Kke)rx

+ cse(gp — ke)ng + coe(—Ke)nq). (A7)

Including the effects of U(3), breaking in the decay
constants and 7 — 7’ mixing, we derive the couplings

. a (g
AT <?_’<>’
alcg cg Co
Ly = — 9—— —cosf ——sinf
v ”[ 8 e ( 8 fo ) ]

alcg . gp  [cs
Gy = — |—sin@=— — <— n9+—cos6’> }
Y ”[fs e /s So

Plugging Eqs. (A6), (A9) into Eq. (A2), we obtain the result
of Eq. (8) in the text,

(A8)

B 2 2\ 3
4“(”_”‘/3):2(%9—3%) ( -’”—g) . (A9)
Br(p — yr) e my,
where
c, =1,
¢y = <1 ——Oétan9> ~0.61,
s Jo
-1
¢y = ( —0&00t9> ~-0.12.  (A10)
csJo

2. Vector meson decay

Here we compute the decays of vector mesons X = p, w
¢ to DM pairs, X — yj. These decays occur due to X — Vp
mixing under the VMD hypothesis. It will be convenient to
normalize the branching ratios to Br(X — e*e™), which
occurs due to X —y mixing. Consider first the generic
couplings

_ <>
LD gxyX, Y + gp Y, Fy'F +igsY,S*OS, (A11)
where X is a vector meson, Y is either the photon or
baryonic vector Vp, F is the electron or Dirac fermion DM,
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and S is the complex scalar DM. The partial decay widths
for X - FF and X — S*S are given by

- 3 1
F(X_’FF):g%gXYmX 2 _ ,2\2 . 212
12z (my —my)* + myI'y
2m? 4mE\ /2
()%
my my
IsGxymx 1
[(X - §°8) ==

A8 (my —m3)* + mily
4 2\ 3/2
. (l_% .
my

Let us now specialize to the gauged U(1); model of
interest. The X-photon mixing Lagrangian is

(A12)

V2e 1 V2
LD TA/‘ <m§pﬂ + gmg,a)ﬂ - Tm%qﬁﬂ). (A13)
We therefore identify the photon-X mixing parameter
gxa, defined via Eq. (All), as gy4 :%miax, ay =
,3,—%°). The X — Vp mixing Lagrangian is
(1,4, =2). The X — V}; mixing Lagrangian i
2 1
L£> \/7_‘//;; [(—Ke)mf,pﬂ T3 (295 — ke)myw,
V2
-5 (—g — Ke)miqﬁﬂ] : (A14)
The X —Vp mixing parameter gyy is thus gyy=
V2,2

Lk ay(cxgp—xe), where ay=(1,5,—%3), ex=(0,2,~1).
We then obtain the branching ratio for X — yy given in
Eq. (9) in the main text:

Br(X — y7) gg 2 (gsap\?
——<=r,cx——k
Br(X - ee) % e e

where r, = (1,}), a, = (2,—4) for a Dirac fermion and
complex scalar DM. We have taken gr = gg = gpqp for the

DM coupling to V.

APPENDIX B: DM-NUCLEON SCATTERING

The computation of the DM-nucleon scattering cross
sections follows the analogous computation for neutrino-
nucleus scattering (see, e.g., [94]) and utilizes the
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hypothesis of partial conservation of the axial current.
We consider the process y(p) + N(k) = x(p’) + N(k'),
where N = p, n, and begin by writing the quark vector
currents in terms of U(3), flavor currents:

23 ay*u — dy'd

=g/ —g= ,

3= qr 24 3

7= g 28 q:ﬁ}/"u—f—a}/"d—%y"s
0 2\/§ 6 ’

8 2 Syts
>q: 4 (B1)

Jﬂ:_ﬂ_ + 9’
5 W(m 26 2

where g7 = (u,d, s) and 1% are Gell-Mann matrices. The
couplings of Vj to the light quarks are

L D Vi(g,ity,u + gady,d + 9457,5)
= Vl;?[(gu - gd)']ft + 3(914 + gd)J2 + 2(914 + ng)‘]f],
(B2)

where we have defined g, =g /3—2ke/3, g,=95/3+ke/3.
The matrix elements of these currents between external
nucleon states are

- v o' v v
K1) = D) [pr? 41774 g ’] “ U,

(K1J5(0)lk) = UK |r

(K|5(0)]k) = UK)|r

where the nucleon spinors are U’ = (u,,u,). The form
factors in Eq. (B3) are functions of the momentum transfer

0% = —¢?, with ¢ = k' — k. The isovector and isoscalar

(v.5)

form factors F’;" are related to the Dirac and Pauli form

factors F via

Fy) = Fl 5 FY,. (B4)
which are in turn related to the Sachs form factors,
o Gy" + Gy ’
1+7
ppr = G OF (B5)

where 7 = Q?/4m3,. The Sachs form factors are parame-
trized as
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GE(Q?) = Gp(QP),

5% =0,
Gy(0*) = upyGp(Q?),  pp =2.793,
G4 (0%) = u,Gp(Q?),  u, =—1.913,
1
Gp(Q?) = ——5—, M =0.843 GeV. (B6
D(Q ) (a +%)2 € (B6)

The experimental determinations of the strange form
factors are consistent with being equal to zero [87].
Using the expressions above, we can compute the matrix
element of the current given in (B2) between external
nucleon states,

|

, FivA(E.E,) + F3\B(E.E,) + F\ yF, yC(E,E,)

PHYSICAL REVIEW D 90, 115014 (2014)

- ioh
K0 [k) = iy (k) [P Fyy + o2
2mN

Dl}z,N uy(k), (B7)

where N = p, n, and the form factors are given by

W

1 v s
F(I,Z).P = E (gu - gd>FE1_)2) + 5 (gu + gd)FEI?z)

+ (9u +290)F§ 5 (B8)
~. 1 v 3 N
F(l,z),n = _5 (gu - gd)FE1?2) +§ (gu + gd)FEgz)

With these ingredients, we compute the differential cross
section for DM-nucleon elastic scattering:

dT = Ap(qp

The functions A, B, C depend on the spin of the DM. For
the case of a complex scalar DM, we obtain

Ay =2myEE, — my(E - E,),
1
By = i (E-E,)(E+E,)?-2my(E - E,) —4m2],

Ci) = —(E-E,)(my(E-E,) +2m2), (B11)

(E? = my)(mi, + 2my(E - E,))?

(B10)

[
while for a Dirac fermion DM, we obtain

Aip) = myE(E = my) + E,(E, + my)] = m;z((E - E,),
1
B = E(E - E)()[ZEEZ + my(E - E)() - 2m§]’

Cipy) = 2(E = E,)(my(E — E,) — m2). (B12)

[1] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 80,
095024 (2009).

[2] P. deNiverville, M. Pospelov, and A. Ritz, Phys. Rev. D 84,
075020 (2011).

[3] P. deNiverville, D. McKeen, and A. Ritz, Phys. Rev. D 86,
035022 (2012).

[4] R. Dharmapalan et al.
arXiv:1211.2258.

[5] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.
D 88, 114015 (2013).

[6] M.D. Diamond and P. Schuster, Phys. Rev. Lett. 111,
221803 (2013).

[7] E.lzaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.
D 90, 014052 (2014).

[8] J. Hewett, H. Weerts, R. Brock, J. Butler, B. Casey et al.,
arXiv:1205.2671.

[9] A.S. Kronfeld, R.S. Tschirhart, U. Al-Binni, W.
Altmannshofer, C. Ankenbrandt et al., arXiv:1306.5009.

[10] R. Essig, J. A. Jaros, W. Wester, P. H. Adrian, S. Andreas
et al., arXiv:1311.0029.
[11] M. Pospelov, Phys. Rev. D 80, 095002 (2009).

(MiniBooNE Collaboration),

[12] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 79,
115008 (2009).

[13] R. Essig, P. Schuster, and N. Toro, Phys. Rev. D 80, 015003
(2009).

[14] M.Reece and L.-T. Wang, J. High Energy Phys. 07 (2009) 051.

[15] J.D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys. Rev.
D 80, 075018 (2009).

[16] M. Freytsis, G. Ovanesyan, and J. Thaler, J. High Energy
Phys. 01 (2010) 111.

[17] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 83,
054005 (2011).

[18] M. Freytsis, Z. Ligeti, and J. Thaler, Phys. Rev. D 81,
034001 (2010).

[19] R. Essig, P. Schuster, N. Toro, and B. Wojtsekhowski,
J. High Energy Phys. 02 (2011) 009.

[20] R. Essig, R. Harnik, J. Kaplan, and N. Toro, Phys. Rev. D
82, 113008 (2010).

[21] K. L. McDonald and D. E. Morrissey, J. High Energy Phys.
02 (2011) 087.

[22] M. Williams, C. Burgess, A. Maharana, and F. Quevedo,
J. High Energy Phys. 08 (2011) 106.

115014-14


http://dx.doi.org/10.1103/PhysRevD.80.095024
http://dx.doi.org/10.1103/PhysRevD.80.095024
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://dx.doi.org/10.1103/PhysRevD.86.035022
http://dx.doi.org/10.1103/PhysRevD.86.035022
http://arXiv.org/abs/1211.2258
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://dx.doi.org/10.1103/PhysRevLett.111.221803
http://dx.doi.org/10.1103/PhysRevLett.111.221803
http://dx.doi.org/10.1103/PhysRevD.90.014052
http://dx.doi.org/10.1103/PhysRevD.90.014052
http://arXiv.org/abs/1205.2671
http://arXiv.org/abs/1306.5009
http://arXiv.org/abs/1311.0029
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1103/PhysRevD.79.115008
http://dx.doi.org/10.1103/PhysRevD.79.115008
http://dx.doi.org/10.1103/PhysRevD.80.015003
http://dx.doi.org/10.1103/PhysRevD.80.015003
http://dx.doi.org/10.1088/1126-6708/2009/07/051
http://dx.doi.org/10.1103/PhysRevD.80.075018
http://dx.doi.org/10.1103/PhysRevD.80.075018
http://dx.doi.org/10.1007/JHEP01(2010)111
http://dx.doi.org/10.1007/JHEP01(2010)111
http://dx.doi.org/10.1103/PhysRevD.83.054005
http://dx.doi.org/10.1103/PhysRevD.83.054005
http://dx.doi.org/10.1103/PhysRevD.81.034001
http://dx.doi.org/10.1103/PhysRevD.81.034001
http://dx.doi.org/10.1007/JHEP02(2011)009
http://dx.doi.org/10.1103/PhysRevD.82.113008
http://dx.doi.org/10.1103/PhysRevD.82.113008
http://dx.doi.org/10.1007/JHEP02(2011)087
http://dx.doi.org/10.1007/JHEP02(2011)087
http://dx.doi.org/10.1007/JHEP08(2011)106

LEPTOPHOBIC DARK MATTER AT NEUTRINO FACTORIES

[23] S. Abrahamyan et al. (APEX Collaboration), Phys. Rev.
Lett. 107, 191804 (2011).

[24] E. Archilli, D. Babusci, D. Badoni, 1. Balwierz, G.
Bencivenni et al., Phys. Lett. B 706, 251 (2012).

[25] J. Lees et al. (BABAR Collaboration), Phys. Rev. Lett. 108,
211801 (2012).

[26] H. Davoudiasl, H.-S. Lee, and W. J. Marciano Phys. Rev. D
85, 115019 (2012).

[27] Y. Kahn and J. Thaler, Phys. Rev. D 86, 115012
(2012).

[28] S. Andreas, C. Niebuhr, and A. Ringwald, Phys. Rev. D 86,
095019 (2012).

[29] R. Essig, J. Mardon, M. Papucci, T. Volansky, and Y.-M.
Zhong, J. High Energy Phys. 11 (2013) 167.

[30] H. Davoudiasl and 1. M. Lewis, Phys. Rev. D 89, 055026
(2014).

[31] D.E. Morrissey and A.P. Spray, J. High Energy Phys. 06
(2014) 083.

[32] B. Holdom, Phys. Lett. 166B, 196 (1986).

[33] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B
662, 53 (2008).

[34] A.E. Nelson and N. Tetradis, Phys. Lett. B 221, 80
(1989).

[35] S. Rajpoot, Phys. Rev. D 40, 2421 (1989).

[36] R. Foot, G.C. Joshi, and H. Lew, Phys. Rev. D 40, 2487
(1989).

[37] X.-G. He and S. Rajpoot, Phys. Rev. D 41, 1636
(1990).

[38] C.D. Carone and H. Murayama, Phys. Rev. Lett. 74, 3122
(1995).

[39] C.D. Carone and H. Murayama, Phys. Rev. D 52, 484
(1995).

[40] D.C. Bailey and S. Davidson, Phys. Lett. B 348, 185
(1995).

[41] P. Fileviez Perez and M. B. Wise, Phys. Rev. D 82, 011901
(2010).

[42] M.L. Graesser,
arXiv:1107.2666.

[43] P. Fileviez Perez and M. B. Wise, J. High Energy Phys. 08
(2011) 068.

[44] M. Duerr, P. Fileviez Perez, and M. B. Wise, Phys. Rev. Lett.
110, 231801 (2013).

[45] B. A. Dobrescu and C. Frugiuele, Phys. Rev. Lett. 113,
061801 (2014).

[46] S. Tulin, Phys. Rev. D 89, 114008 (2014).

[47] J. Preskill, Ann. Phys. (N.Y.) 210, 323 (1991).

[48] M. Pospelov, Phys. Rev. D 84, 085008 (2011).

[49] M. Pospelov and J. Pradler, Phys. Rev. D 89, 055012
(2014).

[50] M. Pospelov and J. Pradler, Phys. Rev. D 85, 113016
(2012).

[51] R. Harnik, J. Kopp, and P.A. Machado, J. Cosmol.
Astropart. Phys. 07 (2012) 026.

[52] J. Wess and B. Zumino, Phys. Lett. 37B, 95 (1971).

[53] E. Witten, Nucl. Phys. B223, 422 (1983).

[54] O. Kaymakcalan, S. Rajeev, and J. Schechter, Phys. Rev. D
30, 594 (1984).

[55] J. A. Harvey, C.T. Hill, and R.J. Hill, Phys. Rev. D 77,
085017 (2008).

[56] R.J. Hill, arXiv:0806.3673.

I.M. Shoemaker, and L. Vecchi,

PHYSICAL REVIEW D 90, 115014 (2014)

[57] N. Padmanabhan and D.P. Finkbeiner, Phys. Rev. D 72,
023508 (2005).

[58] L. Lopez-Honorez, O. Mena, S. Palomares-Ruiz, and A. C.
Vincent, J. Cosmol. Astropart. Phys. 07 (2013) 046.

[59] S. Galli, T. R. Slatyer, M. Valdes, and F. Iocco, Phys. Rev. D
88, 063502 (2013).

[60] M. Pospelov and J. Pradler, Phys. Rev. D 82, 103514
(2010).

[61] M. Atiya, I. Chiang, J. Frank, J. Haggerty, M. Ito et al.,
Phys. Rev. Lett. 69, 733 (1992).

[62] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett. 100,
192001 (2008).

[63] 1. M. Shoemaker and L. Vecchi, Phys. Rev. D 86, 015023
(2012).

[64] R. Barbieri and T.E.O. Ericson, Phys. Lett. 57B, 270
(1975).

[65] A. Artamonov et al. (BNL-E949 Collaboration), Phys. Rev.
D 79, 092004 (2009).

[66] R. Bouchendira, P. Clade, S. Guellati-Khelifa, F. Nez, and
F. Biraben, Phys. Rev. Lett. 106, 080801 (2011).

[67] D. Hanneke, S.F. Hoogerheide, and G. Gabrielse, Phys.
Rev. A 83, 052122 (2011).

[68] T. Aoyama, M. Hayakawa, T. Kinoshita, and M. Nio, Phys.
Rev. Lett. 109, 111807 (2012).

[69] M. Endo, K. Hamaguchi, and G. Mishima, Phys. Rev. D 86,
095029 (2012).

[70] B. Aubert et al. (BABAR Collaboration), arXiv:0808.0017.

[71] A. Hook, E. Izaguirre, and J. G. Wacker, Adv. High Energy
Phys. 2011, 859762 (2011).

[72] H. An, X. Ji, and L.-T. Wang, J. High Energy Phys. 07
(2012) 182.

[73] J. Barreto et al. (DAMIC Collaboration), Phys. Lett. B 711,
264 (2012).

[74] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 112, 041302 (2014).

[75] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 112, 241302 (2014).

[76] D. Akerib et al. (LUX Collaboration), Phys. Rev. Lett. 112,
091303 (2014).

[77] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85,
076007 (2012).

[78] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and
T. Volansky, Phys. Rev. Lett. 109, 021301 (2012).

[79] L. Auerbach et al. (LSND Collaboration), Phys. Rev. D 63,
112001 (2001).

[80] D. Babusci et al. (KLOE-2 Collaboration), Phys. Lett. B
736, 459 (2014).

[81] H. Merkel, P. Achenbach, C.A. Gayoso, T. Beranek,
J. Bericic et al., Phys. Rev. Lett. 112, 221802 (2014).

[82] S. Teis, W. Cassing, M. Effenberger, A. Hombach,
U. Mosel, and G. Wolf, Z. Phys. A 356, 421 (1997).

[83] V. Flaminio, W. Moorhead, D. Morrison, and N. Rivoire,
Report No. CERN-HERA-84-01, 1984.

[84] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 79, 072002 (2009).

[85] E. Amaldi, M. Beneventano, B. Borgia, A. Capone, F. De
Notaristefani et al., Nucl. Phys. B158, 1 (1979).

[86] K. Jaeger, J. Campbell, G. Charlton, D. Swanson, C. Fu,
H. Rubin, R. Glasser, D. Koetke, and J. Whitmore, Phys.
Rev. D 11, 1756 (1975).

115014-15


http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://dx.doi.org/10.1016/j.physletb.2011.11.033
http://dx.doi.org/10.1103/PhysRevLett.108.211801
http://dx.doi.org/10.1103/PhysRevLett.108.211801
http://dx.doi.org/10.1103/PhysRevD.85.115019
http://dx.doi.org/10.1103/PhysRevD.85.115019
http://dx.doi.org/10.1103/PhysRevD.86.115012
http://dx.doi.org/10.1103/PhysRevD.86.115012
http://dx.doi.org/10.1103/PhysRevD.86.095019
http://dx.doi.org/10.1103/PhysRevD.86.095019
http://dx.doi.org/10.1007/JHEP11(2013)167
http://dx.doi.org/10.1103/PhysRevD.89.055026
http://dx.doi.org/10.1103/PhysRevD.89.055026
http://dx.doi.org/10.1007/JHEP06(2014)083
http://dx.doi.org/10.1007/JHEP06(2014)083
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/0370-2693(89)90196-2
http://dx.doi.org/10.1016/0370-2693(89)90196-2
http://dx.doi.org/10.1103/PhysRevD.40.2421
http://dx.doi.org/10.1103/PhysRevD.40.2487
http://dx.doi.org/10.1103/PhysRevD.40.2487
http://dx.doi.org/10.1103/PhysRevD.41.1636
http://dx.doi.org/10.1103/PhysRevD.41.1636
http://dx.doi.org/10.1103/PhysRevLett.74.3122
http://dx.doi.org/10.1103/PhysRevLett.74.3122
http://dx.doi.org/10.1103/PhysRevD.52.484
http://dx.doi.org/10.1103/PhysRevD.52.484
http://dx.doi.org/10.1016/0370-2693(95)00052-M
http://dx.doi.org/10.1016/0370-2693(95)00052-M
http://dx.doi.org/10.1103/PhysRevD.82.011901
http://dx.doi.org/10.1103/PhysRevD.82.011901
http://arXiv.org/abs/1107.2666
http://dx.doi.org/10.1007/JHEP08(2011)068
http://dx.doi.org/10.1007/JHEP08(2011)068
http://dx.doi.org/10.1103/PhysRevLett.110.231801
http://dx.doi.org/10.1103/PhysRevLett.110.231801
http://dx.doi.org/10.1103/PhysRevLett.113.061801
http://dx.doi.org/10.1103/PhysRevLett.113.061801
http://dx.doi.org/10.1103/PhysRevD.89.114008
http://dx.doi.org/10.1016/0003-4916(91)90046-B
http://dx.doi.org/10.1103/PhysRevD.84.085008
http://dx.doi.org/10.1103/PhysRevD.89.055012
http://dx.doi.org/10.1103/PhysRevD.89.055012
http://dx.doi.org/10.1103/PhysRevD.85.113016
http://dx.doi.org/10.1103/PhysRevD.85.113016
http://dx.doi.org/10.1088/1475-7516/2012/07/026
http://dx.doi.org/10.1088/1475-7516/2012/07/026
http://dx.doi.org/10.1016/0370-2693(71)90582-X
http://dx.doi.org/10.1016/0550-3213(83)90063-9
http://dx.doi.org/10.1103/PhysRevD.30.594
http://dx.doi.org/10.1103/PhysRevD.30.594
http://dx.doi.org/10.1103/PhysRevD.77.085017
http://dx.doi.org/10.1103/PhysRevD.77.085017
http://arXiv.org/abs/0806.3673
http://dx.doi.org/10.1103/PhysRevD.72.023508
http://dx.doi.org/10.1103/PhysRevD.72.023508
http://dx.doi.org/10.1088/1475-7516/2013/07/046
http://dx.doi.org/10.1103/PhysRevD.88.063502
http://dx.doi.org/10.1103/PhysRevD.88.063502
http://dx.doi.org/10.1103/PhysRevD.82.103514
http://dx.doi.org/10.1103/PhysRevD.82.103514
http://dx.doi.org/10.1103/PhysRevLett.69.733
http://dx.doi.org/10.1103/PhysRevLett.100.192001
http://dx.doi.org/10.1103/PhysRevLett.100.192001
http://dx.doi.org/10.1103/PhysRevD.86.015023
http://dx.doi.org/10.1103/PhysRevD.86.015023
http://dx.doi.org/10.1016/0370-2693(75)90073-8
http://dx.doi.org/10.1016/0370-2693(75)90073-8
http://dx.doi.org/10.1103/PhysRevD.79.092004
http://dx.doi.org/10.1103/PhysRevD.79.092004
http://dx.doi.org/10.1103/PhysRevLett.106.080801
http://dx.doi.org/10.1103/PhysRevA.83.052122
http://dx.doi.org/10.1103/PhysRevA.83.052122
http://dx.doi.org/10.1103/PhysRevLett.109.111807
http://dx.doi.org/10.1103/PhysRevLett.109.111807
http://dx.doi.org/10.1103/PhysRevD.86.095029
http://dx.doi.org/10.1103/PhysRevD.86.095029
http://arXiv.org/abs/0808.0017
http://dx.doi.org/10.1155/2011/859762
http://dx.doi.org/10.1155/2011/859762
http://dx.doi.org/10.1007/JHEP07(2012)182
http://dx.doi.org/10.1007/JHEP07(2012)182
http://dx.doi.org/10.1016/j.physletb.2012.04.006
http://dx.doi.org/10.1016/j.physletb.2012.04.006
http://dx.doi.org/10.1103/PhysRevLett.112.041302
http://dx.doi.org/10.1103/PhysRevLett.112.041302
http://dx.doi.org/10.1103/PhysRevLett.112.241302
http://dx.doi.org/10.1103/PhysRevLett.112.241302
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1103/PhysRevLett.109.021301
http://dx.doi.org/10.1103/PhysRevD.63.112001
http://dx.doi.org/10.1103/PhysRevD.63.112001
http://dx.doi.org/10.1016/j.physletb.2014.08.005
http://dx.doi.org/10.1016/j.physletb.2014.08.005
http://dx.doi.org/10.1103/PhysRevLett.112.221802
http://dx.doi.org/10.1007/s002180050198
http://dx.doi.org/10.1103/PhysRevD.79.072002
http://dx.doi.org/10.1016/0550-3213(79)90183-4
http://dx.doi.org/10.1103/PhysRevD.11.1756
http://dx.doi.org/10.1103/PhysRevD.11.1756

BATELL et al.

[87] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 82, 092005 (2010).

[88] D.E. Soper, M. Spannowsky, C.J. Wallace, and T. M. P.
Tait, arXiv:1407.2623.

[89] K. Abe et al. (T2K Collaboration), arXiv:1403.3140
[Phys. Rev. D (to be published)].

[90] S. Stepanyan (HPS Collaboration), AIP Conf. Proc. 1563,
155 (2013).

PHYSICAL REVIEW D 90, 115014 (2014)

[91] H. K. Dreiner, J.-F. Fortin, C. Hanhart, and L. Ubaldi, Phys.
Rev. D 89, 105015 (2014).

[92] G. G. Raffelt, Annu. Rev. Nucl. Part. Sci. 49, 163 (1999).

[93] F-G. Cao and A. Signal, Phys. Rev. D 60, 114012
(1999).

[94] T. Leitner, Neutrino-nucleus interactions in a coupled-
channel hadronic transport model, 2009, Universitit
Gief3en, http://www.tinaleitner.com/publications.htm.

115014-16


http://dx.doi.org/10.1103/PhysRevD.82.092005
http://arXiv.org/abs/1407.2623
http://arXiv.org/abs/1403.3140
http://arXiv.org/abs/1403.3140
http://dx.doi.org/10.1063/1.4829398
http://dx.doi.org/10.1063/1.4829398
http://dx.doi.org/10.1103/PhysRevD.89.105015
http://dx.doi.org/10.1103/PhysRevD.89.105015
http://dx.doi.org/10.1146/annurev.nucl.49.1.163
http://dx.doi.org/10.1103/PhysRevD.60.114012
http://dx.doi.org/10.1103/PhysRevD.60.114012
http://www.tinaleitner.com/publications.htm
http://www.tinaleitner.com/publications.htm
http://www.tinaleitner.com/publications.htm
http://www.tinaleitner.com/publications.htm

