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Searching for Dark Sectors 
v  A dark sector consists of 

particles that do not 
interact with known forces 

v  The dark sector has its 
own interactions apart 
from SM 

v  There may exist some 
mediator that couples the 
SM to the dark sector 
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Conventional DM Direct Detection 
 WIMP Parameter Space 

DM direct detection 
experiments have 

excluded a significant 
region of parameter 

space. 
 

Where else can we 
search? 
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.

Acknowledgments

The authors would like to thank Adam Anderson, Blas
Cabrera, Peter Sorensen, Rick Gaitskell, Dan McKinsey,
Cristiano Galbiati, and Dan Bauer for useful discussions
and for providing insightful comments on the manuscript.
This work was funded in part by the National Science
Foundation Grant No. NSF-0847342.

[1] R. Agnese et al. (CDMS Collaboration), Phys. Rev. Lett.
111, 251301 (2013).

[2] G. Jungman, M. Kamionkowski and K. Griest, Phys.
Rep. 267, 195 (1996).

[3] G. Bertone, D. Hooper and J. Silk, Phys. Rep. 405, 279
(2005).

[4] L. E. Strigari, Phys. Rep. 531, 1 (2013).
[5] B. Cabrera, L. M. Krauss, and F. Wilczek, Phys. Rev.

Lett. 55, 25 (1985).
[6] J. Monroe and P. Fisher, Phys. Rev. D 76, 033007 (2007)

[arXiv :0706.3019 [astro-ph]].
[7] L. E. Strigari, New J. Phys. 11, 105011 (2009)



Searching for Dark Sectors 
 

Role of the mediator: 
 

v Mediate interactions with 
the SM 

v Open new DM 
annihilation channels 

 
 

9 Mediator 

Dark Sector Standard Model 



Baryonic coupling: dark sector to SM 
Many models based on a local 
U(1) symmetry 
v  Conserves CP, P and flavor 

Leptophobic DM model: 
v  Local U(1)B baryon number 

symmetry 
v  Baryonic gauge boson VB 

serves as mediator 
v  VB is coupled to the baryon 

current 
10 

5

K+Æp++invisible

p0Æg+invisible

Monojet HCDFL
Neutron Scattering

JêyÆinvisible

10-1 1
10-8

10-7

10-6

10-5

10-4

10-3

mVHGeVL
a B

mc=10 MeV k=0

LSND
BaBar

K+Æp++invisible

ElectronêMuon g-2

JêyÆinvisible

Monojet HCDFL
DmZ and EW fit

p0Æg+invisible

10-1 1
10-4

10-3

10-2

10-1

mVHGeVL

k

mc=10 MeV a'=0.1

FIG. 1. Existing constraints on DM model parameter space. The left plot shows the constraints on the U(1)B model in the mV � ↵B

plane for a DM mass m� = 10 MeV and vanishing kinetic mixing  = 0. The shaded region is excluded by existing constraints. The
constraints shown are from limits on ⇡0 ! � + invisible [61], J/ ! invisible [62], pp ! jet + invisble (labeled monojet) [63], and neutron
scattering [64] . The limit from the K+ ! ⇡+⌫⌫̄ branching ratio measurement [65] is also shown under two possible assumptions on
the IR cuto↵: 1) ⇤IR = 4⇡f⇡ (solid orange), and 2) ⇤IR = m⇢ (dashed orange). For comparison, the right plot shows the constraints
on the pure vector portal model with m� = 10 MeV and ↵0 = 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].

• Loop corrections to lepton g�2:- Kinetic mixing with
 6= 0 leads to a one-loop vector contribution to g � 2
for the electron and muon. Regions for which g � 2 de-
viates by more than 5� from the experimental value are
excluded [11, 66–69]. However, for the muon, this correc-
tion can also ameliorate the disagreement between theory
and experiment. The blue band in the plots indicates the
parameter range for which the additional loop correction
restores better than 3� agreement with the SM, and de-
fines an interesting benchmark level of sensitivity.

• Elastic scattering at LSND:- An important limit on
kinetic mixing at low mass arises from an analysis of the
LSND measurement of elastic neutrino scattering on elec-
trons [79]. A limit was placed on non-standard scattering
contributions which, with the large ⇠ 1023 POT dataset
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].

• 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 asso-
ciation with a single photon in e+e� collisions [5, 29, 70].
This relies crucially on the single photon trigger, and al-
lows sensitivity over the full mass range.

• �mZ and EW fit:- Kinetic mixing with hypercharge
also has an impact on the � � Z alignment after elec-
troweak symmetry breaking. The ensuing shift of mZ ,
along with the precision of the global electroweak fit, also
imposes a significant (and essentially mass-independent)
limit [71].
• 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 de-
cays 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 lep-
tons, 2↵/↵0, as the dominant decays are invisible (to
��†). For the baryonic portal, the dominant visible me-
son 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.

3. SIGNATURES AT FIXED-TARGET
NEUTRINO EXPERIMENTS

We now investigate the sensitivity of proton fixed-
target experiments to the model of leptophobic DM de-
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FIG. 1. Existing constraints on DM model parameter space. The left plot shows the constraints on the U(1)B model in the mV � ↵B
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also has an impact on the � � Z alignment after elec-
troweak symmetry breaking. The ensuing shift of mZ ,
along with the precision of the global electroweak fit, also
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provide relatively weak limits with kinetic mixing (and
even weaker limits for the baryonic portal). For the
kinetic mixing parameters studied here, the vector de-
cays 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 lep-
tons, 2↵/↵0, as the dominant decays are invisible (to
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son decays are even further suppressed, either due to the
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Figure 2: A schematic of the dark matter production mechanisms and elastic scattering signatures.

to a constraint on the four model parameters {mχ, mV , κ, and α′}. One motivation for the
slightly larger values α′ ∼ 0.1 > α is that the annihilation is more efficient, and thus the
model more easily evades the the overclosure constraint.

The model described above provides a simple, viable benchmark scenario and will be
used in this proposal to provide a dark matter interpretation of the search sensitivities. The
particular model is rather unique in its ability to escape a number of particle physics and
astrophysics constraints with minimal model complexity. Furthermore, the light vector boson
mediator gives a contribution through kinetic mixing to the anomalous magnetic moments
of SM fermions, as depicted in Fig. 1, and can account for the current 3σ discrepancy in the
muon g − 2 [20, 21].

While this scenario is viable and motivated, various modifications of the above framework
are plausible, and other scenarios with phenomenologically distinct signatures can be con-
structed. It should be emphasized that many of the constraints are model dependent, and
rely in particular to the coupling of the mediator to leptons. On the other hand, MiniBooNE
and other proton-beam experiments explicitly probe the coupling of the mediator to quarks,
and in a model-independent fashion provide the best opportunity to probe this particular
coupling. Thus, in light dark matter scenarios with leptophobic mediators, MiniBooNE will
by far provide the best coverage [9].

3.2 Dark Matter Production at MiniBooNE

At proton fixed target and beam dump experiments, there are two main production modes for
χ, where we assume mV > 2mχ so that (for α′ ∼ 0.1 and small kinetic mixing κ) the on-shell
decay V → 2χ has a branching ratio close to unity. The first channel involves direct parton-
level processes such as p+ p(n) → V ∗ → χ†χ. The second channel proceeds through decays
of mesons with large radiative branching such as π0 and η in the form π0, η → V γ → χ†χγ.
The produced dark matter particles travel to the detector and can be detected via elastic
scattering on nucleons or electrons in the detector, as the signature is similar to the neutral
current scattering of neutrinos. The basic experimental principle is illustrated in Fig. 2.

The most important production channels at MiniBooNE are via π0 and η which subse-
quently decay to vector mediators that in turn decay to dark matter particles. The dark
matter can then scatter on the electrons or nuclei in the MiniBooNE detector. This process
is shown in Fig. 3. We estimate the π0 and η production rate by averaging and scaling [7]
the π+ and π− Sanford-Wang distributions used in Ref. [36] and apply the cuts from the

process and can distort the CMB.
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Figure 3: Top: The production of a WIMP pair through neutral meson decay. Bottom: The scattering
of a WIMP in the MiniBooNE detector. The cross again represents the kinetic mixing between the vector
mediator V and the photon.

p+p(n) → V ∗ → χ†χ. The second is through decays of mesons with large radiative branching
such as π0 and η in the form π0, η → V γ → χ†χγ. Once produced, the dark matter beam can
be detected via elastic scattering on nucleons or electrons in the detector, as the signature
is similar to the neutral current scattering of neutrinos. The basic production and detection
principle is summarized in Fig. 2.

At MiniBooNE, the most relevant production mechanisms are via π0 and η which subse-
quently decay to vectors that in turn decay to WIMPs. These WIMPs can then scatter on
the nuclei or electrons in the MiniBooNE detector. This process is detailed in Fig. 3. We
estimate the π0 and η production by averaging and scaling [5] the π+ and π− Sanford-Wang
distributions used in Ref. [30] and use the cuts from the analysis of neutral current scattering
(on nucleons) in Ref. [30] to obtain a total efficiency of about 35%. (Similar efficiencies were
adopted in analyzing electron scattering.) Contours in the parameter space of the model
were computed corresponding to 1, 10, and 1000 neutral current-like scattering events on
nucleons or electrons with 2× 1020 POT at MiniBooNE. While the Sanford-Wang distribu-
tion used corresponds to a beryllium target, the results are not expected to differ much when
steering the beam into the iron beam dump since the ratio of the charged hadron production
(which sets the number of neutrinos produced) to neutral hadrons (which sets the number
of WIMPs produced) does not strongly depend on atomic number.

In Fig. 4, these contours are shown in the plane of direct-detection scattering cross
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Timing cut (nsec) Background Reduction (%) WIMP Velocity β WIMP Mass (MeV)

3.0 90 0.9984 85
4.6 99 0.9974 108
5.9 99.9 0.9967 122

Table 3: WIMP velocity for various WIMP masses, assuming a WIMP momentum of 1.5
GeV. Also shown are the timing delay (cut) and background reduction levels achieved for a
specific WIMP velocity.

Figure 11: Simple timing drawing showing the production and reconstruction of events.

considered out of time, i.e. these are events that fall within the 53 MHz buckets, and are out
of time either early or late, though we will assume they are late for this analysis.

Preliminary studies indicates that the time resolution achievable is ∼1.8 nsec. Thus to
reach 99% in-time event rejection, requires a time cut at 4.6 nsec. This corresponds to a
WIMP mass threshold of 108 MeV assuming a WIMP momentum of 1.5 GeV. The 4.6nsec
cut would also reject about 50% of the signal events as well. Table 3 shows the results for
other rejection levels. Of course this is a simple illustrative analysis where we pick a single
threshold cut. The real analysis would involve fits to the timing distribution to extract any
possible signal above the background levels.

The sensitivities shown in Section 4.3 involve a simple threshold model as a function of
β where the sensitivity change can be incorporated into the limits. It is evident that the use
of absolute event timing will significantly enhance the sensitivity for WIMP searches at the
higher end of the MiniBooNE mass sensitivity.

One complication to the analysis is that the RWM corrected timing distribution is not
quite Gaussian. This is due to kaons produced by the beam that travel slower than c which
then decay to neutrinos that will have a slight time delay relative to the majority of neutrinos
produced by pion decay. Monte Carlo studies show that 90% of these events have a time
delay of less than 4 nsec. The remaining events that extend into the Gaussian tail can
be measured using the high statistics timing data sample from the neutrino run. For the
beam off target running with the 25m absorber and 2.0× 1020 POT, the number of nucleon
scattering events with timing >4 nsec is estimated to be only a few events.
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FIG. 3. 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 Section 2B. The left panel
displays the sensitivity for the U(1)B model in the mV � ↵B plane, assuming a DM mass of m� = 10 MeV and vanishing kinetic mixing,
 = 0. For comparison, the right panel displays the sensitivity for the pure vector portal model for m� = 10 MeV and ↵0 = 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].

mine 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 sensitiv-
ity 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)B model in the mV � ↵B plane,
assuming a DM mass of m� = 10 MeV and vanishing
kinetic mixing,  = 0. The shaded green regions cor-
respond to 1 (light), 10 (medium) and 1000 (dark) ex-
pected 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 ↵B ⇠ 10�6 and VB masses
up to mV ⇠ 1 GeV.

For comparison, in the right panel of Fig. 3 we dis-
play the sensitivity of MiniBooNE to the pure vector
portal model for the same DM mass and ↵0 = 0.1 (see
Footnote 1 for an explanation). The existing constraints
from LSND, BaBar, and K ! ⇡⌫⌫̄ cover much of the
parameter space to which MiniBooNE is sensitive. As
discussed in Section 2B, these constraints are essentially
a consequence of the larger leptonic couplings present
in the model. However, MiniBooNE is capable of prob-
ing an interesting range of unconstrained parameters,
 ⇠ 2⇥ 10�3 and m⇡0 < mV . 1 GeV.

We also show in Fig. 4 the MiniBooNE sensitivities
in the direct detection plane (e↵ective spin-independent
DM-nucleon cross section vs. DM mass – see the discus-

sion in Section 2B for details on this conversion). The
left panel shows the sensitivity for the U(1)B model, with
mV = 300 MeV and vanishing kinetic mixing,  = 0,
while the right panel shows for comparison the sensitiv-
ity for the pure vector portal model, with mV = 300
MeV and ↵0 = 0.1. These plots highlight both the im-
pressive capability of MiniBooNE and, more generally,
the unique potential of proton-beam fixed-target experi-
ments to probe light leptophobic DM.
Finally, let us comment on the case of sizable kinetic

mixing, e ⇠ gB , in the U(1)B model. In this case,
as  is increased, the leptonic couplings become larger,
and the constraints from LSND and BaBar, among oth-
ers, 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.

5. OUTLOOK

This paper has highlighted the unique sensitivity of
fixed-target neutrino experiments to leptophobic light
DM scenarios. We focussed 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 cur-
rently unconstrained.
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from LSND, BaBar, and K ! ⇡⌫⌫̄ cover much of the
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discussed in Section 2B, these constraints are essentially
a consequence of the larger leptonic couplings present
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in the direct detection plane (e↵ective spin-independent
DM-nucleon cross section vs. DM mass – see the discus-

sion in Section 2B for details on this conversion). The
left panel shows the sensitivity for the U(1)B model, with
mV = 300 MeV and vanishing kinetic mixing,  = 0,
while the right panel shows for comparison the sensitiv-
ity for the pure vector portal model, with mV = 300
MeV and ↵0 = 0.1. These plots highlight both the im-
pressive capability of MiniBooNE and, more generally,
the unique potential of proton-beam fixed-target experi-
ments to probe light leptophobic DM.
Finally, let us comment on the case of sizable kinetic

mixing, e ⇠ gB , in the U(1)B model. In this case,
as  is increased, the leptonic couplings become larger,
and the constraints from LSND and BaBar, among oth-
ers, 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.

5. OUTLOOK

This paper has highlighted the unique sensitivity of
fixed-target neutrino experiments to leptophobic light
DM scenarios. We focussed 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 cur-
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FIG. 1: Left: branching ratios for B decay (independent of ↵B). Thick lines have " = egB/(4⇡)2; thin
dotted lines have " = 0.1⇥ egB/(4⇡)2. Right: new physics meson decay widths (4) relative to the photonic
processes (5). Lines are labeled by the decaying meson. Solid lines show �(⇡0 ! B�)/�(⇡0 ! ��),
�(⌘ ! B�)/�(⌘ ! ��), and �(⌘0 ! B�)/�(⌘0 ! ��). Dashed lines show �(� ! B⌘)/�(� ! �⌘)
and �(! ! B⌘)/�(! ! �⌘). Ratios scale proportional to ↵B and are shown normalized to ↵B = 1.

where Bµ is the new gauge field coupling to baryon number. The gauge coupling gB is universal
for all quarks q. We also define a baryonic fine structure constant ↵B ⌘ g2B/(4⇡), analogous to the
electromagnetic constant ↵em ⌘ e2/(4⇡) ' 1/137.

Eq. (1) preserves the low-energy symmetries of QCD. C and P are conserved, with B being
assigned C = P = �. Moreover, since the gauge coupling is universal for all flavors, Eq. (1)
preserves SU(3) flavor symmetry acting on (u, d, s). Of course, B does not transform under
the flavor symmetry and is a singlet under isospin. Thus, B can be assigned the same quantum
numbers as the ! meson: IG(JPC

) = 0

�
(1

��
).

The ! meson provides a useful guide for how we expect B to decay. The three leading !
branching ratios are [39]

BR(! ! ⇡+⇡�⇡0
) ' 89% , BR(! ! ⇡0�) ' 8% , BR(! ! ⇡+⇡�

) ' 1.5% . (2)

The decay ! ! ⇡+⇡� is forbidden by G-parity and is suppressed, having to proceed via isospin-
violating ⇢-! mixing. (! ! ⇡0⇡0 is forbidden by C.) We expect the decay modes of B to be
qualitatively similar to (2) in the range m⇡ . mB . GeV. (At mB ⇡ 1 GeV, the kaon channel
B ! K ¯K opens, and B decays would appear more similar to the � meson.)

In general, B is not completely decoupled from leptons since there should exist kinetic mixing
between B and the photon. If " is set to zero at tree-level, say due to a symmetry, one-loop
radiative corrections involving heavy quarks generate " 6= 0 [26, 27]. The typical size of this
effect is " ⇠ egB/(4⇡)2. Thus, we consider the more general Lagrangian

Lint = (

1
3gB + "Qqe)q̄�

µqBµ � "e¯`�µ`Bµ , (3)

where ` is a charged lepton. Eq. (3) includes not only Eq. (1), but also dark photon-like couplings
proportional to ". The most important effect of " is allowing for the decay B ! e+e�, which
dominates when pion decays are kinematically forbidden. In this case, A0 searches are sensitive to
B, although B production may be modified compared to A0.

The partial widths for B decay are computed using vector meson dominance (VMD). The
details of the calculation are given in Appendix A. Fig. 1 (left) shows the resulting branching
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Figure 2: A schematic of the dark matter production mechanisms and elastic scattering signatures.

to a constraint on the four model parameters {mχ, mV , κ, and α′}. One motivation for the
slightly larger values α′ ∼ 0.1 > α is that the annihilation is more efficient, and thus the
model more easily evades the the overclosure constraint.

The model described above provides a simple, viable benchmark scenario and will be
used in this proposal to provide a dark matter interpretation of the search sensitivities. The
particular model is rather unique in its ability to escape a number of particle physics and
astrophysics constraints with minimal model complexity. Furthermore, the light vector boson
mediator gives a contribution through kinetic mixing to the anomalous magnetic moments
of SM fermions, as depicted in Fig. 1, and can account for the current 3σ discrepancy in the
muon g − 2 [20, 21].

While this scenario is viable and motivated, various modifications of the above framework
are plausible, and other scenarios with phenomenologically distinct signatures can be con-
structed. It should be emphasized that many of the constraints are model dependent, and
rely in particular to the coupling of the mediator to leptons. On the other hand, MiniBooNE
and other proton-beam experiments explicitly probe the coupling of the mediator to quarks,
and in a model-independent fashion provide the best opportunity to probe this particular
coupling. Thus, in light dark matter scenarios with leptophobic mediators, MiniBooNE will
by far provide the best coverage [9].

3.2 Dark Matter Production at MiniBooNE

At proton fixed target and beam dump experiments, there are two main production modes for
χ, where we assume mV > 2mχ so that (for α′ ∼ 0.1 and small kinetic mixing κ) the on-shell
decay V → 2χ has a branching ratio close to unity. The first channel involves direct parton-
level processes such as p+ p(n) → V ∗ → χ†χ. The second channel proceeds through decays
of mesons with large radiative branching such as π0 and η in the form π0, η → V γ → χ†χγ.
The produced dark matter particles travel to the detector and can be detected via elastic
scattering on nucleons or electrons in the detector, as the signature is similar to the neutral
current scattering of neutrinos. The basic experimental principle is illustrated in Fig. 2.

The most important production channels at MiniBooNE are via π0 and η which subse-
quently decay to vector mediators that in turn decay to dark matter particles. The dark
matter can then scatter on the electrons or nuclei in the MiniBooNE detector. This process
is shown in Fig. 3. We estimate the π0 and η production rate by averaging and scaling [7]
the π+ and π− Sanford-Wang distributions used in Ref. [36] and apply the cuts from the
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FIG. 1: Left: branching ratios for B decay (independent of ↵B). Thick lines have " = egB/(4⇡)2; thin
dotted lines have " = 0.1⇥ egB/(4⇡)2. Right: new physics meson decay widths (4) relative to the photonic
processes (5). Lines are labeled by the decaying meson. Solid lines show �(⇡0 ! B�)/�(⇡0 ! ��),
�(⌘ ! B�)/�(⌘ ! ��), and �(⌘0 ! B�)/�(⌘0 ! ��). Dashed lines show �(� ! B⌘)/�(� ! �⌘)
and �(! ! B⌘)/�(! ! �⌘). Ratios scale proportional to ↵B and are shown normalized to ↵B = 1.

where Bµ is the new gauge field coupling to baryon number. The gauge coupling gB is universal
for all quarks q. We also define a baryonic fine structure constant ↵B ⌘ g2B/(4⇡), analogous to the
electromagnetic constant ↵em ⌘ e2/(4⇡) ' 1/137.

Eq. (1) preserves the low-energy symmetries of QCD. C and P are conserved, with B being
assigned C = P = �. Moreover, since the gauge coupling is universal for all flavors, Eq. (1)
preserves SU(3) flavor symmetry acting on (u, d, s). Of course, B does not transform under
the flavor symmetry and is a singlet under isospin. Thus, B can be assigned the same quantum
numbers as the ! meson: IG(JPC

) = 0

�
(1

��
).

The ! meson provides a useful guide for how we expect B to decay. The three leading !
branching ratios are [39]

BR(! ! ⇡+⇡�⇡0
) ' 89% , BR(! ! ⇡0�) ' 8% , BR(! ! ⇡+⇡�

) ' 1.5% . (2)

The decay ! ! ⇡+⇡� is forbidden by G-parity and is suppressed, having to proceed via isospin-
violating ⇢-! mixing. (! ! ⇡0⇡0 is forbidden by C.) We expect the decay modes of B to be
qualitatively similar to (2) in the range m⇡ . mB . GeV. (At mB ⇡ 1 GeV, the kaon channel
B ! K ¯K opens, and B decays would appear more similar to the � meson.)

In general, B is not completely decoupled from leptons since there should exist kinetic mixing
between B and the photon. If " is set to zero at tree-level, say due to a symmetry, one-loop
radiative corrections involving heavy quarks generate " 6= 0 [26, 27]. The typical size of this
effect is " ⇠ egB/(4⇡)2. Thus, we consider the more general Lagrangian

Lint = (

1
3gB + "Qqe)q̄�

µqBµ � "e¯`�µ`Bµ , (3)

where ` is a charged lepton. Eq. (3) includes not only Eq. (1), but also dark photon-like couplings
proportional to ". The most important effect of " is allowing for the decay B ! e+e�, which
dominates when pion decays are kinematically forbidden. In this case, A0 searches are sensitive to
B, although B production may be modified compared to A0.

The partial widths for B decay are computed using vector meson dominance (VMD). The
details of the calculation are given in Appendix A. Fig. 1 (left) shows the resulting branching

S. Tulin 1404.4370 

Figure 2: A schematic of the dark matter production mechanisms and elastic scattering signatures.
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Signal Detection Capabilities 
 
 

Discriminate electromagnetic 
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à Identify and separate photons 
from electrons 

Electron/Photon Discrimination 
 

21 J. Zennamo, U.Chicago

Booster

SBND 
(100m)

MicroBooNE 
(470m)

ICARUS T600 
(600m)

� ! e+ + e�

Electron

The Detectors

24
Energy Deposited, dE/dx [MeV/cm]

Average dE/dx [MeV/cm] 



Searching for the Dark Sector 
v What is it? 
v Where to search  
v How to search 
v Prospects on the Short Baseline Neutrino 

(SBN) program at FNAL 

22 



Dark Sector Searches at SBN 
 

LArTPCs are well 
equipped to search for 
visible decays of a dark 

sector mediator 

23 

  

V
B
→π

0
+γ

γ+γ

V
B

γπ
0

γ

γ

Topology: 3 photons, which we can trace 
back to a common point with no vertex 
activity (no hadronic interaction)

3

p0g p+p-p0e+e-

m+m-

p+p-

hg

0 200 400 600 800

10-3

0.01

0.1

1

mB @MeVD

BR
HBÆ

fin
al
sta
te
L

p0 h

h¢

fw

GHPÆBgLêGHPÆggL, P=p0,h,h¢
GHVÆhBLêGHVÆhgL, V=w,f

0 200 400 600 800
10-3
0.01
0.1
1
10
100
103
104

mB @MeVD

Pa
rti
al
w
id
th
ra
tio

FIG. 1: Left: branching ratios for B decay (independent of ↵B). Thick lines have " = egB/(4⇡)2; thin
dotted lines have " = 0.1⇥ egB/(4⇡)2. Right: new physics meson decay widths (4) relative to the photonic
processes (5). Lines are labeled by the decaying meson. Solid lines show �(⇡0 ! B�)/�(⇡0 ! ��),
�(⌘ ! B�)/�(⌘ ! ��), and �(⌘0 ! B�)/�(⌘0 ! ��). Dashed lines show �(� ! B⌘)/�(� ! �⌘)
and �(! ! B⌘)/�(! ! �⌘). Ratios scale proportional to ↵B and are shown normalized to ↵B = 1.

where Bµ is the new gauge field coupling to baryon number. The gauge coupling gB is universal
for all quarks q. We also define a baryonic fine structure constant ↵B ⌘ g2B/(4⇡), analogous to the
electromagnetic constant ↵em ⌘ e2/(4⇡) ' 1/137.

Eq. (1) preserves the low-energy symmetries of QCD. C and P are conserved, with B being
assigned C = P = �. Moreover, since the gauge coupling is universal for all flavors, Eq. (1)
preserves SU(3) flavor symmetry acting on (u, d, s). Of course, B does not transform under
the flavor symmetry and is a singlet under isospin. Thus, B can be assigned the same quantum
numbers as the ! meson: IG(JPC

) = 0

�
(1

��
).

The ! meson provides a useful guide for how we expect B to decay. The three leading !
branching ratios are [39]

BR(! ! ⇡+⇡�⇡0
) ' 89% , BR(! ! ⇡0�) ' 8% , BR(! ! ⇡+⇡�

) ' 1.5% . (2)

The decay ! ! ⇡+⇡� is forbidden by G-parity and is suppressed, having to proceed via isospin-
violating ⇢-! mixing. (! ! ⇡0⇡0 is forbidden by C.) We expect the decay modes of B to be
qualitatively similar to (2) in the range m⇡ . mB . GeV. (At mB ⇡ 1 GeV, the kaon channel
B ! K ¯K opens, and B decays would appear more similar to the � meson.)

In general, B is not completely decoupled from leptons since there should exist kinetic mixing
between B and the photon. If " is set to zero at tree-level, say due to a symmetry, one-loop
radiative corrections involving heavy quarks generate " 6= 0 [26, 27]. The typical size of this
effect is " ⇠ egB/(4⇡)2. Thus, we consider the more general Lagrangian

Lint = (

1
3gB + "Qqe)q̄�

µqBµ � "e¯`�µ`Bµ , (3)

where ` is a charged lepton. Eq. (3) includes not only Eq. (1), but also dark photon-like couplings
proportional to ". The most important effect of " is allowing for the decay B ! e+e�, which
dominates when pion decays are kinematically forbidden. In this case, A0 searches are sensitive to
B, although B production may be modified compared to A0.

The partial widths for B decay are computed using vector meson dominance (VMD). The
details of the calculation are given in Appendix A. Fig. 1 (left) shows the resulting branching

mVB [MeV] 

B
R

(V
B

 à
 fi

na
l s

ta
te

) 



24 

Brief Article

The Author

May 23, 2015

Table 1: default

Detector Distance from BNB Target LAr Total Mass LAr Active Mass

SBND 110 m 220 t 112 t

MicroBooNE 470 m 170 t 89 t

ICARUS-T600 600 m 760 t 476 t

1
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Summary 
v  The upcoming SBN program 

may be sensitive to dark sector 
mediators at a wide range of 
masses and coupling strengths 

 
v  This is our first look. LArTPCs 

are an attractive detector 
technology to probe a number 
of dark sector models 
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