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Plan
• Have we found all of the forces and matter in Nature yet?


• No! New Physics might be hiding beneath our noses at 
relatively low energies=> light mediators. 


• Light Dark Matter: thermal relic, asymmetric DM, …


• Lots of room for light DM to hide, but needs to be 
accompanied by a light(er) mediator if thermal.


• Can produce a DM beam in neutrino experiments.


• Even w/o DM connection, there exist light mediator models that 
predict new signals at near detectors. 



Why light DM?  
And why light mediators?

(Wouldn’t Occam be disappointed?)
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DM as a Thermal Relic

“WIMP miracle” 

h�vi = 3⇥ 10�26 cm3 s�1

A thermal relic has the 
observed DM abundance if: 

WIMP = Weakly-Interacting Massive Particle

• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

lighter  
particles

h�vi



Search Complementarity
“Break it” - Indirect Detection

Search for products of DM annihilation 
in regions of high DM density. 

“Make it” - Colliders

Produce DM and find anomalous 
missing energy. 

“Wait for it” 
Direct 

Detection
DM-SM scattering 

in detector 

DM

DM

SM

SM



Elegant, compelling,  
but not unique.



What about baryons?

• The amounts of dark and visible matter are 
comparable:

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057

�0.00056

⌦DM

⌦B
' 5}



What about baryons?

• The amounts of dark and visible matter are 
comparable:

• This could be 

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057

�0.00056

⌦DM

⌦B
' 5}



What about baryons?

• The amounts of dark and visible matter are 
comparable:

• This could be 
•  A remarkable coincidence. 

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057

�0.00056

⌦DM

⌦B
' 5}



What about baryons?

• The amounts of dark and visible matter are 
comparable:

• This could be 
•  A remarkable coincidence. 
•  An anthropic selection effect?  [Freivogel (2008)]

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057

�0.00056

⌦DM

⌦B
' 5}



What about baryons?

• The amounts of dark and visible matter are 
comparable:

• This could be 
•  A remarkable coincidence. 
•  An anthropic selection effect?  [Freivogel (2008)]
•  An indication of an underlying origin.

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057

�0.00056

⌦DM

⌦B
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Asymmetric DM

Particle/anti-particle asymmetries 
are a generic possibility.

(Reviews: Petraki, Volkas [1305.4939]; Zurek [1308.0338])

⌘X = (nX � nX̄)/s 6= 0
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ADM “Miracle” Cross Sections

Nicole Bell, Shunsaku Horiuchi, IMS, Phys.Rev. D91 (2015) 2, 023505.

n+ = n�

n+ = 10�1n�

n+ = 10�2n�

n+ = 10�3n�

Michael Graesser, IMS, and Luca Vecchi, JHEP 1110 (2011) 110.
Lin, Yu, Zurek, Phys.Rev. D85 (2012) 063503 . 

• Size of cross section, will yield 
different anti-particle abundances.

• Cross sections needed are 
larger than the symmetric case. 



Where can DM still be hiding?



Direct Detection vs. DM

7

101 102 103

WIMP mass [GeV/c2]

10�47

10�46

10�45

10�44

10�43

W
IM

P-
nu

cl
eo

n
s S

I
[c

m
2 ]

LUX (2017)
PandaX-II (2017)

XENON1T (1 t⇥yr, this work)

101 102 103

WIMP mass [GeV/c2]

10�1

100

101

N
or

m
al

iz
ed

FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
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Alice Wallenberg Foundation, Kavli Foundation, and Is-
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by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for
Er,nr,

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(")
, (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult,
and relatively few exist [28–30]. The SuperCDMS
Collaboration has a campaign planned to directly
measure the nuclear-recoil energy scale for germanium
(and silicon) down to very low energies, since this will
be required for the upcoming SuperCDMS SNOLAB
experiment.

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode dur-
ing two operational periods, Run 1 in 2012 and Run 2 in
2014.2 The initial analyses of these data sets, published
in Refs. [11, 12], respectively, applied various selection
criteria (cuts) to the data sets and used the remain-
ing events to compute upper limits on the SI WIMP-
nucleon interaction. These limits were computed using
the optimum interval method [31], the nuclear form fac-
tor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �SI

N is related to �SI
0

in Eq. 1 as

�SI
0

= (AµT /µN )2 �SI

N , where µN is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d (9.56 kg d raw),
the experiment reached the SI sensitivity shown in Fig. 3
(labeled “Run 1”), which was world leading for WIMPs
lighter than 6 GeV/c2 at the time of publication [11].

2 Only a single detector was operated for each run due to limita-
tions of the Soudan electronics and to preserve the live time for
the standard iZIP data taken concurrently.
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Figure 3. Spin-independent WIMP-nucleon cross section 90%
upper limits from CDMSlite Run 1 (red dotted curve with
red uncertainty band) [11] and Run 2 (black solid curve with
orange uncertainty band) [12] compared to the other (more
recent) most sensitive results in this mass region: CRESST-
II (magenta dashed curve) [33], which is more sensitive than
CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for mWIMP & 4 GeV/c2. The Run 1 un-
certainty band gives the conservative bounding values due to
the systematic uncertainty in the nuclear-recoil energy scale.
The Run 2 band additionally accounts for the uncertainty on
the analysis e�ciency and gives the 95% uncertainty on the
limit.

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge-activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum at 8.89 keVee [24].
The 65Zn was created by cosmic-ray interactions, with
production ceasing once the detector was brought under-
ground in 2011, and decayed with a half-life of ⌧1/2 ⇡

244 d [35]. The analysis threshold was set at 170 eVee to
maximize dark matter sensitivity while avoiding noise at
low energies (see Sec. III C). To compute upper limits, the
conversion from keVee to keVnr was performed using the
standard Lindhard-model k value (Eq. 9) of 0.157. Limits
were also computed using k = 0.1 and 0.2, chosen to rep-
resent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because
of the lower analysis threshold, decreased background,
and a larger exposure of 70.10 kg d (80.25 kg d raw), the
experiment yielded even better sensitivity to the SI in-
teraction than Run 1 [12], as shown in Fig. 3 (labeled

CDMSlite, [1707.01632]

XENON1T, 
[1805.12562]
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for
Er,nr,

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(")
, (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult,
and relatively few exist [28–30]. The SuperCDMS
Collaboration has a campaign planned to directly
measure the nuclear-recoil energy scale for germanium
(and silicon) down to very low energies, since this will
be required for the upcoming SuperCDMS SNOLAB
experiment.

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode dur-
ing two operational periods, Run 1 in 2012 and Run 2 in
2014.2 The initial analyses of these data sets, published
in Refs. [11, 12], respectively, applied various selection
criteria (cuts) to the data sets and used the remain-
ing events to compute upper limits on the SI WIMP-
nucleon interaction. These limits were computed using
the optimum interval method [31], the nuclear form fac-
tor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �SI

N is related to �SI
0

in Eq. 1 as

�SI
0

= (AµT /µN )2 �SI

N , where µN is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d (9.56 kg d raw),
the experiment reached the SI sensitivity shown in Fig. 3
(labeled “Run 1”), which was world leading for WIMPs
lighter than 6 GeV/c2 at the time of publication [11].

2 Only a single detector was operated for each run due to limita-
tions of the Soudan electronics and to preserve the live time for
the standard iZIP data taken concurrently.
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Figure 3. Spin-independent WIMP-nucleon cross section 90%
upper limits from CDMSlite Run 1 (red dotted curve with
red uncertainty band) [11] and Run 2 (black solid curve with
orange uncertainty band) [12] compared to the other (more
recent) most sensitive results in this mass region: CRESST-
II (magenta dashed curve) [33], which is more sensitive than
CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for mWIMP & 4 GeV/c2. The Run 1 un-
certainty band gives the conservative bounding values due to
the systematic uncertainty in the nuclear-recoil energy scale.
The Run 2 band additionally accounts for the uncertainty on
the analysis e�ciency and gives the 95% uncertainty on the
limit.

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge-activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum at 8.89 keVee [24].
The 65Zn was created by cosmic-ray interactions, with
production ceasing once the detector was brought under-
ground in 2011, and decayed with a half-life of ⌧1/2 ⇡

244 d [35]. The analysis threshold was set at 170 eVee to
maximize dark matter sensitivity while avoiding noise at
low energies (see Sec. III C). To compute upper limits, the
conversion from keVee to keVnr was performed using the
standard Lindhard-model k value (Eq. 9) of 0.157. Limits
were also computed using k = 0.1 and 0.2, chosen to rep-
resent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because
of the lower analysis threshold, decreased background,
and a larger exposure of 70.10 kg d (80.25 kg d raw), the
experiment yielded even better sensitivity to the SI in-
teraction than Run 1 [12], as shown in Fig. 3 (labeled
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for
Er,nr,

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(")
, (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult,
and relatively few exist [28–30]. The SuperCDMS
Collaboration has a campaign planned to directly
measure the nuclear-recoil energy scale for germanium
(and silicon) down to very low energies, since this will
be required for the upcoming SuperCDMS SNOLAB
experiment.

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode dur-
ing two operational periods, Run 1 in 2012 and Run 2 in
2014.2 The initial analyses of these data sets, published
in Refs. [11, 12], respectively, applied various selection
criteria (cuts) to the data sets and used the remain-
ing events to compute upper limits on the SI WIMP-
nucleon interaction. These limits were computed using
the optimum interval method [31], the nuclear form fac-
tor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �SI

N is related to �SI
0

in Eq. 1 as

�SI
0

= (AµT /µN )2 �SI

N , where µN is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d (9.56 kg d raw),
the experiment reached the SI sensitivity shown in Fig. 3
(labeled “Run 1”), which was world leading for WIMPs
lighter than 6 GeV/c2 at the time of publication [11].

2 Only a single detector was operated for each run due to limita-
tions of the Soudan electronics and to preserve the live time for
the standard iZIP data taken concurrently.
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Figure 3. Spin-independent WIMP-nucleon cross section 90%
upper limits from CDMSlite Run 1 (red dotted curve with
red uncertainty band) [11] and Run 2 (black solid curve with
orange uncertainty band) [12] compared to the other (more
recent) most sensitive results in this mass region: CRESST-
II (magenta dashed curve) [33], which is more sensitive than
CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for mWIMP & 4 GeV/c2. The Run 1 un-
certainty band gives the conservative bounding values due to
the systematic uncertainty in the nuclear-recoil energy scale.
The Run 2 band additionally accounts for the uncertainty on
the analysis e�ciency and gives the 95% uncertainty on the
limit.

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge-activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum at 8.89 keVee [24].
The 65Zn was created by cosmic-ray interactions, with
production ceasing once the detector was brought under-
ground in 2011, and decayed with a half-life of ⌧1/2 ⇡

244 d [35]. The analysis threshold was set at 170 eVee to
maximize dark matter sensitivity while avoiding noise at
low energies (see Sec. III C). To compute upper limits, the
conversion from keVee to keVnr was performed using the
standard Lindhard-model k value (Eq. 9) of 0.157. Limits
were also computed using k = 0.1 and 0.2, chosen to rep-
resent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because
of the lower analysis threshold, decreased background,
and a larger exposure of 70.10 kg d (80.25 kg d raw), the
experiment yielded even better sensitivity to the SI in-
teraction than Run 1 [12], as shown in Fig. 3 (labeled

• Sub-GeV DM is 
challenging given 
Milky Way DM 
speeds < 500 km/s.  
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Light DM via Light Mediators
• Suppose we like sub-GeV DM but also like Occam, 

and want to just use the SM weak force to yield the 
relic abundance of DM.

• To regimes for annihilation: 
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Simple escape route for sufficient annihilation: light DM is non-Occam! 
Comes with a light mediator to facilitate annihilation.

[Boehm, Fayet (2003)]



Consequences of a light 
mediator for annihilation

1) Potentially sizable self-interactions. 
2) Distinct experimental search strategies. 



Small-scale 
structure problems? 

• To get rid of cold cores, bring them in contact with hotter 
components of the halo via self-scattering. (Spergel & 
Steinhardt, PRL 2000, +100s more papers). 

• DM-DM scattering. Required cross section is 

• Needs a                    force carrier for large DM self-
interactions.  

� ⇠ 10�24 cm2
⇣ mX

1 GeV

⌘

. 10 MeV

�

��

�
�

See also Loeb, Weiner (2010); Tulin, Yu, Zurek (2013). 



How does the requisite 
annihilation occur? 



Secluded DM 

Standard
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Sector
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[Batell, Pospelov, Ritz (2009)]



Secluded DM 

Standard
Model

Dark
Sector

Dark (Hidden) ((Secluded)) Sector Models

portal
array of new particles–a “hidden” or “dark” sector–shares no gauge interactions with the SM. In

lieu of gauge interactions, the visible and hidden sectors may communicate through gauge invariant

combinations of the fields in the two sectors. At the renormalizable level there are a surprisingly

small number of options for such “portals”

Lportal =

8
>><

>>:

✏Fµ⌫F
0µ⌫
h (photon portal)

h|H
2
||H

2
h| (Higgs portal)

y(LH)N (neutrino portal),

(1.1)

where F 0
µ⌫ , Hh, and N are respectively hidden sector field strengths, Higgses, and fermions. Typically

the impact of each of these portals is separately treated, as each one leads to distinct search strategies.

In this paper we study the impact of the photon portal for light DM, in which the SM photon

kinetically mixes with a U(1) dark photon [1]. The implications of � � �
0 kinetic mixing for DM

has been widely studied [2, 3, 4, 5, 6, 7, 8]. At the phenomenological level, the photon portal gives

rise to two main classes of probes: (1) direct detection signals from DM-proton or DM-electron

scattering, and (2) the production of DM at accelerators and colliders. Given the strong direct

detection constraints, we will focus on the sub-GeV regime for DM. Notice that the strength of the

direct detection constraints for > GeV DM masses is partly thanks to the coherent enhancement of

the DM scattering on the nucleus.

In light of the recent discovery of coherent neutrino-nucleus scattering [9] by the COHERENT

collaboration, we ask what the COHERENT data brings to bear on photon portal models of light

DM. The possibility of producing and detecting light DM at coherent neutrino-nucleus experiments

was was studied in [10]. We additionally study the ability of reactor neutrino experiments like

TEXONO to constrain light DM from their electron recoil events. The mass reach of TEXONO

extends to ⇠ MeV masses, while COHERENT’s stopped pion source can access DM masses out to

⇠ 65 MeV.

The remainder of this paper is organized as follows. In Sec. 2 we introduce the model of study

with a kinetically mixed dark photon interacting with pairs of DM particles. In Sec. 3 we examine

the sensitivity at TEXONO to dark photons produced via, �e� ! V
0
e
�, with V

0 decaying to DM

which then produces electronic recoil events. In Sec. 4 we look at the sensitivity at COHERENT

to producing dark photons from neutral pion decay. At COHERENT the rate is dominated by the

coherently enhanced nuclear recoil events. In Sec. 5 we show the derived COHERENT constraints on

light DM in the context of the existing constraints on light DM finding that COHERENT excludes

previously allowed thermal relic parameter space for . 30 MeV masses. Finally in Sec. 6 we conclude

and comment on the potential for future limits on the model.

2. Light DM with Dark Photon Portal

We assume that the hidden sector U(1) gauge group spontaneously breaks to give the dark photon

V
0
µ a mass. Then the relevant terms of the Lagrangian for DM interacting with a kinetically mixed

2

Only 3 renormalizable portals!

[Batell, Pospelov, Ritz (2009)]
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● U(1)D gauge boson (“dark photon”) increases the DM annihilation 
cross section to give the correct relic density.

● Mediator with mass O(10-103 MeV) could resolve the 
(g-2)µ anomaly.
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Dark Sector

Minimal kinetically mixed dark photon
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• For scalar DM, annihilation to SM particles is velocity-dependent 
(p-wave).
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● U(1)D gauge boson (“dark photon”) increases the DM annihilation 
cross section to give the correct relic density.

● Mediator with mass O(10-103 MeV) could resolve the 
(g-2)µ anomaly.
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• For scalar DM, annihilation to SM particles is velocity-dependent 
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B. Batell et al., Phys. Rev. Lett. 113 (2014) 171802.  arXiv:1406.2698 [hep-ph].

P. deNiverville et al., Phys. Rev. D84 (2011) 075020.  arXiv:1107.4580 [hep-ph].

• Production in high-energy collisions and detection by scattering.

Event rate:   ~             ,  for                            (invisible decay of V).
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P. deNiverville et al., Phys. Rev. D84 (2011) 075020.  arXiv:1107.4580 [hep-ph].

• Production in high-energy collisions and detection by scattering.

Event rate:   ~             ,  for                            (invisible decay of V).Main assumption, light mediator can decay to DM: 

Total event rate~  (branching )x(DM-N cross section) : 

DM annihilation rate: ⇠ ✏2↵D

⇠ ✏4↵D

[Batell, Pospelov, Ritz, 0906.5614,
MiniBooNE 1702.02688]
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FIG. 2. DM production channels relevant for this search
with an 8 GeV proton beam incident on a steel target.
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FIG. 3. DM interactions with nucleons in the detector.

A DM particle may couple to ordinary matter through
a light mediator particle which could also control interac-
tions with Standard Model particles, allowing the correct
relic abundance in the standard thermal freeze-out sce-
nario [3–5]. A minimal dark sector model of this type
is known as vector portal DM [19, 20] and is used as a
framework for the analysis presented here. Although we
emphasize that this search is sensitive to other scenar-
ios, in this particular one, interactions of � are mediated
by a U(1) gauge boson Vµ (“dark photon”) that kinet-
ically mixes with the ordinary photon. Four unknown
parameters control the physics: DM mass m�, Vµ mass
mV , kinetic mixing ✏, and dark gauge coupling gD. For
this work, the DM particle is assumed to be a complex
scalar, which is consistent with terrestrial, astrophysical,
and cosmological constraints [5].

Two di↵erent DM production mechanisms (Fig. 2)
likely dominate for this search: 1) decay of secondary ⇡0

or ⌘ mesons and 2) proton bremsstrahlung. For both of
these processes, the production rate scales as ✏2 provided
the Vµ can decay into two on-shell DM particles with
mV > 2m�. The �, produced via one of these mech-
anisms, may be detected via interactions with nucleons
or electrons. This search is sensitive to DM-nucleon in-
teractions �N , mediated by Vµ exchange (Fig. 3) and
the scattering rate in the detector scales as ✏2↵D, where
↵D = g2D/4⇡. Combining this with the production rate
behavior yields a DM event rate that scales as ✏4↵D for
mV > 2m�.
Experiment — In the neutrino-production mode (“⌫-
mode”) configuration of the BNB, 8 GeV protons from
the Fermilab Booster are delivered to a 1.75-interaction-
length beryllium target in pulses with intensity 3 � 5 ⇥
1012 protons and 1.6 µs in duration, creating a large flux
of charged mesons, predominantly pions. A magnetic
horn surrounds the target and uses a pulsed ⇡ 1.5 T

magnetic field to guide the mesons down a 1 m radius,
50 m long cylindrical, air-filled, decay pipe that termi-
nates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g. ⇡ ! µ⌫) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beamline was configured in

“o↵-target” mode with the 8 GeV protons steered o↵ of
the beryllium production target, through the powered-o↵
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of neu-
trinos created via meson decay in-flight, thus lowering the
neutrino event background. This increases sensitivity to
DM produced in decays of ⇡0 and ⌘, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ⌫-mode

were calculated using experimental data along with a
simulation program detailed in [21]. To predict the o↵-
target flux, the simulation was updated with the addition
of various beam line components that are important only
for o↵-target running. These additional components have
negligible e↵ects in ⌫-mode as the beryllium target and
surrounding aluminum is the source of 99% of the mesons
contributing to the neutrino flux at the detector. How-
ever, in o↵-target mode, only ⇡ 30% of the mesons re-
sulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam-line
materials are important. The beam parameters (direc-
tion, emittance, lateral size, etc.) used by the simulation
were measured during the run.
Charged-current quasielastic (CCQE) scattering of

muon-neutrinos produces a readily detected muon and
is the highest-rate neutrino process in the MB detector.
With the assumption that DM scattering is purely elas-
tic, the CCQE samples are free of DM-scattering events
and, since they are well-measured via the large samples
gathered in ⌫-mode running, can be used to constrain the
o↵-target neutrino flux. A sample of 956 CCQE events
from o↵-target mode were reconstructed and compared
to that predicted by the beam and detector simulations.
The beam parameters input to the simulation were then
adjusted, within their uncertainties, to reproduce that
number of events and to improve the o↵-target flux es-
timate. A set of beam simulation variations, consistent
with errors on the beam parameters and the total num-
ber of CCQE events, was created in order to determine
the error on predicted fluxes.
The resulting predicted neutrino flux for o↵-target

mode is shown in Fig. 4 along with the ratio of o↵-target
flux to that for ⌫-mode. The predicted o↵-target flux
for 0.2 < E⌫ < 3 GeV is (1.9 ± 1.1) ⇥ 10�11 ⌫ POT�1

cm�2 (“POT” is proton-on-target). The mean energy
of the o↵-target neutrino flux is 660 MeV compared to
830 MeV in ⌫-mode. The integrated o↵-target flux is
1/27 of the ⌫-mode flux and the event rate 1/48 that of
⌫-mode. The total data set reported here used 1.86⇥1020

POT collected from Nov. 2013–Sept. 2014.
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● Reduce n production by steering beam 
to miss the target (horn powered off).

● Beam impacts on the beam dump

● Charged mesons absorbed in the steel 
beam dump before decay  reduces �
the neutrino flux. MiniBooNE target assembly

Beam Dump (Off Target) mode

A Light DM Beam

• Rather than reanalyze old data, this was first dedicated search of this type!

MiniBooNE in “off-target” mode

• Instead of impacting the Beryillium target, the 8 GeV protons are 
steered off-target to steel target. 

-> Greatly suppresses nu’s from in-flight meson decay

[1702.02688]
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as
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dicted backgrounds are shown as lines and the results from
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background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as

• Data consistent with bkg. only
• Systematics dominated.

5

FIG. 6. The ✏4↵D 90% confidence limits for 0.01 < mV <
1 GeV and mV > 2m� using the vector portal DM model.

the NCE sample, existing simulation samples were used
for a �N sample with an event-weight scaling based on
the scattered nucleon energy. Only true NCE events were
used for the DM signal. This is equivalent to assuming
no DM interactions via resonant events and will result in
a more conservative limit. The e�ciency for a DM scat-
tering event to be detected in this analysis is ⇡ 35% for
nucleon kinetic energy above ⇡ 150 MeV but falls rapidly
to < 1% at 50 MeV. In addition, the nucleons in carbon
are subject to binding energy and final-state interactions
further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
they were applied using an e↵ective e�ciency calculated
from the MB simulation which does account for those
e↵ects [25].

The procedure results in a set of predicted �N signal
events for each set of ✏4↵D, mV , and m�. The num-
ber of predicted events simply scales with the ✏4↵D pa-
rameter, while the nucleon energy distribution changes
shape with each mV and m�. These DM simulation
results were then combined with the components de-
scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
oped previously for the MB ⌫ and ⌫ oscillations analy-
ses [28, 29]. The procedure determines the 90% CL ✏4↵D

value within this vector portal DM model and allowed
by this experimental data set for a given mV ,m� pair
with 0.01 < m� < 0.5 GeV, mV > 2m�. These results
(Fig. 6) provide the best sensitivity of ✏4↵D < 1.2⇥10�14

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional
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FIG. 7. Confidence limits and sensitivities with 1, 2� errors
resulting from this analysis compared to other experimental
results [4, 11, 12, 30–36]. Limits from experiments that as-
sume DM coupling to quarks/nucleons, including this result,
are shown as solid lines while those that require DM coupling
to electrons are shown as dot-dashed lines. The favored pa-
rameters for this model to account for the observed relic DM
density [4] are shown as the lowest solid line.

choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
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dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
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TABLE I. Number of selected data events with predicted
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beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529
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o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
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first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as
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FIG. 6. The ✏4↵D 90% confidence limits for 0.01 < mV <
1 GeV and mV > 2m� using the vector portal DM model.

the NCE sample, existing simulation samples were used
for a �N sample with an event-weight scaling based on
the scattered nucleon energy. Only true NCE events were
used for the DM signal. This is equivalent to assuming
no DM interactions via resonant events and will result in
a more conservative limit. The e�ciency for a DM scat-
tering event to be detected in this analysis is ⇡ 35% for
nucleon kinetic energy above ⇡ 150 MeV but falls rapidly
to < 1% at 50 MeV. In addition, the nucleons in carbon
are subject to binding energy and final-state interactions
further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
they were applied using an e↵ective e�ciency calculated
from the MB simulation which does account for those
e↵ects [25].

The procedure results in a set of predicted �N signal
events for each set of ✏4↵D, mV , and m�. The num-
ber of predicted events simply scales with the ✏4↵D pa-
rameter, while the nucleon energy distribution changes
shape with each mV and m�. These DM simulation
results were then combined with the components de-
scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
oped previously for the MB ⌫ and ⌫ oscillations analy-
ses [28, 29]. The procedure determines the 90% CL ✏4↵D

value within this vector portal DM model and allowed
by this experimental data set for a given mV ,m� pair
with 0.01 < m� < 0.5 GeV, mV > 2m�. These results
(Fig. 6) provide the best sensitivity of ✏4↵D < 1.2⇥10�14

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional
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FIG. 7. Confidence limits and sensitivities with 1, 2� errors
resulting from this analysis compared to other experimental
results [4, 11, 12, 30–36]. Limits from experiments that as-
sume DM coupling to quarks/nucleons, including this result,
are shown as solid lines while those that require DM coupling
to electrons are shown as dot-dashed lines. The favored pa-
rameters for this model to account for the observed relic DM
density [4] are shown as the lowest solid line.

choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
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by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for
Er,nr,

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(")
, (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult,
and relatively few exist [28–30]. The SuperCDMS
Collaboration has a campaign planned to directly
measure the nuclear-recoil energy scale for germanium
(and silicon) down to very low energies, since this will
be required for the upcoming SuperCDMS SNOLAB
experiment.

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode dur-
ing two operational periods, Run 1 in 2012 and Run 2 in
2014.2 The initial analyses of these data sets, published
in Refs. [11, 12], respectively, applied various selection
criteria (cuts) to the data sets and used the remain-
ing events to compute upper limits on the SI WIMP-
nucleon interaction. These limits were computed using
the optimum interval method [31], the nuclear form fac-
tor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �SI

N is related to �SI
0

in Eq. 1 as

�SI
0

= (AµT /µN )2 �SI

N , where µN is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d (9.56 kg d raw),
the experiment reached the SI sensitivity shown in Fig. 3
(labeled “Run 1”), which was world leading for WIMPs
lighter than 6 GeV/c2 at the time of publication [11].

2 Only a single detector was operated for each run due to limita-
tions of the Soudan electronics and to preserve the live time for
the standard iZIP data taken concurrently.

1 3 5 7 10 15 20
mWIMP

!

GeV/c2
"

10−42

10−41

10−40

10−39

10−38

10−37

σ
S
I

N

!

cm
2
"

Run 2

R
u
n
1 P

an
d
aX

C
R
ESST

10−6

10−5

10−4

10−3

10−2

10−1

σ
S
I

N
[p
b
]

Figure 3. Spin-independent WIMP-nucleon cross section 90%
upper limits from CDMSlite Run 1 (red dotted curve with
red uncertainty band) [11] and Run 2 (black solid curve with
orange uncertainty band) [12] compared to the other (more
recent) most sensitive results in this mass region: CRESST-
II (magenta dashed curve) [33], which is more sensitive than
CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for mWIMP & 4 GeV/c2. The Run 1 un-
certainty band gives the conservative bounding values due to
the systematic uncertainty in the nuclear-recoil energy scale.
The Run 2 band additionally accounts for the uncertainty on
the analysis e�ciency and gives the 95% uncertainty on the
limit.

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge-activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum at 8.89 keVee [24].
The 65Zn was created by cosmic-ray interactions, with
production ceasing once the detector was brought under-
ground in 2011, and decayed with a half-life of ⌧1/2 ⇡

244 d [35]. The analysis threshold was set at 170 eVee to
maximize dark matter sensitivity while avoiding noise at
low energies (see Sec. III C). To compute upper limits, the
conversion from keVee to keVnr was performed using the
standard Lindhard-model k value (Eq. 9) of 0.157. Limits
were also computed using k = 0.1 and 0.2, chosen to rep-
resent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because
of the lower analysis threshold, decreased background,
and a larger exposure of 70.10 kg d (80.25 kg d raw), the
experiment yielded even better sensitivity to the SI in-
teraction than Run 1 [12], as shown in Fig. 3 (labeled

Success at extending 
cross section bounds to 

sub-GeV regime.

join here
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Future improvements

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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Future: a dedicated beam dump
Replace BNB target and horn with 
a dedicated steel beam dump  �
x10 fewer n's than in off-target
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A non-trivial upgrade to the BNB 
 include a sub-GeV DM search to the �

Short Baseline Neutrino (SBN) program?
(see talk by R. Van de Water @ U.S. Cosmic Visions 2017)

● Will achieve x10 improvement in signal 
sensitivity relative to MiniBoooNE

● Requires deployment of improved absorber 
(replacing TGT assembly+horn)

● Sensitivity estimates are robust, based on 
lessons learned from MB search.

● LOI submitted to FNAL PAC 

A sub-GeV DM search with the SBND:

6E20 POT {

plot  by P. deNiverville

p0 & e channels

Timing cuts: DM is slower than neutrinos Dedicated steel beam dump 
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Gauged Baryon Number
[Rajpoot (1989), Foot, Joshi, Lew (1989), …Carone, Murayama (1995), Perez, 

Wise (2010), …Graesser, Shoemaker, Vecchi (2011, Batell, deNiverville, McKeen, 
Pospelov, Ritz (2014), Dobrescu , Frugiuele (2014), Coloma, Dobrescu, Frugiuele, 

Harnik (2014)]

Standard
Model

BSM
Sector

Z’

U(1)B
In Section 4 we identify the optimal o↵-axis location for a detector, based on the signal-

to-background expected ratio, and the �2 sensitivity contours for two close-to-optimal

locations are presented. Our conclusions are presented in Section 5. The computation

of the neutrino flux due to kaon decays is outlined in the Appendix.

2 Dark matter and a light Z 0 boson

We consider a Z 0 boson, associated with the U(1)B gauge group, which couples to the

quarks q = u, d, s, c, b, t and to a dark matter fermion �:

Lq =
gz
2
Z 0

µ

 
1

3

X

q

q�µq + z���
µ�

!
, (2.1)

where gz is the gauge coupling, and z� is the U(1)B charge of �. In the case where �

is a complex scalar, the ��µ� term in Eq. (2.1) is replaced by i�@µ�+H.c.

The ratio of decay widths into �0s and quarks is

�(Z 0
! ��̄)

�(Z 0 ! qq̄)
=

3z2�
Nf (MZ0)

F�(m�/MZ0) , (2.2)

where �(Z 0
! qq̄) stands for the sum over the partial decay widths into all quarks,

Nf (MZ0) is the e↵ective number of quark flavors of mass below MZ0/2, and the function

F� is defined by

F�(x) =

8
><

>:

⇣
1 + 2x2

⌘⇣
1� 4x2

⌘1/2
, if � is a Dirac fermion ,

1

4

⇣
1� 4x2

⌘3/2
, if � is a complex scalar .

(2.3)

The e↵ective number of quark flavors below MZ0/2 takes into account the phase-space

suppression for Z 0 decays into hadrons, and thus is not an integer. For MZ0 in the ⇠ 1–

3.7 GeV range, Nf (MZ0) ⇡ 3, while for MZ0 in the ⇠ 3.7–10 GeV range, Nf (MZ0) ⇡ 4,

with large uncertainties for MZ0 near the ss̄ and cc̄ thresholds.

The existing constraints on the Z 0 coupling in the 1–10 GeV mass range are rather

weak, given that this is a leptophobic boson:

– 4 –

gauge 
coupling

DM’s 
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Let’s couple Z0
B to the DM particle: (with Claudia Frugiuele, 1410.1566)

Limits on the gauge coupling:
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Dark Kinematics
• Consider a Z’ produced in the target with a given energy.

Z 0

X

X

✓�

2-body kinematics. In the lab frame it reads:

E� =
M2

Z0

2EZ0(1� � cos ✓)
(3.2)

where � is the Z 0 velocity, ✓ is the angle between the � and Z 0 momenta, and we have

neglected the mass of the dark matter assuming that it is much smaller than the Z 0

mass. Since the transverse momentum of the initial qq̄ system is small (we are only

considering production at leading order), the Z 0 is produced in the forward direction.

As a result the angle of the dark matter with respect to the decay pipe can be directly

identified with ✓.

As will be discussed in detail in Sec. 3.2, the main background is due to very

energetic neutrinos reaching the detector. For neutrinos produced in meson decays,

a similar relation as in Eq. (3.2) holds between the meson and neutrino energy, just

replacing the Z 0 variables with the parent meson variables, and E� ! E⌫ . Thus,

in the case of pions, neutrinos emitted with a sizable angle have very low energies

regardless of the parent pion energy because of the low pion mass in the denominator.

This fact, which is exploited both in the T2K and NOvA experiments to get a narrow

neutrino spectrum at low neutrino energies, will also be beneficial in our case to reduce

the neutrino background at high energies. For o↵-axis angles larger than 2 degrees

no significant number of energetic neutrinos coming from pion decays would reach

the detector, assuming a (relatively well) collimated pion beam. We may henceforth

consider only angles above 2 degrees and ignore backgrounds from pion decay.

Following the above argument, it is clear that our main background is going to

come from neutrinos produced in kaon decays, which will lead to a more energetic flux

of neutrinos o↵ axis. Nevertheless, since MK ⌧ MZ0 , the resulting neutrino flux will

still be much less energetic than the dark matter flux. This can be understood from

Eq. (3.2) and is illustrated in Fig. 1, where the energy of the daughter particle is shown

as a function of the parent energy, both for Z 0 and kaon decays. The results are shown

for two di↵erent o↵-axis angles, which roughly correspond to the angles subtended by

both the NOvA near detector and the MiniBooNE detector, measured with respect to

– 7 –

Z’ dist. very forward peaked 

• Two-body kinematics dictates the DM energy (neglect small DM mass): 

• Similar expression for neutrino bkg. but with Z’ -> Meson parent. 

 For pion parents: hard to get high energy & large angles.  
=>For > 2 degree off-axis almost no pions!

[Coloma, Dobrescu, Frugiuele, Harnik, 1512.03852, ]
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Figure 1. Energy of the produced particle as a function of the decaying particle energy. The

case of DM particles produced in Z 0 decays is shown as solid lines, and the case of neutrinos

produced in kaon decays is shown as dashed lines. The results are shown for two di↵erent

o↵-axis angles: 0.8� (red) and 6� (blue), matching approximately the o↵-axis angles (seen

from the target) of the NOvA near detector and the MiniBooNE detector with respect to the

NuMI beamline.

the NuMI beamline.

So far we considered the decay of a Z 0 boson or a kaon produced with a given

energy. This qualitative understanding must be folded with their respective energy

distributions as they exit the target. In order to compute the dark matter energy

profile, we generate proton-proton collisions using MadGraph/MadEvent 5 [36] with

NNPDF23LO1 parton distribution functions (PDFs) [37]. The implementation of the

model into MadGraph has been done using the FeynRules package [38]. The LHE files

have been parsed using PyLHEF [39]. Due to the short baselines considered for this

setup, in the 100–700 m range, the size of the detector will also have an impact on the

energy profile. For simplicity, we consider a generic spherical detector of a similar size

to the MiniBooNE detector [40] (a radius Rdet = 6.1 m, and a mass of 800 tons).

The final dark matter flux expected at the detector can be seen in the left panel

of Fig. 2 for a mediator with MZ0 = 3 GeV and a fermionic dark matter candidate

– 8 –
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0.8 = NOvA
6 = MiniBooNE

It pays to go a few degrees off-axis.

[Coloma, Dobrescu, Frugiuele, Harnik, 1512.03852, ]

dashed = neutrinos
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Figure 2. Di↵erential flux that reaches a MiniBooNE-size detector located 745 m away from

the target, for DM particles (left) and for neutrinos (right), produced from 120 GeV protons

scattering o↵ nucleons at rest. Results are shown for two di↵erent o↵-axis angles, 2� (solid)

and 6� (dashed).

with m� = 750 MeV. Results are shown for two di↵erent values of the o↵-axis angle ✓,

as a function of the dark matter energy (see also Fig 5 in Ref. [15]). For comparison,

in the right panel we show the neutrino flux as a function of the neutrino energy, for

the same o↵-axis angles. Indeed, comparing the two panels of Fig. 2 we see that the

di↵erence in mass between a few GeV Z 0 and kaons (and pions) o↵ers an interesting

handle to distinguish between dark matter and neutrinos, since the latter tend to be

less energetic (especially when the detector is placed o↵-axis). This will also provide

an extra relative suppression for the background with respect to the signal, since the

interaction cross section at the detector grows with the energy of the incoming particle.

We have shown that the energy spectrum of dark matter that reaches an o↵-axis

detector is harder than the neutrino spectrum reaching it. The second important

di↵erence between production of dark matter with a GeV mediator and neutrinos from

kaon decay is going to be the angular dependence of the flux. While dark matter is

produced from the decay of a spin 1 particle, neutrinos are produced from a spin zero

meson, which will a↵ect the angular distribution of the particles produced in the decay.

– 9 –

Difference in kaon/Z’ mass offers a good handle 
for distinguishing DM/neutrinos. 

Differential Fluxes
[Coloma, Dobrescu, Frugiuele, Harnik, 1512.03852, ]



Scan over Possible Detectors
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Figure 6. Contours of S/
p
B, where S (B) is the number of DM signal (neutrino back-

ground) events as a function of the o↵-axis angle in degrees and the distance to the detector

in meters, for gz = 0.1, z� = 3 and m� = 750 MeV. Left panel: signal significance for a

DM fermion and MZ0 = 3 GeV. Right panel: same for a DM scalar and MZ0 = 5 GeV. The

triangle and the circle indicate the approximate locations of the NOvA near detector and

MiniBooNE detector from the NuMI target. The star marks the optimal location for a dark

matter search.

between the total number of signal events (S) and the expected statistical uncertainty

of the background event sample (
p
B), as a function of the o↵-axis angle and the dis-

tance to the detector. Our main result is summarized in Fig. 6, where the di↵erent

lines correspond to iso-contours for particular values of S/
p
B, as indicated in the la-

bels. The left panel shows the regions obtained for a Z 0 with a mass of 3 GeV coupled

to fermionic dark matter, while the right panel shows the results for a Z 0 of 5 GeV

coupled to a scalar particle. In both cases, the charge has been fixed to z� = 3, and

the coupling is set to gz = 0.1. A hypothetical ideal detector of approximately the

MiniBooNE detector size has been assumed.

As expected from the results shown in Sec. 3 (see also [15]), the dependence with

respect to the o↵-axis angle is di↵erent for the fermion and scalar cases. As can be

seen from the plot, the ideal position of the detector in the scalar case with a heavier
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B, where S (B) is the number of DM signal (neutrino back-

ground) events as a function of the o↵-axis angle in degrees and the distance to the detector

in meters, for gz = 0.1, z� = 3 and m� = 750 MeV. Left panel: signal significance for a

DM fermion and MZ0 = 3 GeV. Right panel: same for a DM scalar and MZ0 = 5 GeV. The

triangle and the circle indicate the approximate locations of the NOvA near detector and

MiniBooNE detector from the NuMI target. The star marks the optimal location for a dark

matter search.

between the total number of signal events (S) and the expected statistical uncertainty

of the background event sample (
p
B), as a function of the o↵-axis angle and the dis-

tance to the detector. Our main result is summarized in Fig. 6, where the di↵erent

lines correspond to iso-contours for particular values of S/
p
B, as indicated in the la-

bels. The left panel shows the regions obtained for a Z 0 with a mass of 3 GeV coupled

to fermionic dark matter, while the right panel shows the results for a Z 0 of 5 GeV

coupled to a scalar particle. In both cases, the charge has been fixed to z� = 3, and

the coupling is set to gz = 0.1. A hypothetical ideal detector of approximately the

MiniBooNE detector size has been assumed.

As expected from the results shown in Sec. 3 (see also [15]), the dependence with

respect to the o↵-axis angle is di↵erent for the fermion and scalar cases. As can be

seen from the plot, the ideal position of the detector in the scalar case with a heavier
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In Section 4 we identify the optimal o↵-axis location for a detector, based on the signal-

to-background expected ratio, and the �2 sensitivity contours for two close-to-optimal

locations are presented. Our conclusions are presented in Section 5. The computation

of the neutrino flux due to kaon decays is outlined in the Appendix.

2 Dark matter and a light Z 0 boson

We consider a Z 0 boson, associated with the U(1)B gauge group, which couples to the

quarks q = u, d, s, c, b, t and to a dark matter fermion �:

Lq =
gz
2
Z 0

µ

 
1

3

X

q

q�µq + z���
µ�

!
, (2.1)

where gz is the gauge coupling, and z� is the U(1)B charge of �. In the case where �

is a complex scalar, the ��µ� term in Eq. (2.1) is replaced by i�@µ�+H.c.

The ratio of decay widths into �0s and quarks is

�(Z 0
! ��̄)

�(Z 0 ! qq̄)
=

3z2�
Nf (MZ0)

F�(m�/MZ0) , (2.2)

where �(Z 0
! qq̄) stands for the sum over the partial decay widths into all quarks,

Nf (MZ0) is the e↵ective number of quark flavors of mass below MZ0/2, and the function

F� is defined by

F�(x) =

8
><

>:

⇣
1 + 2x2

⌘⇣
1� 4x2

⌘1/2
, if � is a Dirac fermion ,

1

4

⇣
1� 4x2

⌘3/2
, if � is a complex scalar .

(2.3)

The e↵ective number of quark flavors below MZ0/2 takes into account the phase-space

suppression for Z 0 decays into hadrons, and thus is not an integer. For MZ0 in the ⇠ 1–

3.7 GeV range, Nf (MZ0) ⇡ 3, while for MZ0 in the ⇠ 3.7–10 GeV range, Nf (MZ0) ⇡ 4,

with large uncertainties for MZ0 near the ss̄ and cc̄ thresholds.

The existing constraints on the Z 0 coupling in the 1–10 GeV mass range are rather

weak, given that this is a leptophobic boson:

– 4 –
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p
B, where S (B) is the number of DM signal (neutrino back-

ground) events as a function of the o↵-axis angle in degrees and the distance to the detector

in meters, for gz = 0.1, z� = 3 and m� = 750 MeV. Left panel: signal significance for a

DM fermion and MZ0 = 3 GeV. Right panel: same for a DM scalar and MZ0 = 5 GeV. The

triangle and the circle indicate the approximate locations of the NOvA near detector and

MiniBooNE detector from the NuMI target. The star marks the optimal location for a dark

matter search.

between the total number of signal events (S) and the expected statistical uncertainty

of the background event sample (
p
B), as a function of the o↵-axis angle and the dis-

tance to the detector. Our main result is summarized in Fig. 6, where the di↵erent

lines correspond to iso-contours for particular values of S/
p
B, as indicated in the la-

bels. The left panel shows the regions obtained for a Z 0 with a mass of 3 GeV coupled

to fermionic dark matter, while the right panel shows the results for a Z 0 of 5 GeV

coupled to a scalar particle. In both cases, the charge has been fixed to z� = 3, and

the coupling is set to gz = 0.1. A hypothetical ideal detector of approximately the

MiniBooNE detector size has been assumed.

As expected from the results shown in Sec. 3 (see also [15]), the dependence with

respect to the o↵-axis angle is di↵erent for the fermion and scalar cases. As can be

seen from the plot, the ideal position of the detector in the scalar case with a heavier
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triangle and the circle indicate the approximate locations of the NOvA near detector and

MiniBooNE detector from the NuMI target. The star marks the optimal location for a dark

matter search.
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of the background event sample (
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B), as a function of the o↵-axis angle and the dis-

tance to the detector. Our main result is summarized in Fig. 6, where the di↵erent

lines correspond to iso-contours for particular values of S/
p
B, as indicated in the la-

bels. The left panel shows the regions obtained for a Z 0 with a mass of 3 GeV coupled

to fermionic dark matter, while the right panel shows the results for a Z 0 of 5 GeV

coupled to a scalar particle. In both cases, the charge has been fixed to z� = 3, and

the coupling is set to gz = 0.1. A hypothetical ideal detector of approximately the

MiniBooNE detector size has been assumed.

As expected from the results shown in Sec. 3 (see also [15]), the dependence with

respect to the o↵-axis angle is di↵erent for the fermion and scalar cases. As can be

seen from the plot, the ideal position of the detector in the scalar case with a heavier
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In Section 4 we identify the optimal o↵-axis location for a detector, based on the signal-

to-background expected ratio, and the �2 sensitivity contours for two close-to-optimal

locations are presented. Our conclusions are presented in Section 5. The computation

of the neutrino flux due to kaon decays is outlined in the Appendix.

2 Dark matter and a light Z 0 boson

We consider a Z 0 boson, associated with the U(1)B gauge group, which couples to the

quarks q = u, d, s, c, b, t and to a dark matter fermion �:
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where gz is the gauge coupling, and z� is the U(1)B charge of �. In the case where �

is a complex scalar, the ��µ� term in Eq. (2.1) is replaced by i�@µ�+H.c.

The ratio of decay widths into �0s and quarks is
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�(Z 0 ! qq̄)
=

3z2�
Nf (MZ0)

F�(m�/MZ0) , (2.2)

where �(Z 0
! qq̄) stands for the sum over the partial decay widths into all quarks,

Nf (MZ0) is the e↵ective number of quark flavors of mass below MZ0/2, and the function

F� is defined by
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(2.3)

The e↵ective number of quark flavors below MZ0/2 takes into account the phase-space

suppression for Z 0 decays into hadrons, and thus is not an integer. For MZ0 in the ⇠ 1–

3.7 GeV range, Nf (MZ0) ⇡ 3, while for MZ0 in the ⇠ 3.7–10 GeV range, Nf (MZ0) ⇡ 4,

with large uncertainties for MZ0 near the ss̄ and cc̄ thresholds.

The existing constraints on the Z 0 coupling in the 1–10 GeV mass range are rather

weak, given that this is a leptophobic boson:
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Figure 7. Expected sensitivity (at 90% C.L., 2 d.o.f.) to a DM fermion that interacts

with quarks via a flavor-universal Z 0 boson of mass MZ0 and coupling gz, for a DM U(1)B
charge z� = 3. The solid black line shows the sensitivity for a MiniBooNE-like detector at

the optimal location from the NuMI target (see Fig. 6), while the dashed black line shows

the sensitivity for a detector placed at the MiniBooNE/MicroBooNE site. The shaded areas

are ruled out (see Sec. 2).

searches at BaBar (yellow); and J/ (green) and ⌥ (blue) invisible decay searches, as

discussed in Sec. 2.

For simplicity, no systematic errors have been considered when obtaining the �2

contour. These will depend on the detector performance, cross section uncertainties,

flux uncertainties at the detector location, etc.. Nevertheless, due to the strong depen-

dence of the signal event rates with the coupling (S ⇠ g6z , see Sec. 3), we expect the final

�2 contour to remain largely una↵ected by background normalization uncertainties. A

larger e↵ect could come from the detector performance parameters (detection e�cien-

cies, for instance), since the sensitivity of the experiment in this scenario would be

largely limited by statistics. A more careful study by the experimental collaborations

is therefore needed to determine the final sensitivity for the search proposed here.
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Gauged Lepton Numbers
Promote a global symmetry to a gauge symmetry

U(1)Lµ�L⌧

=> SM fields charged under a new force!
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FIG. 3. Same as Fig. 2 but focusing on the low mass region.
Constraints from CHARM-II and CCFR, Eqs. (15) and (16)
are shown separately. We do not attempt a statistical com-
bination of the results. The dashed lines show the expected
limit if the trident cross-section could be measured with 10%
or 30% accuracy using 5 GeV neutrinos scattering on Argon.

muon-neutrinos. Implementing the phase space integra-
tions that correspond to the signal selection criteria of
CCFR and CHARM-II, we arrive to the sensitivity plots
in Figs. 2 and 3. Our results show that the parameter
space favored by the muon g � 2 discrepancy is entirely
ruled-out above mZ0 & 400 MeV, proving the importance
of neutrino trident production for tests of physics beyond
the SM.

Other constraints and future possibilities. As can be
seen from Fig. 2, the region between 5 . mZ0 . 50 GeV
is independently constrained by searches for the SM Z
decay to four leptons at the LHC [24, 25]. The bound
obtained by recasting the ATLAS search [25], based on
the full 7+8 TeV data set, extends down to g0 ⇠ 10�2

at mZ0 ⇠ 10 GeV. However, the sensitivity diminishes
at low mZ0 because of the cuts employed in this specific
LHC search, and in particular on the invariant mass of
same flavor opposite sign leptons. The clear sensitivity
of high-energy colliders to this region of parameter space
motivates a dedicated search targeting the specific topol-
ogy of an on-shell Z0 emitted from the muonic decay of
the Z vector-boson and consequently decaying into a pair
of muons. At quite low mZ0 a complication arises as the
Z0 becomes more boosted and the muons originating from
its decay are more tightly collimated, forming a so-called
“lepton-jet” [31]. Thus, low-mass leptonic Z0 points to
an interesting prospect of a search for events with two
opposite-sign muons in addition to one muon-jet, alto-
gether reconstructing the Z boson.

Searches at B-factories for four lepton events can also
be sensitive to the low mZ0 region. A search by BaBar
looked at the pair production of two narrow resonances,
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FIG. 4. Expected number of trident events per ton of Argon
and per 1020 POT at the LBNE near detector for a neutrino
energy of E⌫ = 5 GeV as a function of the Z0 mass. The
horizontal line shows the SM prediction. The purple (dark
grey) region corresponds to Z0 masses and couplings that yield
a contribution to the muon g-2 in the range �aµ = (2.9 ±
1.8)⇥ 10�9. The light grey region is excluded by CCFR.

each decaying into a µ+µ� (or e+e�) pair [32]. While
that search was optimized to an underlying two-body
event topology, with two equal masses, rather than one
resonance, we can use it to gain insight on the poten-
tial sensitivity of a dedicated search of Z0. Requiring the
Z0 to contribute less than 10 events in each, 100 MeV
wide, bin of the µ+µ� invariant mass distribution shown
in ref. [32], we estimate a sensitivity to a coupling at
the level of g0 ⇠ 2 ⇥ 10�2 for Z0 masses in the range
0.5 . mZ0 . 5 GeV. Dedicated analyses of BaBar and
Belle data, as well as future searches at Belle II might be
able to probe couplings down to few⇥10�3 over a wide
kinematic window of mZ0 , open for direct Z0 production
with subsequent decay to muon pairs.

Perhaps even more interestingly, the low mZ0 region
can be e�ciently explored at the planned neutrino facil-
ity LBNE, with its lower energy and higher luminosity, as
compared to past neutrino beam experiments. In Fig. 4
we show an estimate for the expected number of trident
events per ton of Argon and per 1020 protons-on-target
(POT) at the near detector at a LBNE-like run where
for simplicity we set the neutrino energy to E⌫ = 5 GeV.
For our estimate we use the expected charged current
rates from [33] and the charged current cross sections
from [34]. With about one year of data (corresponding to
⇠ 6⇥1020 POT [35]) and a ⇠ 18 ton Argon near detector
setup [36], we expect O(100) trident events in the region
of parameter space favored by the muon g-2 anomaly
with ⇠ 30 � 100% contribution from new physics. Need-
less to say, a more thorough study is needed before the
precise sensitivity can be established. Nevertheless, these
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FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W±/Z exchange. In order to gain
insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ+µ�) =

Z
�(⌫µ� ! ⌫µµ

+µ�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z2e2

4⇡2

ds

s

dq2

q2
F 2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ+µ�).
Computations of the full ⌫µN ! ⌫µNµ+µ� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ+µ� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|
2

1

A G2

F
e2

2
, (4)

where GF =
p

2g2/(8M2

W
) is the Fermi constant. The

3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v
d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ+µ� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ+µ� rest-frame,
v =

p
1 � 4m2/` is the velocity of each muon in that

frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1

2

X
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2

⌘ 512 |MV�A|
2

' 512 ⇥

 
(6)
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!
,

where A = (p� � q)2 � m2 and B = (q � p+)2 � m2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,

1

2

X

pol

|M1M2|
2 = 512 |MV�A|

2
⇥

1

2

 
C2

V
+ C2

A
(7)

�2CVC
(Z

0
)

V

m2

Z0
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Z0
+

✓
C(Z

0
)

V

m2

Z0

k2 � m2

Z0

◆2
!

.

Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2
+

2 sin2 ✓W , CA = 1

2
, with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C(Z
0
)

V
= 4

M2

W

m2

Z0

g02

g2
=

v2
SM

v2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0/g0.

[Altmannshofer, Gori, Pospelov, Yavin, 1406.2332]



A Non-Sterile 4th Neutrino

2

The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m

2
⌫ . The actual values of m⌫ can vary from

massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m⌫e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓
2

s�s
⇠ 5 ⇥ 10�11

⇥

✓
1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|

2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g

0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g

02

can exceed |✓|
2 by many orders of magnitude, the new

2
In particular, MD and therefore ✓ are in fact complex matrices,

and a cancellation between real and imaginary parts can result

in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much

larger than näıvely expected by Eq. (5). This occurs in models

with approximate lepton number conservation [15, 16] such as

the inverse see-saw [17].
3
In other models, RHN can also be pair produced via a new scalar

[26] or singly produced via a new right-handed W boson [27].

V

q

q̄

N

1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡
±

µ
⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in

discovering RHNs produced via mixing with LH neutrinos at the

LHC [30, 31] and future colliders [32, 33].
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the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.
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• If B-L is gauged, need 3 RH neutrinos for anomaly cancellation.  

U(1)B�L

• Go look for them!

Production via new force decay via EW force

3

FIG. 3: Current constraints and future sensitivity to the
U(1)B�L model with MV /MN = 3. The shaded regions are
excluded by the indicated experiment. The projected reach
of our proposed searches for VB�L ! NN are shown in thick
curves from SHiP (left, dark blue) and the high-luminosity
LHC (3 ab�1): inner-detector displaced vertex search (light
blue) and muon spectrometer displaced vertex search (pur-
ple; solid for high background scenario, dashed for low back-
ground). The RH neutrino mixing angle is fixed using Eq. (5).
The thin black curves show the projected sensitivity of direct
searches for VB�L ! `+`� from Belle II (dotted), LHC Run
1 (dashed), and the high-luminosity LHC (dot-dashed).

Jumping ahead to the results of our study, we show
current constraints and projected future sensitivity from
the high-luminosity LHC and SHiP to the B � L model
with RHNs in Figures 3, 4 and 5. These figures show that
sensitivity to both a new B � L force and RHN mixing
parameters are poised to significantly improve in coming
years. In particular, both the high-luminosity LHC and
SHiP searches will be able to directly explore parts of the
parameter space motivated by the see-saw mechanism.

This paper is organized as follows: in the next section
we introduce scenarios with a new gauge force and discuss
its broad impact on the phenomenology of N . In section
3, we consider the pair production of N at the LHC and
estimate the sensitivity to the doubly-displaced decays
of N , comparing our results to the constraints on V that
can be derived from its direct decays into SM particles.
In section 4, we deduce the sensitivity to N at SHiP
via the production of V in proton collisions at a beam
dump, followed by the visible decays of N in a detector
far downstream from the beam dump. We reach our
conclusions in section 5.

II. RIGHT-HANDED NEUTRINOS AND NEW
GAUGE FORCES

The SM admits several possibilities for an additional
U(1)0 gauge force and its associated gauge boson, V ; this
is often called the “vector portal” or a “dark force”. The
most discussed SM extension in this category is the “ki-
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FIG. 4: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�4. The shaded regions are excluded by the indi-
cated experiment. The thick blue curve shows the projected
reach of a SHiP search for N production in VB�L ! NN ,
while the thin dashed line shows the SHiP sensitivity to di-
rect N production through its mixing with LH neutrinos. The
thin dot-dashed curve shows the sensitivity for a near detec-
tor at DUNE to direct N production [34]. The shaded grey
band is the region preferred by the see-saw mechanism; see
Fig. 6 for more details.

FIG. 5: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�3. The shaded regions are excluded by the in-
dicated experiment. The thick light blue curve shows the
projected reach at the high-luminosity LHC (3 ab�1) of our
proposed searches for displaced vertices in the inner detector
from VB�L ! NN , while the purple curves show sensitivity
for a search for displaced vertices in the muon spectrome-
ter (solid for high background scenario, dashed for low back-
ground). The shaded grey band is the region preferred by the
see-saw mechanism; see Fig. 6 for more details.

netic mixing” coupling, ✏Vµ⌫B
µ⌫

/2 [35], where Vµ⌫ and
Bµ⌫ are the field strengths of the new vector particle V

and the SM hypercharge, respectively. After diagonaliz-
ing the kinetic term, V acquires a small charge to fields
carrying hypercharge. Since the RHNs, N , do not carry
hypercharge, V only couples to N via their mixing with

SHiP sensitivity

Batell, Pospelov, Shuve [1604.06099]



Conclusions

• An array of interesting, well-motivated physics to search for 
with neutrino near detectors. 

• Cast a wide net! 

• We need to simultaneously expand the theoretical terrain 
and to widen the experimental search strategies if we are 
going to uncover the New Standard Model.
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Figure 3. Allowed regions obtained from the NuTeV measurement. Contours correspond to 1�,
2� and 3� for 2 degrees of freedom. The triangle indicates the best-fit points, which are completely
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vector NSI parameters ✏

u,V
µµ and ✏

d,V
µµ , after setting all other NSI parameters set to zero.
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analysis of global oscillation and CHARM + NuTeV scattering data. These results correspond to
the current limits assuming heavy NSI mediators.

oscillations. This results in very strong bounds in the ✏
q,V
µµ direction, driven mostly by
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with

r =
�CC(⌫̄µ)

�CC(⌫µ)
. (3.8)

In the presence of NSI, the e↵ective couplings g̃
L
µ and g̃

R
µ get corrected as

g
P
e↵ ⌘ (g̃Pµ )2 =

X

q=u,d

2

4(gPq + ✏
q,P
µµ )2 +

X

↵ 6=µ

|✏
q,P
µ↵ |

2

3

5 , (3.9)

where g
P
u and g

P
d are the SM couplings after including radiative corrections according to

the momentum transfer in NuTeV. Their values can be extracted from the values for the

SM e↵ective couplings g
L
e↵,SM and g

R
e↵,SM given in Refs. [29, 75], which include radiative

corrections.

In order to reconstruct the ratios R
⌫
µ and R

⌫̄
µ the experiment classifies the events as

NC or CC according to the event length topology. They report their results as ratios of

short to long event rates in either ⌫ or ⌫̄ beams [29]:

R
⌫
µ,exp = 0.3916 ± 0.00069 (stat) ± 0.00044 (sys) ± 0.0010 (mod) = 0.3919 ± 0.0013 ,

R
⌫̄
µ,exp = 0.4050 ± 0.00159 (stat) ± 0.00057 (sys) ± 0.0021 (mod) = 0.4050 ± 0.0027 ,

(3.10)

with an overall uncertainty correlation coe�cient ⇢ = 0.636 [75]. The statistical error

(stat), systematic error (sys) and theoretical errors associated to the model prediction

(mod) are indicated separately for convenience.

The reconstructed experimental quantities in Eq. (3.10) cannot be directly compared

with the theoretical expression in Eqs. (3.7) and (3.9) to obtain the constraints on the

NSI, as the relation between the reconstructed short to long event rates and the cross

section ratios in Eq. (3.8) can only be determined using the Monte Carlo of the experiment.

Instead, one can use the results of the experiment as given in terms of the fitted e↵ective

couplings [29, 75],

(gLe↵,exp)
2 = 0.30005 ± 0.00137 , (gRe↵,exp)

2 = 0.03076 ± 0.00110 , (3.11)

with overall uncertainty correlation coe�cient ⇢ = �0.017. The NuTeV �
2 function is then

built as

�
2
NuTeV = ( ~X � ~Xexp)

t
V

�1
X ( ~X � ~Xexp) , (3.12)

where

~X ⌘

 
g
L
e↵

g
R
e↵

!
, (3.13)

and

VX =

 
�(gLe↵,exp)

2
�(gLe↵,exp)�(gRe↵,exp) ⇢

�(gLe↵,exp)�(gRe↵,exp) ⇢ �(gRe↵,exp)
2

!
, (3.14)

is the correlation matrix. Here, ⇢ = �0.016, �(gLe↵,exp) = 0.00137 and �(gRe↵,exp) = 0.00110

are taken from Ref. [75]. Using this �
2 implementation, one can easily see that the corre-

sponding SM values for the e↵ective couplings given in Refs. [29, 75], (gLe↵,SM)2 = 0.3042

and (gRe↵,SM)2 = 0.0301, yield a �
2
NuTeV,SM ⇠ 9. This is the well-known NuTeV anomaly.
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Figure 2. Allowed region from the CHARM measurement on two vector NSI parameters, ✏
u,V
ee

and ✏
d,V
ee (for all other NSI couplings set to zero). The black dot shows the SM input value, while

colored regions correspond to the 1, 2, 3� contours for two degrees of freedom.

After including one-loop and leading two-loop radiative corrections [74], they take the

values: g
L
u = 0.3457, gRu = �0.1553 g

L
d = �0.4288, and g

R
d = 0.0777 (so Re,SM = 0.333),

where we have assumed a momentum transfer Q
2

⇠ 20 GeV2.

Using the constraint on Re from Eq. (3.2), we build the CHARM contribution to the

�
2 as

�
2
CHARM =

✓
Re,NSI � Re,CHARM

�CHARM

◆2

, (3.6)

where Re,NSI is taken from Eq. (3.3), Re,CHARM = 0.406, and �CHARM = 0.140. As

illustration we show the bound from CHARM, projected onto the plane (✏u,Vee , ✏
d,V
ee ) in

Fig. 2 setting all other NSI couplings to zero. From the figure we see that CHARM still

allows for large ✏
q,V
ee . Also as the SM vector couplings are g

V
q = g

L
q + g

R
q ' 0.19 (�0.35) for

up (down) quarks, the quadratic and linear contribution of the NSI to Re have opposite

signs for negative (positive) ✏
u,V
ee (✏d,Vee ) and consequently the allowed region extends to

larger negative (positive) values of the corresponding couplings.

3.3 NuTeV

NuTeV reported measurements of neutral-current (NC) and charged-current (CC) neutrino-

nucleon scattering with both neutrinos and anti-neutrinos [29]. The ratios of NC to CC

cross sections for either ⌫ or ⌫̄ scattering from an isoscalar target can be written as

R
⌫
µ =

�NC(⌫µ)

�CC(⌫µ)
= (g̃Lµ )2 + r(g̃Rµ )2 ,

R
⌫̄
µ =

�NC(⌫̄µ)

�CC(⌫̄µ)
= (g̃Lµ )2 +

1

r
(g̃Rµ )2 ,

(3.7)
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Figure 2: The 2� exclusion region in the (MZ0 , g) plane from the COHERENT data. The

2� allowed region that explains the discrepancy in the anomalous magnetic moment of the

muon (�aµ = (29± 9)⇥ 10�10 [12]) is shown for comparison.

degenerate region can be understood by the relation, Q↵,NSI = �Q↵,SM, i.e.,

g2

M2

Z0
= �

4
p
2(ZgVp +NgVn )

3(Z +N)
GF , (8)

which holds for all Er bins when MZ0 �
p
2MEr. For a light mediator, the spectral shapes

are modified by NSI (see the solid lines in Fig. 1 for example), which breaks the degeneracy.

3.2 Heavy mediator

For a heavy mediator, matter NSI can be described by four-fermion contact operators of the

form [14]

LNSI = �
p
2GF ✏

fV
↵� [⌫↵L�

⇢⌫�L]
⇥
f̄�⇢f

⇤
, (9)

6

NSI generalizes 4-fermion interactions:

[Coloma, Denton, Gonzalez-Garcia, Maltoni, Schwetz, 1701.04828]

NuTeV



Bounds on Neutrino Scattering

Z’ of gauged B-L number
Constraints can be derived from a variety of neutrino-electron scattering, 
from large (LSND) and small (e.g. Texono) experiments

⌫̄e ⌫̄e

A0

e� e�

⌫̄e ⌫̄e

A0

e� e�

�

⌫̄e ⌫̄e

Z

e� e�

A0

(a) (b) (c)

Figure 2. Interactions of neutrinos with electron via t channel dark photon A0 exchange in

panel (a). The panels (b) and (c) are for the kinetic mixing between photon-dark photon and Z

boson-dark photon, respectively.

other studies using a broken [28] and unbroken [29] U(1)B�L scenarios to discuss neutrino-

electron scattering.

Let us mention what is new in this study. First of all, the importance of interference

e↵ects which is overlooked in the literature is discussed. Our results show that interference

e↵ects are not always negligible and can enhance the results as large as one order for some

cases. Second, we obtained bounds on gB�L without relating it through the bound on the

kinetic mixing parameter ✏. For this purpose ✏ parameter is not considered at all. Third, the

analyses for the TEXONO, LSND and CHARM II data have been done for the first time,

and we repeat analyses for GEMMA and BOREXINO and found out that, unlike GEMMA

case, the bound on gB�L gets better for the BOREXINO when the interference e↵ects are

included.

After this preliminary remarks, let calculate contributions of light dark photon to the

neutrino electron scattering processes. (See Fig. 2) Note that the diagrams Fig. 2b and 2c

would exist only when there is a kinetic mixing between the dark photon and the SM neutral

gauge bosons. Thus, such contributions are ignored.

The pure contribution of this new diagram to the neutrino electron scattering is calculated

and the di↵erential cross section is obtained as

h d�
dT

(⌫e� ! ⌫e�)
i

DP

=
g4B�Lme

4⇡E2
⌫(M

2

A0 + 2meT )2

⇣
2E2

⌫ + T 2
� 2TE⌫ �meT

⌘
, (5)
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Figure 5. The 90% C.L. exclusion limits of the gauge coupling constant gB�L of the U(1)B�L

group as a function of the dark photon mass MA0 by including interference e↵ects. The regions

above the curves are excluded.

100 MeV, respectively, whereas by accelerator neutrinos data from CHARM II (⌫̄µ) for

MA0 > 100 MeV.

The behavior of the exclusion curves of Fig. 5 can be understood through the dark photon

cross section expression of Eqn. (5), with a dependence of (M2

A0 + 2mT )�2 . Accordingly,

studies of dark photons favor experiments with low energy neutrinos like those from reac-

tors. At MA0 ⌧ T , cross section is insensitive to MA0 , implying that (i) neutrino-electron

scattering experiments would not be able to resolve dark photons with mass less than keV,

which is the lower reach of current sensitivities on T ; (ii) accelerator experiments with E⌫

and T at the GeV range would not provide good sensitivities, except at MA0 also larger than

GeV .

Exclusion regions from the ⌫ � e scattering experiments are displayed with other labo-

ratory and cosmological bounds in Fig. 6, which corresponds to an update of Fig. 8a in

15

Aliev et al, 2015. Constraints follow from consistency of the SM 
calculations with the observed e nà e n scattering. 

U(1)B�L



Existing Baryonic Z’ Bounds: Monojets
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FIG. 4: 95% CL monojet bounds on the Z0 model from CDF and ATLAS in the low DM mass and heavy DM regimes (see the
text for more details). The bounds are derived assuming that a single quark coupling at a time is switched on. In Eq. (10) we
show how to modify the bounds in the most general case. As a reference we also quote the bound arising from the assumption
of universal coupling. The “plus” signs indicate the region were the CDF and ATLAS bounds cross each other (see also Fig. 3).

B. Monojet Bounds

We simulate the signal using Madgraph v5 [46], then
apply the selection criteria of CDF [47–50] and AT-
LAS [51] using Pythia 6.4 [52] and cluster with Fastjet

2.4.4 [53].
In Fig. 4 we present the 95% CL bounds on DM-quark

interactions in both the light (left) and heavy (right) DM
regimes. The limits are derived assuming that only one
quark coupling at a time is switched on. When several
couplings gq are turned on our bounds read

X

q

✓
gq

gboundq

◆n

< 1, (10)

with n = 2(4) for the light (heavy) DM regime and g
bound
q

being the bound on the quark flavor q shown in Fig. 4.
The resulting bounds under the universal quark coupling
assumption are shown as dashed black curves. Notice
that the up and down quark bounds are stronger than
the curves corresponding to the sea quarks as a result of
PDF enhancement. The curves asymptote to a constant
when the DM invariant mass is small compared to the
pT cut on the leading jet.

At large DM invariant mass, the veryHighPT cut from
ATLAS [51] sets the strongest limit, whereas for low DM
invariant mass the CDF 1 fb�1 analysis [49] wins. We
note that although a CDF 6.7 fb�1 analysis based on a
jet ET analysis exists [50], it is less constraining than the
earlier 1 fb�1 counting analysis. In Fig. 4 we have taken

care to plot only the strongest of the collider monojet
bounds. The point at which the crossover occurs is shown
as a “plus” in the figure. Note that the mass at which
the Tevatron starts setting the dominant bound is larger
for quark flavors with a stronger PDF enhancement.
Although we have focused on fermionic DM thus far,

it is straightforward to translate the bounds to DM with
other spins. First, note that the left plot of Fig. 4 applies
to any DM candidate so long as Z 0

! XX is allowed. For
light DM, the bounds are roughly rescaled by the spin
degree of freedom. For example, for a complex scalar
DM particle the bounds on

p
gXgq in the right plot of

Fig. 4 are decreased by a factor 1/
p
2. (Here gX stands

for the coupling of the XXZ
0 cubic vertex.)

Lastly, we can translate our monojet bounds to direct
detection cross section limits. As is visible from Fig. 4
the constraints on heavy DM are quite weak. For ex-
ample, in the case of universally coupled Z

0 with a 10
GeV DM mass, the spin- and velocity-independent DM-
nucleon elastic scattering cross section is bounded by

�nX
<
⇠ 10�34 cm2

✓
20 GeV

mZ0

◆4

. (11)

Note that in this regime the upper bound on the Z
0

mass, mZ0 < 20 GeV, implies that the constraint be-
comes weaker as the Z 0 mass decreases. In contrast, when
mZ0 > 2mX = 20 GeV the limits are stronger, especially
for narrow Z

0s, implying

�nX
<
⇠ 10�36 cm2

✓
20 GeV

mZ0

◆4 ✓�Z0/mZ0

10�2

◆
. (12)

Shoemaker, Vecchi, [1112.5457] 
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