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FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40

Feng, ARAA (2010)
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Relic Density
• The basic picture is:

• We start out with dark matter 
in equilibrium with the SM 
plasma.

• As the temperature falls, the 
number of  WIMPs does too.

• We track the equilibrium density 
until freeze-out:

…which determines how 
many WIMPs are left over.
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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 = (Aµ

T

/µ

N

)2 �SI
N

, where µ

N

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 m

WIMP

. 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for m

WIMP

& 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
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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
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1 + eVb/"�

1 + Y (Er,nr)eVb/"�
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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 = (Aµ

T

/µ

N

)2 �SI
N

, where µ

N

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

!

c
m

2
"

Run
2

R
u
n
1

P
a
n
d
a
X

C
R
E
SST

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 m

WIMP

. 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for m

WIMP

& 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

Freeze-out σ is 
model-dependent in 
this parameter space

Ceiling:
These limits become 

ineffective around 10-33 
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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 = (Aµ

T

/µ

N

)2 �SI
N

, where µ

N

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 m

WIMP

. 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for m

WIMP

& 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

“Electroweak” Cross section
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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FIG. 1: Planck CMB limits at 95% C.L. for DM annihilation
100% to individual channels: electrons (blue), muons (pur-
ple), taus (red), gluons (green), gamma rays (orange). Light
quarks and b-quarks overlap with the gluon line, so are not
shown for clarity. Thermal relic cross section is the black
dashed line [4].

IV. PLANCK CMB LIMITS

Anisotropies of the CMB provide powerful insight into
physical processes present during the cosmic dark ages.
Any injection of ionizing particles, including those from
DM annihilation, modifies the ionization history of hy-
drogen and helium gas, perturbing CMB anisotropies.
Measurements of these anisotropies therefore provide ro-
bust constraints on production of ionizing particles from
DM annihilation products. The most sensitive measure-
ments to date are by Planck [54], superseding earlier mea-
surements by WMAP [76].

A. Energy Injection from Annihilating DM

The power deposited by DM annihilation, controlled
by the parameter

pann = fe↵
h�vi
m�

, (2)

determines the strength of the CMB limit. Here h�vi is
the thermally averaged DM annihilation cross section and
m� is the DM mass. We calculate the weighted e�ciency
factor fe↵ by integrating our electron/positron and pho-

ton energy spectra from Pythia over the fe±,�
e↵ (E) curves

FIG. 2: Fraction of energy from primary DM annihilation
states into EM interacting products (electrons + positrons
+ photons). Shown are electrons e, muons µ, taus ⌧ , light
quarks q, b-quarks b, gluons g, W -bosons W , Z-bosons Z,
Higgs bosons H, and top-quarks t. The dashed line is the
hadronic resonance region.

calculated in Ref. [77],

fe↵(m�) =
1

2m�

Z m�

0

✓
fe±

e↵

dN

dEe±
+ f�

e↵

dN

dE�

◆
EdE.

(3)
Following Ref. [77], we neglect the contribution to en-
ergy deposition from protons and antiprotons; generally
only a small fraction of the total energy of the anni-
hilation products goes into pp̄ production, and protons
and antiprotons also deposit energy less e�ciently than
electrons, positrons, and photons [78]. Including these
contributions would slightly strengthen the constraints.
From Planck data, the 95% C.L. limit on pann is [54]

fe↵
h�vi
m�

< 4.1⇥ 10�28 cm3/s/GeV. (4)

Figure 1 shows the single-channel limits on the cross sec-
tion from the CMB. Below 5 GeV DM mass, as there is
extra uncertainty in the Pythia spectra, we also present
arguments for the thermal WIMP exclusion based on
generic arguments about the e�ciency and energy injec-
tion rate, as discussed below.

B. Energy Injection Fractions

Figure 2 shows the fraction of power proceeding into
EM channels (electrons, positrons, and photons) is quite
stable as a function of DM mass, and is 26% or higher for

Leane et al 1805.10305
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AT L A S  G L U I N O  E X C L U S I O N S

significantly improved the reach wrt to 2015 dataset (about 500 GeV on gluino mass)

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

1. Models with (a,c) a fixed m�̃±1 = (mg̃ + m�̃0
1
)/2

(or (mq̃ + m�̃0
1
)/2) and varying values of mg̃ (or mq̃) and m�̃0

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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So what does this mean for 
WIMPs?



Electroweakly Interacting 
Massive Particles



Z Interactions

 

To be EW-charged, but avoid full strength Z interactions, DM could have T3=0.

This happens for odd-dimensional representations (triplet, quintuplet, …)
It doesn’t work for doublets, quadruplets, etc..

Another way to say it: Dark Matter should not carry hypercharge (Q=T3+Y).

This implies EW-charged dark matter comes with electrically charged EW 
siblings whose masses differ by O(<H> ~ 100 GeV).
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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 = (Aµ

T

/µ

N

)2 �SI
N

, where µ

N

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 m

WIMP

. 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for m

WIMP

& 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



EFTs
Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

by all symmetries of the theory, then q2nO is as well. It is therefore natural to classify all

such operators as a single one with a q2-dependent coe�cient, or form factor:

c
0

O + c
2

q2O + c
4

q4O + . . . ⌘ FO

✓

q2

⇤2

◆

O. (17)

Massless mediators can be incorporated by including a FO ⇠ q�2 term, though strictly speak-

ing this is not an e↵ective operator. A related point is that at the upper range of momentum

at experiments, the pion should be included in the e↵ective theory and �-�-⇡ couplings al-

lowed. For instance, if the underlying DM model contains couplings such as �̄�
µ

�5�Jµ5

3

of

DM to the axial current Jµ5

3

= iq̄�µ�5⌧
3

q, then the e↵ective theory will couple �’s to pions

due to the overlap of Jµ5 with ⇡. Such interactions would contribute to dark matter-nucleon

scattering through t-channel pion exchange at tree-level, e↵ectively producing FO / 1

q

2

+m

2

⇡

form factors in �-�-N -N interactions.

So far, we have mainly discussed momentum scales. In addition, there is an energy scale

associated with the scattering process, of size !
q

⇠ q2/2m
T

. 200 keV. This is usually negli-

gible, as the binding energy ! of nucleons is about 10 MeV per nucleon for most elements, and

inelastic transitions are kinematically suppressed. However, for nuclei with small splittings

⇠ !
q

between the ground state and an excited state, it could a↵ect direct detection rates.

We are now ready to present the possible non-relativistic interactions. The general La-

grangian is

L
int

=
X

N=n,p

X

i

c(N)

i

O
i

�+��N+N�, (18)

with the following set of operators. Of the T-even operators, we have

1. P-even, S
�

-independent

O
1

= 1, O
2

= (v?)2, O
3

= i~S
N

· (~q ⇥ ~v?), (19)

2. P-even, S
�

-dependent

O
4

= ~S
�

· ~S
N

, O
5

= i~S
�

· (~q ⇥ ~v?), O
6

= (~S
�

· ~q)(~S
N

· ~q), (20)

3. P-odd, S
�

-independent

O
7

= ~S
N

· ~v?, (21)

4. P-odd, S
�

-dependent

O
8

= ~S
�

· ~v?, O
9

= i~S
�

· (~S
N

⇥ ~q) (22)
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In addition, we also have T-violating operators:

5. P-odd, S
�

-independent:

O
10

= i~S
N

· ~q, (23)

6. P-odd, S
�

-dependent

O
11

= i~S
�

· ~q. (24)

It is convenient to separate the operators as we have done above because each of these six

groups of operators will not interfere with each other. In addition, there are four operators

that are products of the ones above:

O
10

O
5

, O
10

O
8

, O
11

O
3

, and O
11

O
7

. (25)

With these, the above operators provide the most general e↵ective theory at the dark matter-

nucleon level that can arise from exchange of a spin-0 or spin-1. In the completely general

e↵ective theory for elastic scattering, one would relax this condition and include arbitrary

powers of ~v and ~S
�

, which would allow products of the operators we have written here and

one additional operator O
12

= ~S
�

· (~S
N

⇥~v?). For instance, O
7

O
8

is a local operator that we

have not written down above. However, quadratic powers of ~S
N

and beyond (and ~S
�

as well, if

� is spin-1/2) can always be reduced to at most linear powers by using the multiplication table

of sigma matrices. In appendix C, we present the non-relativistic reduction of all relativistic

operators arising from a spin-0 or spin-1 exchange (or more precisely, with at most a single-

index field exchange at tree-level) in terms of the local interactions above. The product

operators in eq. (25) are seen to arise from a spin-1 particle coupling to fermion bilinears of

the form N̄
$
@µ�5N , which, for model-building concerns to be discussed in section 6, we will

not focus on further. Nevertheless, it should be kept in mind that the general e↵ective theory

possible without any such restrictions contains these operators.

In order to obtain the size of scattering cross-sections relevant to experiments, we need to

evaluate matrix elements of the nucleon-level operators from the e↵ective theory inside of a

target nucleus. From the point of view of the e↵ective field theory we have constructed, an

atomic nucleus is a heavy, many-body bound state of nucleons. For the purpose of computing

nucleon matrix elements inside such a nucleus, it is important to separate out ~v? into a term

~v?
T

that acts on the coherent center-of-mass velocity of the atomic nucleus as a whole, and a

term ~v?
N

that acts only on the relative distances of the nucleons within the nucleus. We can

write

~v? =
1

2
(~v

�,in

+ ~v
�,out

� ~v
N,in

� ~v
N,out

) = ~v?
T

+ ~v?
N

, (26)

where

~v?
T

=
1

2
(~v

�,in

+ ~v
�,out

� ~v
T,in

� ~v
T,out

) = ~v
T

+
~q

2µ
T

(27)
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This description is the natural language 
for the scattering problem.This description knows that physics respects special relativity.

More general

More Realistic

v -> 0

(For illustration: just quarks and gluons)



EFTs
Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

by all symmetries of the theory, then q2nO is as well. It is therefore natural to classify all

such operators as a single one with a q2-dependent coe�cient, or form factor:

c
0

O + c
2

q2O + c
4

q4O + . . . ⌘ FO

✓

q2

⇤2

◆

O. (17)

Massless mediators can be incorporated by including a FO ⇠ q�2 term, though strictly speak-

ing this is not an e↵ective operator. A related point is that at the upper range of momentum

at experiments, the pion should be included in the e↵ective theory and �-�-⇡ couplings al-

lowed. For instance, if the underlying DM model contains couplings such as �̄�
µ

�5�Jµ5

3

of

DM to the axial current Jµ5

3

= iq̄�µ�5⌧
3

q, then the e↵ective theory will couple �’s to pions

due to the overlap of Jµ5 with ⇡. Such interactions would contribute to dark matter-nucleon

scattering through t-channel pion exchange at tree-level, e↵ectively producing FO / 1

q

2

+m

2

⇡

form factors in �-�-N -N interactions.

So far, we have mainly discussed momentum scales. In addition, there is an energy scale

associated with the scattering process, of size !
q

⇠ q2/2m
T

. 200 keV. This is usually negli-

gible, as the binding energy ! of nucleons is about 10 MeV per nucleon for most elements, and

inelastic transitions are kinematically suppressed. However, for nuclei with small splittings

⇠ !
q

between the ground state and an excited state, it could a↵ect direct detection rates.

We are now ready to present the possible non-relativistic interactions. The general La-

grangian is

L
int

=
X

N=n,p

X

i

c(N)

i

O
i

�+��N+N�, (18)

with the following set of operators. Of the T-even operators, we have

1. P-even, S
�

-independent

O
1

= 1, O
2

= (v?)2, O
3

= i~S
N

· (~q ⇥ ~v?), (19)

2. P-even, S
�

-dependent

O
4

= ~S
�

· ~S
N

, O
5

= i~S
�

· (~q ⇥ ~v?), O
6

= (~S
�

· ~q)(~S
N

· ~q), (20)

3. P-odd, S
�

-independent

O
7

= ~S
N

· ~v?, (21)

4. P-odd, S
�

-dependent

O
8

= ~S
�

· ~v?, O
9

= i~S
�

· (~S
N

⇥ ~q) (22)

8

In addition, we also have T-violating operators:

5. P-odd, S
�

-independent:

O
10

= i~S
N

· ~q, (23)

6. P-odd, S
�

-dependent

O
11

= i~S
�

· ~q. (24)

It is convenient to separate the operators as we have done above because each of these six

groups of operators will not interfere with each other. In addition, there are four operators

that are products of the ones above:

O
10

O
5

, O
10

O
8

, O
11

O
3

, and O
11

O
7

. (25)

With these, the above operators provide the most general e↵ective theory at the dark matter-

nucleon level that can arise from exchange of a spin-0 or spin-1. In the completely general

e↵ective theory for elastic scattering, one would relax this condition and include arbitrary

powers of ~v and ~S
�

, which would allow products of the operators we have written here and

one additional operator O
12

= ~S
�

· (~S
N

⇥~v?). For instance, O
7

O
8

is a local operator that we

have not written down above. However, quadratic powers of ~S
N

and beyond (and ~S
�

as well, if

� is spin-1/2) can always be reduced to at most linear powers by using the multiplication table

of sigma matrices. In appendix C, we present the non-relativistic reduction of all relativistic

operators arising from a spin-0 or spin-1 exchange (or more precisely, with at most a single-

index field exchange at tree-level) in terms of the local interactions above. The product

operators in eq. (25) are seen to arise from a spin-1 particle coupling to fermion bilinears of

the form N̄
$
@µ�5N , which, for model-building concerns to be discussed in section 6, we will

not focus on further. Nevertheless, it should be kept in mind that the general e↵ective theory

possible without any such restrictions contains these operators.

In order to obtain the size of scattering cross-sections relevant to experiments, we need to

evaluate matrix elements of the nucleon-level operators from the e↵ective theory inside of a

target nucleus. From the point of view of the e↵ective field theory we have constructed, an

atomic nucleus is a heavy, many-body bound state of nucleons. For the purpose of computing

nucleon matrix elements inside such a nucleus, it is important to separate out ~v? into a term

~v?
T

that acts on the coherent center-of-mass velocity of the atomic nucleus as a whole, and a

term ~v?
N

that acts only on the relative distances of the nucleons within the nucleus. We can

write

~v? =
1

2
(~v

�,in

+ ~v
�,out

� ~v
N,in

� ~v
N,out

) = ~v?
T

+ ~v?
N

, (26)

where

~v?
T

=
1

2
(~v

�,in

+ ~v
�,out

� ~v
T,in

� ~v
T,out

) = ~v
T

+
~q

2µ
T

(27)
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Spin Independent

Spin Dependent

The Z boson is a problem because it switches on 
relativistic operator D5 which maps to O1 (SI).



Majorana DM
The vector interaction vanishes 

(identically) for a Majorana 
particle.  That leaves behind spin-

dependent (and v-suppressed) 
terms.
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Figure 3 – Spin-independent WIMP-nucleon (top panel) and spin-dependent WIMP-neutron/WIMP-proton (bot-
tom panels) exclusion limits at 90% C.L. for the combined results (WS2013+ WS2014–16) are shown by the black
lines. The 1-� and 2-� ranges of background-only trials for this combined result are shown as green and yellow
bands, respectively. Constraints from other LXe TPC experiments are also shown, including XENON100 [36] and
PandaX-II [37]. On the spin-independent results, the parameters favored by SUSY CMSSM [38] before this result
are indicated as dark and light gray (1-� and 2-�) filled regions. On the spin-dependent interaction, the gray
regions corresponds to the profile likelihood maps obtained via global fits of a phenomenological Minimal Super-
symmetric Standard Model with 15 free parameters (MSSM15) obtained by [39]. The results from the GAMBIT
collaboration using a seven-dimensional Minimal Supersymmetric Standard Model (MSSM7) are represented by
the red region [40].

nucleon and spin-dependent WIMP-neutron/WIMP-proton cross sections at 90% confidence
level are shown in Figure 3. The exclusion limit reaches a minimum of 0.11⇥10�45 cm2 for
the spin-independent interaction at 50 GeV/c2. For the spin-dependent interaction, LUX
reaches a minimum of 1.6⇥10�41 cm2 for the neutron-only coupling and of 5.0⇥10�40 cm2

for the proton-only coupling (both at 35 GeV/c2).

5 Conclusion and perspectives

In the four years of operations LUX achieved the world leading result in sensitivity for both
spin-independent and spin-dependent (WIMP-neutron coupling) cross section. No signal due
to a possible WIMP particle was identified and a significant fraction of the WIMP parameter
space was excluded.

Major advances in the detector calibration have been reported: internal source of tritiated
methane and 2.45 MeV neutrons from a D-D generator have been used to determine the
detector response to ERs and NRs, respectively.

The analysis of LUX data will continue through the year of 2017 with a search for other
possible signals. Results for the first searches for axions and axion-like particles were already
presented [46].

In 2019, a new very massive detector called LUX-ZEPLIN (LZ) will be installed in the

…this is not really enough at
this point…

That suggests another 
strategy for EW-charged 

WIMPs:
Majorana particles are less

constrained than Dirac,
even if they carry hyper-

charge.

LUX



SD vs SI

But…at loop level, what was spin-dependent at tree 
level can turn out to be spin-independent.

At weakly coupled loop costs ~10-3.

At maximum sensitivity, the Xe limits on SI scattering 
are something like A2 ~105 better than SD.

vs



Mixed DM
Another strategy is to construct a dark matter which is a mixed state of more 

than one EW-charged object.

There can be cancellations between the different contributions to the the 
coupling (though this may not be generic).

I don’t know of any theory where this is the dominant scheme to avoid 
constraints, though the MSSM benefits from it to some degree.  Mostly, the 

MSSM survives by having a large component without EW charge.



Indirect Constraints
It isn’t enough to engineer away scattering with nuclei.  There are 

also important constraints from indirect detection too.
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Figure 2. (a) Fully exclusive production, which contributes only at the endpoint where z = 0. Only
virtual corrections are present. (b) Operator Product Expansion for � + X with mX ⇠ M�. Here the
state X has a large invariant mass and can be integrated out. (c) The endpoint region, mX ⌧ M�.
Here the measurement on the final state X constrains it to have a small invariant mass. This implies
that X cannot be integrated out and must be treated as a dynamical object in the EFT. In all cases,
the dashed lines dressing the annihilating DM represent the Sommerfeld enhancement.

2 Kinematics for Heavy WIMP Annihilation

In this section, we discuss in detail the kinematics of heavy DM decay or annihilation to
photons as relevant for indirect detection. We carefully analyze all relevant scales, identifying
regions where large ratios of scales exist, which will give rise to logarithms that need to be
resummed. This analysis will also make clear the differences between the previous studies
in the literature. We will also highlight how collinear-soft modes appear in the broken the-
ory, highlighting the distinction with the case of the naively similar B ! Xs� that has been
thoroughly treated in the literature (see e.g. [60–64]). The discussion of this section is com-
pletely independent of the details of the DM, allowing us to simultaneously consider decay
and annihilation, and depends only on the kinematics of indirect detection.

2.1 Three Effective Field Theory Regimes

We consider for concreteness the annihilation of two nearly stationary DM particles of mass
M� decaying to � + X, where the � is assumed to be detected by the experiment. Here X

denotes all final state radiation apart from the photon. The case of DM decay for a particle of
mass 2M� is identical. We use a dimensionless variable z to characterize the energy fraction
of the photon

E� = M� z , (2.1)

or equivalently,

m2
X = 4M2

�(1 � z) , (2.2)
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“Kinda-weakly” Interacting 
Massive Particles



Non-EW Mediators

Without the weak interaction itself to provide a scale, focus shifts 
to the relic density through freeze-out.

Though the couplings are typically free parameters, a general issue 
remains.  The constraints from direct detection are very strong.  
Unless something mitigates them, they often rule out the cross 

sections necessary for freeze-in.

Things become much more model-dependent.  Let’s just consider a 
few strategies one can use to engineer viable models.



Theories of 
Dark Matter

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos
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Force Carriers

Dark Photon
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?

Hidden
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WIMPless DM
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Self-Interacting
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Q-balls
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Quark
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Higgs
Unlike the weak bosons, the Higgs coupling to dark matter is not 

specified in terms of parameters we’ve already measured.

It is very unlikely that the Higgs is the source of mass for the dark 
matter in the same way that it is for the SM particles.

Classic Scalar DM
Higgs portal

Mixed fermions
(MSSM-like)

Mixed scalar
mediator

Vector dark matter,
radiative portal



2

(pure states), the above lagrangian is completely
specified by electroweak quantum numbers since
gauge-invariance implies f(H) = 0, and �m can be
chosen to vanish for degenerate heavy-particle states.
In particular, the first term in (1) does not depend
on the WIMP mass, spin or other properties beyond
the choice of gauge quantum numbers. Model de-
pendence is systematically encoded in operator co-
e�cients representing 1/M corrections. For exten-
sions with two electroweak multiplets (mixed states),
f(H) and �m are non-vanishing and depend on �,
the mass splitting of the multiplets, and , their cou-
pling strength mediated by the Higgs field.

Weak-scale matching. Interactions of the lightest,
electrically neutral, self-conjugate WIMP, �v, with
quarks and gluons, relevant for spin-independent (SI),
low-velocity scattering with a nucleon, are given at
energies E ⌧ mW by the EFT

L�v,SM =
�̄v�v

m3
W

X

S

X

q

c(S)
q O(S)

q +c(S)
g O(S)

g

�
+. . . ,

(2)

where q = u, d, s, c, b is an active quark flavor and
we have chosen QCD quark and gluon operators of

definite spin, S = 0, 2: O(0)
q = mq q̄q, O

(0)
g = (GA

µ⌫)
2,

O(2)µ⌫
q = 1

2 q̄
⇣
�{µiD⌫}

� � gµ⌫iD/ �/4
⌘
q, and O(2)µ⌫

g =

�GAµ�GA⌫
� + gµ⌫(GA

↵�)
2/4. Here Dµ

� ⌘
�!
Dµ � �Dµ,

and A{µB⌫} ⌘ (AµB⌫ + A⌫Bµ)/2 denotes sym-
metrization. The ellipsis in Eq. 2 denotes higher-
dimension operators suppressed by powers of 1/mW .

We match EFTs (1) and (2) at reference scale
µt ⇠ mW ⇠ mt by integrating out weak scale par-
ticles W±, Z0, h0 and t. In the heavy WIMP limit,
matching coe�cients, ci, of (2) may be expanded as

ci = ci,0 + ci,1
mW

M
+ . . . . (3)

We compute the complete set of twelve matching co-
e�cients ci,0 at leading order in perturbation theory.

Weak-scale matching for mixed states requires
renormalization of the Higgs-WIMP vertex for a con-
sistent evaluation of loop-level amplitudes, and a gen-
eralized basis of heavy-particle loop integrals to ac-
count for non-vanishing residual masses. Details of
the matching computation can be found in [4].

QCD analysis. Having encoded physics of the
heavy WIMP sector in matching coe�cients of (2),
the remaining analysis is independent of the M �
mW assumption, and consists of renormalization
group (RG) running to a low scale µ0 < mc, matching
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FIG. 1: SI cross section for low-velocity scattering on
the proton as a function of mh, for the pure-triplet case.
Labels refer to inclusion of LO, NLO, NNLO and NNNLO
corrections in the RG running from µc to µ0 and in the
spin-0 gluon matrix element. Bands represent 1� uncer-
tainty from neglected higher order pQCD corrections.

at heavy quark thresholds, and evaluating hadronic
matrix elements. This module is systematically im-
provable in subleading corrections and is applicable
to generic direct detection calculations. An extension
of the operator basis would allow robust connections
between contact interactions constrained at colliders
and low-energy observables of direct detection [7].
RG evolution accounts for perturbative corrections
involving large logarithms, e.g., ↵s(µ0) logmt/µ0.
Fig. 1 illustrates the impact of higher order pQCD
corrections. We collect in Refs. [3, 5] the details
of mapping high-scale matching coe�cients onto the
low-energy theory where hadronic matrix elements
are evaluated [24]. Cross sections for scattering on
the neutron and proton are numerically similar; we
present results for the latter.

Pure-state cross sections. Consider the situation
where the SM is extended by a single electroweak
multiplet. For definiteness let us take the cases of
a Majorana SU(2)W triplet of Y = 0, and a Dirac
SU(2)W doublet of Y = 1

2 . For the doublet we
assume that higher-dimension operators cause the
mass eigenstates after electroweak symmetry break-
ing (EWSB) to be self-conjugate combinations D1

andD2, thus forbidding a tree-level �̄v�vZ0 coupling,
and moreover that inelastic scattering is suppressed.

Upon performing weak-scale matching [4] and map-
ping to a low-energy theory for evaluation of matrix
elements [5], we obtain parameter-free cross section
predictions as illustrated in Fig. 2. The triplet cross
section is

�T
SI = 1.3+1.2

�0.5
+0.4
�0.3 ⇥ 10�47 cm2, (4)

where the first (second) error represents 1� uncer-

EW Higgs Exchange

Even without a tree level coupling to the Higgs, an EW-
charged WIMP picks up a coupling at one loop.

Hill, Solon 1309.4092



Axial vector — SD at tree level.
Note the choice of DM and quark couplings.
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• In ATLAS, WIMP-nucleon spin dependent cross sections above 10-42cm2 excluded

• In CMS, WIMP-proton spin dependent cross sections above 10-43cm2 excluded
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Pseudo-scalar Mediator

Karwin et al 1612.05687

A pseudo-scalar mediator leads to 
scattering which is both SD and v-
suppressed, but annihilation is not 

suppressed.



Colored Scalar
• Another construction has dark matter 

interacting with quarks via a colored scalar 
mediator.

• Minimal flavor violation suggests we 
consider mediators with a flavor index 
corresponding to {uR,cR,tR}, {dR,sR,bR}, 
{Q1,Q2,Q3} and/or combinations.

• This theory looks kind of like a little part of 
a SUSY model, but has more freedom in 
terms of choosing couplings, masses, etc.

• There are basically three parameters to this 
model: the mass of the dark matter, the 
mass of the mediator, and the coupling 
strength with quarks.

M
as

s

Standard
Model

Dark
Matter

Mediator

Chang, Edezhath, Hutchinson, Luty 1307.8120
An, Wang, Zhang1308.0592

Berger, Bai 1308.0612
Di Franzo, Nagao, Rajaraman, TMPT 1308.2679



uR Model~

• For example, we can look at a model where a Majorana DM particle couples to 
right-handed up-type quarks.

• At colliders, the fact that the mediator is colored implies we can produce it at the 
LHC using the strong nuclear force or through the interaction with quarks.

• Once produced, the mediator will decay into an ordinary quark and a dark matter 
particle.

Figure 12: LHC constraints at with NLO cross-sections for associated squark neutralino
production

Figure 13: LHC constraints at with LO cross-sections for squark pair production
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Figure 14: Cross-section and K-factors for non-qcd production of mediator pairs

Figure 15: Exclusion plot for non-QCD production of mediator pairs

Automized Squark–Neutralino Production to Next-to-Leading Order
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The production of one hard jet in association with missing transverse energy is a major LHC
search channel motivated by many scenarios for physics beyond the Standard Model. In scenarios
with a weakly interacting dark matter candidate, like supersymmetry, it arises from the associated
production of a quark partner with the dark matter agent. We present the next-to-leading order
cross section calculation as the first application of the fully automized MadGolem package. We
find moderate corrections to the production rate with a strongly reduced theory uncertainty.

I. INTRODUCTION

Since the LHC started running at a center-of-mass energy of 7 TeV searches for new physics are a major e↵ort,
realized in a rapidly increasing number of publications [1]. Inclusive searches for supersymmetry at the LHC have
started to constrain the allowed parameter space of the minimal supersymmetric Standard Model [2], most notably
in the part of the squark–gluino mass plane which can be described in terms of gravity mediation. Such searches are
based on jet production from squark and gluino decays and two stable lightest supersymmetric particles (LSP). The
latter could be a dark matter agent with a weak-scale mass.

The main production mode for jets and dark matter particles at the LHC would most likely be squark or gluino pair
production, mediated by the strong interaction [3]. The limitation of this channel is that it will be hard to extract any
model parameters beyond the masses of the new particles [4]. The production is governed by the strong interaction
and the (sum of) branching ratio(s) leading to jets plus missing transverse energy can be expected to be close to
unity. Therefore, it is worth studying additional production processes which directly involve the weakly interacting
sector of the new physics model. In supersymmetry, those are the associated production of a gluino [5] or a squark
with a neutralino or chargino [6]

pp ! q̃�̃0
, q̃�̃± . (1)

The leading order Feynman diagrams for this process we show in Fig. 1. This channel naturally leads to one single
hard decay jet and missing energy. This signature is not unique to supersymmetry or other models with quark partners
and a weakly interacting dark matter agent; it also constitutes the theoretically most reliable signature for large extra
dimensions [7]. In that sense, observing single jet production with missing energy would be one of the most exciting
anomalies to interpret at the LHC.

Aside from the quark-gluon and squark-gluon QCD vertices, the leading-order process is driven by the q-q̃-�̃
interaction. Because the dominant light-flavor quarks only have a tiny Yukawa coupling, this interaction relies on
the two weak gauge charges of the quark-squark pair involved. This way, it carries information on the composition
of the dark matter candidate �̃0

1 and an accurate measurement would also allow improved predictions for the direct

q̃L/R

�̃

q̃L/R

�̃

q̃L/R

Figure 1: Feynman diagrams for the associated production of a squark and a gaugino to leading order.
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Direct Detection

Figure 8: SI direct detection limits from Xenon 1T (including RGE e↵ects). The thick red
dashed line corresponds to the region of parameter space above which the partial width
for the squarks is smaller than ⇤QCD.

6.0.2 SI Limits from Xenon 1T

We compare the direct detection limits from Xenon 1T [13] when we use the usual method
as compared to using RGE. As far as I understand Xenon ( and LUX and Panda-X)
present their results as limits againts the isoscalar wimp nucleon cross-section. It is
standard practice to assume fn = fp so that Eq. 33 becomes

�T
SI =

4

⇡

✓

MmT

M +mT

◆

2

|Afp|2 , (64)

Here A is the mass number of the nucleus. The cross-section per nucleon is then given as.

�p =
4

⇡

✓

Mmp

M +mp

◆

2

|fp|2 . (65)

For the qL model with universal coupling gDM one may assume this isospin symme-
try(neglecting electroweak contributions to the cross-section). However this is not the
case for the uR and dR models.

renormalization group evolution of the couplings from the
LHC to the nuclear energy scale leads to a significant
isospin violation (see Refs. [45–47]).
The cases of neutron- and proton-only coupling fall on

the axes of the more general parameter space spanned by an
and ap. By following the prescription laid out in Ref. [48],
elliptical exclusions in this plane are made according to

X

A

 
apffiffiffiffiffi
σAp

q ! anffiffiffiffiffi
σAn

p
!

2

>
π

24G2
Fμ

2
p
; ð4Þ

FIG. 3. 90% C.L. exclusions on coupling parameters an and ap
for 50 and 1000 GeV c−2 WIMPs.Ellipse boundaries are colored as
in Fig. 2: this result (thick black), LUXWS2013 (gray), PandaX-II
(purple), and PICO-60 (blue). Geometrically, Eq. (4) describes a
rotated ellipse when the sum is performed over multiple isotopes
with distinct σAp=σAn , as is the case for LXe experiments. PICO-60
considers only 19F (for which hSni ∼ 0) and thus sets limits only on
ap. The innermost region (bounded by LUX and PICO-60)
represents parameter space not in tension with experimental data.
The model dependency of the LHC results is apparent in this plane,
as the CMS excluded region (shown as a green band) is restricted to
the an ¼ ap line (see the main text for an important caveat). This
line is absent from the lower panel, since, in this treatment, CMS is
insensitive to WIMPs at the TeV mass scale. MSSM7 favored
regions from the GAMBIT scan are also shown, with a red contour
at the 2σ level for visibility. The degeneracies assumed in the
MSSM7Lagrangian lead to the tight correlation betweenan andap.
This scan includes a range of possible WIMP masses (unlike the
mass-specific experimental exclusions) and thus appears identically
in each panel, noting the change in the axis scale. Additionally, the
scans include models with subdominant relic densities, for which
experimental limits are rescaled accordingly.

FIG. 2. 90% C.L. upper limits on the WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this analysis
are shown in thick black (“LUX WS2013+WS2014–16”), with
the range of expected sensitivity indicated by the green (1σ) and
yellow (2σ) bands. Solid gray curves show the previously
published LUX WS2013 limits [13]. Constraints from other
LXe TPC experiments are also shown, including XENON100
[28] and PandaX-II [29]. In the top panel, model-dependent
(axial-vector mediator with indicated couplings) LHC search
results are represented by dashed lines, with CMS [30] in light
blue and ATLAS [31] in dark blue. As calculated by a new profile
likelihood scan of the MSSM7 [32], favored parameter space is
shown as dark (1σ) and light (2σ) peach regions; an earlier
calculation using the MSSM-15 [33] is shown in gray, with
analogous shading of confidence levels. In the bottom panel, the
DAMA allowed region (as interpreted in Ref. [34]) is shown in
pink (the analogous neutron-only region is above the bounds of
the plot). Such an interpretation is in severe tension with this
result, as well as the PICO-2L [35] and PICO-60 [36] constraints.
Selected limits from indirect searches at neutrino observatories
(Super-Kamiokande [37] and IceCube [38]) are plotted as dashed
lines.

PRL 118, 251302 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
23 JUNE 2017

251302-5

Figure 9: SD direct detection limits from PICO 60.

6.0.3 SD Limits from Pico-60

See figure 9. Also see Appendix of ref. [14] for a discussion on how to evaluate the
cross-section and nuclear matrix elements. The SD proton cross-section is:

�SD
p =

3

16⇡

✓

m�mp

m� +mp

◆

2

|cu�u+ cd�d+ cs�s|2 (66)

7 LHC cross-sections and constraints @NLO
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• At tree level, the fact that Majorana particles have vanishing vector current implies 
that the scattering with nuclei is spin-dependent..

• But at one loop, the scattering is spin-independent, and these are the dominant 
constraint- the smaller rate is compensated by the stronger experimental bounds.

SD (Pico)

SI (Xenon)

Mohan, Sengupta, TMPT,  Yan, Yuan  in progress



Dark Matter Coupled to Gluons
• Another possibility is to engineer the 

coupling to the SM to occur at loop level.

• In that case, a quartic interaction can 
connect the two.

• This interaction does not require the scalar 
to be Z2-stabilized, and (given an appropriate 
choice of EW charges) it can decay into a 
number of quarks, looking (jn some cases) 
more like an R-parity violating squark.

• The color and flavor representations (r, Nf) 
of the mediator are free to choose.

• For perturbative λ, a thermal relic actually 
favors mφ < mχ so annihilation into φφ* is 
open.

�d |�|2|�|2

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

(b) Mono-jet signature. (c) Mediator + top quark

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

Figure 1: Representative Feynman diagrams for various processes involving the mediating

colored-scalar that we will explore.

3 Annihilation Cross Section

The cross section for the dark matter to annihilate is the primary quantity determining

the prospects for observing it via indirect detection methods, and also determining its relic

– 4 –

The dominant coupling to the
SM is at one loop to gluons!

Figure 2: The product of quartic interaction �d with the square root of product of r

dimensional color representation of � and Nf number of flavors with mass less than m�,

required to saturate the observed dark matter density as a thermal relic, are represented as

colored contours in the plane of m�-m�. Almost all the parameter space where m� < m�

is compatible with a thermal relic density. Where m� > m�, the DM annihilation proceeds

via loops and, only a small region of parameter space is allowed without including any

additional couplings.

To good approximation, the coupling to gluons can be represented by its leading term

in the expansion of the momentum transfer divided by the mediator mass. In this limit,

the e↵ective coupling can be represented by the operator C5,

�d↵sTr

48⇡

X

i

1

m2
�i

|�|2Ga
µ⌫G

aµ⌫ , (4.1)

whose coe�cient is determined by �d, Tr, and the masses of the mediators. It is convenient

to introduce the masses added in parallel,

1

m2 ⌘
X

i

1

m2
�i

, (4.2)

– 6 –

Coupling to saturate thermal relic density
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Mediator Searches
• The physics of the mediators is model-

dependent, depending on the color and 
EW representation.

• As a starting point, we considered 
mediators of charge 4/3 coupling to 2 uR 
quarks.

• In this case, a MFV theory can be obtained 
by coupling anti-symmetrically in flavor 
indices:

• There are interesting searches for pairs of 
dijet resonances and also potential 
impacts on top quark physics.

• All of these constraints are rather weak.

y✏ijk�iūju
c
k + h.c.

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

(b) Mono-jet signature. (c) Mediator + top quark

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

Figure 1: Representative Feynman diagrams for various processes involving the mediating

colored-scalar that we will explore.

3 Annihilation Cross Section

The cross section for the dark matter to annihilate is the primary quantity determining

the prospects for observing it via indirect detection methods, and also determining its relic

– 4 –

Decays into unflavored jets are 
bounded by mφ > 350 GeV.
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Figure 4: Excluded region of the plane of m�1,2 and y1 from searches for anomalously

large production of tt+one jet (solid blue region) and tt+two jets (purple shaded region).

6 Conclusions

A model in which the dark matter interacts primarily with the Standard Model via the

gluons (and not appreciably with the quarks) is an interesting corner of dark matter theory

space, one worthy of both theoretical and experimental exploration. We construct an

appealing renormalizable simplified model in which the dark matter is a scalar particle,

whose coupling to gluons is induced through a quartic interaction connecting it to exotic

colored scalars. A large number of choices for color and flavor representations of the scalars

exist, though all share some common features. In particular, the strongest constraints

(for m� & 10 GeV) typically come from direct searches for dark matter scattering with

nuclei, with missing energy signals at the LHC strongly suppressed. The colored scalars

themselves typically decay into a number of quarks, motivating searches at the LHC for

multi-jet signals of resonantly produced pairs of particles with QCD-sized production cross

sections.

It is perhaps surprising that some models of dark matter may manifest themselves at

a hadron collider most readily through a signature without any missing transverse momen-

tum.

– 10 –

Excluded by tt+jet

Excluded by tt + 2j
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Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.
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Figure 1: Representative Feynman diagrams for various processes involving the mediating

colored-scalar that we will explore.

3 Annihilation Cross Section

The cross section for the dark matter to annihilate is the primary quantity determining

the prospects for observing it via indirect detection methods, and also determining its relic
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DM Searches
• Direct detection generally provides a 

strong bound unless the dark matter 
mass is particularly small.

• At a hadron collider, the mono-jet 
signature occurs at one loop.

• As a result, prospects at the LHC are 
not particularly hopeful, though for 
large enough r and λ, it is possible to 
see something with a very large data 
set.

• A 100 TeV pp collider would do 
better…

Figure 3: Current (solid line) and projected (dashed line) bounds on
P

�dTr
p
Nf/m

2
�

based on searches for dark matter-Xenon scattering by LUX. The region above the solid

line is excluded.

which in the limit where all mediators have equal masses is 1/m2 ! Nf/m
2
�. Combined

with the gluonic matrix elements, the result is a spin-independent cross section �SI,

5.2⇥ 10�44cm2 (�dTr)
2
⇣ µ� m�

10 GeV2

⌘✓200 GeV

m

◆4

, (4.3)

where µ� is the reduced mass of the nucleon - dark matter system. Through the renormal-

ization group the gluon operator will mix with the scalar quark bilinear, and is expected

to lead to modest changes to this expectation which grow as the log of m� [38].

Currently, the most stringent bound on �SI for a wide range of dark matter mass is

obtained from the null observation after 85 days of live running by the LUX experiment

with a liquid Xenon target [39]. In Figure 3, we show the bounds on �dTr/m
2 as a function

of dark matter mass derived from those bounds, and also compare with projected bounds

based on 300 days of live running. For �dTr
p
Nf ⇠ 1, mediator masses of order 200 GeV

remain consistent with observations.

5 Collider Constraints

With an e↵ective coupling to gluons and additional heavy colored states, this simplified

model leads to rich phenomenology at hadron colliders such as the LHC. Since the mediat-

ing scalars do not themselves decay into the dark matter, the associated phenomenology is
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Figure 1: Representative diagrams for the subprocesses contributing to pp ! j��⇤ at a hadron collider.

reason, we employ the results obtained using the
in-house code in the first method listed above in
the remainder of this work.

In Figure 2, we show the di↵erential cross section with
respect to the jet transverse momentum, pjT . At the par-
ton level at leading order, this quantity is the same as
�ET . We examine the relative importance of the subpro-
cesses for a sample parameter point with �d = 1, a single
species of mediator with r = 3, and a small dark matter
mass1 m� = 1 GeV. We examine two choices2 ofm� = 10
and 100 GeV. We use the CTEQ6L1 parton distribution
functions (PDFs) [32] and set the renormalization and
factorization scales to µ = Q = HT . We observe that
due a large gluon flux the gg initial state dominates for
smaller values of pjT . Note that for a given final state,
the gq flux dominates the gg flux at su�ciently large pT
scales. We also observe that at a higher m� value the gq

1
We choose a small dark matter mass m� = 1 GeV as an illus-

trative choice. Results are typically insensitive to this particular

choice for masses much less than the cut on the mono-jet pT .

2
Technically, m� = 10 GeV is excluded by cosmological consider-

ations and the running of ↵S [31]. Nonetheless, it illustrates the

behavior for very low m� and is useful as a benchmark.

channel takes over the gg channel at relatively smaller
pjT scale. On the other hand, the qq̄ contribution re-
mains small throughout due to the s-channel propagator
suppression.

B. Comparison with EFT

In the limit m� ! 1, the full result is expected to
flow to the one derived from the EFT, Eq. (2). In Fig-
ures 3a and 3b, we show the ratio of the full result to
the EFT approximation for the sample parameter point
defined above, as a function of m�, for

p
s = 8 TeV andp

s = 13 TeV, respectively. As expected, at small energy
scales the EFT approximation over-estimates the cross
section by a factor which scales as m�4

� . It is interest-
ing to note that the cross section calculated with loops
becomes equal to that calculated in the EFT when the
mediator mass is close to half the value of cut on jet
transverse momentum (m� ⇠ pjT /2). At scales compa-

rable with the pjT cut, EFT under estimates the cross
section by up to a factor of two. With a large cut on
transverse missing energy, the contributions from the res-
onant part of the pT distribution in the case of a light
scalar are removed and only the large pT region survives.
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Figure 6: Significance (S/
p
S +B) of the mono-jet signal at the 13 TeV LHC and 100 TeV FCC as a function of

integrated luminosity, for mediators with r = 3 (red), r = 8 (dark blue), and r = 15 (cyan), with a cut pjT � 200
GeV and masses as indicated on each figure.

and the experimental results are summarized in the first
and second row of Table I. The pseudo-rapidity of the
leading jet is further required to satisfy |⌘j | < 2.4 in the
experimental analysis of CMS and |⌘j | < 2.0 for ATLAS.

We apply the experimental selection to our full calcula-
tion of the mono-jet cross section, continuing to examine
the case of �d = 1 and light dark matter, m� = 1 GeV.

We choose three representative pjT cuts from the CMS
analysis, and show the resulting cross section after cuts
in Figure 4, for two choices of mediator representation,
r = 3 and r = 15. Also shown are the corresponding lim-
its on the cross section for the respective choice of pjT cut.
Comparing the two, we find that the color triplet media-
tor is completely unconstrained by the current mono-jet
bounds, whereas the r = 15 representation is subject to
very mild bounds of order m� & 158 GeV, obtained from

the ATLAS run-I data with a pjT � 350 GeV.

B. Constraints from 13 TeV

In Figures 5a and 5b, we show the mono-jet cross sec-
tion at LHC run-II as a function of m�, for �d = 1, and
m� = 1 GeV with r = 3 and r = 15, respectively, for a

few representative choices of the pjT cuts from the ATLAS
run-II analysis [33]. The limits obtained on the value of
m� from the run-II analysis with 3.2 fb�1 of data are
weaker than the corresponding run-I results.

It is worth mentioning that at one-loop the GSDM
model also produces a model-independent dijet signal
from gg ! gg, which may also provide competitive
bounds on m�. We leave its exploration for future work.

C. Future Prospects

We examine the prospects for future colliders to probe
the parameter space of GSDM through searches for the
mono-jet process. To assess the reach of these colliders
to discover GSDM for di↵erent values of m�, we compute
the primary (irreducible) SM background to the mono-
jet process from Z + j production, where the Z boson
decays into neutrinos. We compute this background at
leading order for the 13 TeV LHC and for the proposed
100 TeV FCC using Madgraph, subject to the cuts on
the mono-jet: |⌘j | < 2.4, and a modest cut of pjT > 200
GeV. We assume that, as was true for the LHC run I
analysis, the real background from Z + j dominates over
the fake contribution from mis-measured QCD jets. In
Figures 6a and 6b we present the significance, defined
as S/

p
S +B ' S/

p
B as a function of the integrated

luminosity at each accelerator.
We find that with 3 ab�1 of luminosity, the 13 TeV

LHC can discover (at 5�) evidence for a color octet me-
diator whose mass is slightly above 200 GeV. A 15 of
color reaches 5� discovery for masses around 500 GeV.
Obviously, a much larger range of parameter space can
be explored for higher dimensional representations, even
with lower luminosities. At the FCC, the reach for a color
triplet scalar in the mono-jet channel reaches the level of
discovery for masses up to m� ⇠ 200 GeV. A much larger
range of parameter space can be explored for higher di-
mensional representations: for r = 15, masses up to 1.7
TeV can be probed with 3 ab�1.

V. SUMMARY

A scalar gauge singlet dark matter particle allows for
the possibility of a renormalizable connection to the SM
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• One can construct theories where the DM is 
light enough that direct bounds become rather 
weak.

• This typically requires light mediators as well.

• A nice picture is a light vector boson whose 
coupling to the SM comes from kinetic mixing 
with U(1)Y.

• In this limit, the couplings of the mediator to the 
SM look like photon couplings scaled down by ε.  
The mediator in this case is often referred to as 
a “dark photon”.

• There are other variations with scalars, pseudo-
scalars, or vectors with chiral interactions.
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0 !
��̄) or e�p ! e�p(A0 ! ��̄), and identified as a narrow resonance over a smooth
background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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mMED = 3 mDM

αD = 0.5

The y parameter is the combination that 
controls the relic density in this regime.
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parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.
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FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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mMED = 3 mDM

αD = 0.5

Many projects both underway and proposed can search 
for mediators decaying (dominantly) invisibly.

~100% BR into invisible channels.
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When the dark matter is too heavy, 
the mediator largely decays visibly 

into SM states.

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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SeaQuest [60], and SHiP [65].

length drops below the distance to the detector, i.e., we are in the regime where d̄ ⌧ L
near

.
In this case, N

sig

scales linearly with Lint, but is exponentially suppressed for increasing
(✏m

A

0)2. The contours ofN
sig

in Fig. 9 are therefore very tightly spaced in (m
A

0 , ✏) parameter
space, and the reach shown in Fig. 10 is not improved much by going from Lint = 300 fb�1 to
3 ab�1. On the other hand, a change in the detector location, L

min

, or maximum dark photon
momentum, pmax

A

0 , can have a significant e↵ect on the reach. This is because, requiring the
characteristic decay length to be similar to the distance to the detector, d̄ ⇠ L

min

, implies
✏m

A

0 / p
pmax

A

0 /L
min

, and so the reach in the parameters m
A

0 and ✏ is quite sensitive to
changes in pmax

A

0 and L
min

. We use this feature to compare FASER to the aforementioned
beam dump experiments below.

In the opposite limit, at small ✏, i.e., for d̄ � L
min

, we obtain N
sig

/ ✏4 m2

A

0 . The number
of events is now only suppressed as a power of ✏, not exponentially, as ✏ decreases. Contours
of N

sig

in Fig. 9 are therefore less tightly spaced in (m
A

0 , ✏) parameter space, and the reach
shown in Fig. 10 is significantly improved by going from Lint = 300 fb�1 to 3 ab�1.

Figure 10 shows that the sensitivity contours of FASER, SeaQuest, and SHiP have fairly
similar boundaries at high ✏. This is as expected, given the discussion above: both SeaQuest
and SHiP have luminosities (protons-on-target) that are several orders of magnitude larger
than FASER, but the reach at high ✏ is mainly determined by the L

min

/pmax

A

0 ratio, and this
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FIG. 23: The 8Be signal region in the (mX , "e) plane, along with current constraints (gray) and
projected sensitivities of the indicated future experiments. From Ref. [61].

forbidden by parity conservation in nuclear decays [60], but pseudoscalars are a possibil-
ity [246]. Spin-1 bosons are also possible, but are constrained by null results from searches
for ⇡0 ! �X [192]; such constraints exclude, for example, dark photons as an explanation.
However, such ⇡0 decays are axial-anomaly driven [247, 248], and so any particles that de-
couple from this decay, including protophobic gauge bosons [60, 61] and axial vectors [249]
are possible solutions. We discuss these in turn.

A viable protophobic vector candidate has milli-charged couplings to neutrons and elec-
trons, and suppressed couplings to protons [60]. Such a particle can arise naturally as the
force carrier of a spontaneously broken U(1)B or U(1)B�L symmetry that kinetically mixes
with the photon [61]. In this case, the predicted leptonic couplings can be large enough
to simultaneously ameliorate the discrepancy in (g � 2)µ, providing an viable alternative
to the now-excluded dark photon explanation. These scenarios could be directly tested by
repeating the experiment with 8Be or looking for similar decays in other nuclei (see below),
or by testing the required electron couplings at e±-beam-based experiments. A number of
accelerator experiments may probe the relevant couplings in the near future, Fig. 23.

An alternative explanation is a light gauge boson that couples predominantly axially to
quarks [249]. In this case, the vector does not have to be protophobic, since the decay
⇡0 ! �X is forbidden in the chiral limit if X has purely axial couplings, and so the con-
straints from NA48/2 on light vectors [192] do not apply. A light axial vector with mass
mX ⇡ 17 MeV can explain the ATOMKI result without violating existing experimental con-
straints, and such a particle can also arise from a self-consistent UV complete theory [249].
(For a related discussion of existing constraints and model-building, see Ref. [62].) The
strongest constraints on the axial vector quark couplings in this scenario are from the non-
observation of a corresponding bump in the predominantly isovector 17.64 MeV 8Be tran-
sition to the ground state. This illustrates the potential for nuclear decay experiments to
provide experimental probes of light vectors that are complementary to those a↵orded by
existing experiments. (Note that the potential for nuclear decay experiments to search for
light, weakly coupled particles was pointed out some time ago [250, 251].) Furthermore,
both the axial- and protophobic vector interpretations of the 8Be anomaly highlight the im-
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Proto-phobic vector couplings to 
address the Be-8 anomaly.
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FIG. 5. Constraints on couplings with non-renormalizable Yukawa couplings, in the family non-universal case.

Second- and third-generation fermions f with electric charge Qf have vector couplings cfV = ✏Qf and
vanishing axial couplings. As discussed in Sec. IV, the strongest experimental constraints can be evaded
by setting cqV = 0 for first-generation quarks, which in this model e↵ectively fixes qu and qd in terms of ✏,
another fine-tuning. Neutrino couplings do not get generated from mass mixing with the Z because the SM
Higgs is uncharged. In Fig. 5, we plot the allowed parameter space for ceA in this model for ceV = 10�3. This
model comes closest to realizing the generic IR parameter space described in Sec. II E below mA0 = 20 MeV
where BaBar loses sensitivity, albeit at the cost of several fine-tunings. Nonetheless, we see that the region
compatible with both the ⇡0 ! e+e� and (g � 2)µ anomalies (which is also consistent with (g � 2)e) is now
strongly excluded by the anomalon bounds, highlighting the tension between UV and IR considerations.
Indeed, for this choice of ceV , the entire parameter space in ceA is ruled out by a combination of IR limits
(BaBar) and UV limits (anomalons).

VI. CONCLUSIONS

Dark force carriers at the MeV scale are a fascinating possibility for physics beyond the Standard Model.
They allow for a richer dark matter sector, which includes relevant interactions that o↵er new opportunities
in model-building and for which there may even be experimental hints. A large body of work has focused
on the case of vector interactions with the SM fermions, but it is worthwhile to understand the space of
axially-coupled particles as well. The chiral nature of the SM implies that realizing large axial couplings is
non-trivial, with the shape of the IR physics impacted by UV physics living at the TeV scale or above.

We have examined light force carriers with axial-vector interactions from both ends of the energy spectrum:
from the low energy experimental perspective, where a rich set of constraints from many searches provide
complementary information, and also from the point of view of TeV models, to understand how the need
for gauge invariance under the full SU(3)c ⇥ SU(2)L ⇥U(1)Y ⇥U(1)D impacts the phenomena that can be
realized at MeV scales. An immediate question is how to reconcile the SM Yukawa interactions with the

Vector particle with chiral interactions

Kahn, Krnjaic, Mishra-Sharma, TMPT
arXiv:1609.09072



Outlook
• Are WIMPs dead?

• The answer really depends on how you frame the question.

• Some are…

• Electroweakly charged particles are rather constrained.

• Some options survive by making choices of EW representation / spin.

• Others not so much.

• Freeze-out relics can exist for a wide variety of masses.

• Engineering may be required on the theory side, but this could just be 
how nature works.

• I think the only argument I can take away is that we need to keep looking 
everywhere we can.
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Annihilation
• We can also map interactions into 

predictions for WIMPs annihilating.

• This allows us to compare with 
cross sections leading to a thermal 
relic density through freeze out.

• This example is for dark matter 
interacting with gluons.  The cross 
section has been normalized to the 
thermal cross section for a thermal 
relic at a given mass.

• The LHC does better for lighter 
WIMPs or p-wave annihilations 
whereas direct detection is more 
sensitive for heavy WIMPs.
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FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

DM Complementarity, arXiv:1305.1605

Too Little DM

Too Much DM
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indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

DM Complementarity, arXiv:1305.1605
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Figure 2: Distributions of the residuals (observed minus expected counts) for the broadly compatible

excesses of CMS036 and CMS033, ROIs #2 in Table 1 and Table 2, with error bars denoting the

uncertainty, as explained in the text. The left column shows kinematic distributions for CMS036 ROI

#2 while the right column displays CMS033 ROI #2. Within each column, from top to bottom we

show the Nj , Nb, HT and MT2

(/ET for CMS033) distributions of the significant aggregation (shaded

in gray) and the neighboring bins in that direction in kinematic space. Solid and dashed lines show

di↵erent components of each aggregation, as labeled in the legends. See text for more details.

2.2.2 Promising excesses

We now focus on the anomalies which we believe have the most potential to be new

physics. In Figures 2 and 3, we show the kinematic distributions of the residuals (dif-

ference between observed and expected event counts) for the viable groups of excesses

in both searches. We highlight the location of the excess in each kinematic variable
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In previous work, we identified an anomalous number of events in the LHC jets+MET searches
characterized by low jet multiplicity and low-to-moderate transverse energy variables. Here, we
update this analysis with results from a new ATLAS search in the monojet channel which also
shows a consistent excess. As before, we find that this “monojet excess” is well-described by the
resonant production of a heavy colored state decaying to a quark and a massive invisible particle.
In the combined ATLAS and CMS data, we now find a local (global) preference of 3.3� (2.5�) for
the new physics model over the Standard Model-only hypothesis. As the signal regions containing
the excess are systematics-limited, we consider additional cuts to enhance the signal-to-background
ratio. We show that binning finer in HT and requiring the jets to be more central can increase S/B
by a factor of ⇠1.5.

As the LHC reaches a phase of stable running, it is
important to re-examine our search strategies for new
physics. Without large increases in energy or luminos-
ity, it becomes less and less likely that new physics will
suddenly appear with large statistical significance in a
low-background channel. Instead, we expect new physics
at the LHC to appear only gradually, starting with small
deviations from the Standard Model predictions. As the
searches for new physics at the LHC grow in sophistica-
tion and complexity (especially on the CMS side), it can
become increasingly di�cult to separate out statistically-
meaningful deviations from random noise. This is exac-
erbated by the increasing reliance on “simplified models”
to interpret the data. While simplified models are well-
suited for limit-setting, they are too few in number (and
of too limited variety) to populate more than a small sub-
set of the hundreds of signal regions across all of the LHC
searches, so that relying exclusively on simplified models
to characterize the data can greatly bias the search for
new physics.

In a previous work [1], we developed a “rectangular ag-
gregation” technique which attempted to overcome these
biases by combining signal regions in a more model-
independent way. This was based on the simple obser-
vation that any signal can populate multiple neighbor-
ing bins, and therefore aggregating signal regions within
larger kinematic ranges can extract information about
underlying excesses without making assumptions about
a specific signal model. As a proof of principle, we ap-
plied our aggregation technique to the CMS jets+/ET

searches [2] and [3] (hereafter referred to as CMS033 and
CMS036, respectively). While originally motivated by
supersymmetry, these searches are broadly sensitive to
new physics, owing to the fact that they each consist of
hundreds of exclusive signal regions, defined by number
of jets, number of b-tagged jets, and transverse energy
variables such as HT , missing transverse momentum /ET ,
and/or MT2.

Through our method of rectangular aggregations, we
identified a number of interesting ⇠3� excesses within

qi

qj

�†

qk

 

FIG. 1: The “mono-�” simplified model that fits well the
monojet excess in the CMS and ATLAS searches.

these searches. The most interesting one was consistent
between both searches. We dubbed this the “monojet
excess” because it is characterized by low jet multiplic-
ity, no b-jets, and low /ET and HT . We found that the
anomaly’s kinematic distributions could not be well-fit by
supersymmetry-like pair production of colored particles,
or in simplified models for dark matter pair production
[1]. Instead, a good fit was obtained using a colored scalar
�, resonantly produced through couplings to quarks, and
decaying to an invisible massive Dirac fermion  and a
Standard Model quark (the “mono-�” model), see Fig.
1.
To avoid decays of the  back to visible states, its Dirac

partner  0 can be coupled to invisible states N and Ñ .
The interaction Lagrangian for the minimal model is [1]

�L ◆ g�⇤qci +��q
c
i q

c
j+m   

0+m2
�|�|2+g0 0NÑ+h.c.

(1)
Here, the qi are the right-handed quarks. The scalar �
is a color-triplet, and its charge can be + 2

3 or � 1
3 . For

a given � mass, the resonance production cross section
is set by �, while the branching ratios of � to q versus
qq are set by both � and g. The � resembles a squark
in R-parity violating supersymmetry, though in order to
avoid baryon-number-violating decays the  cannot be
identified with a Majorana neutralino [4].
We also found further hints for the same anomaly in
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FIG. 2: Values of the signal cross sections favored at 1,2 and
3� by each individual search considered, and by the combi-
nation of ATLAS060 and CMS036.

the identified excess, and are independent of any par-
ticular new physics model. However, a full fit – includ-
ing all signal regions of each search – requires both a
model and a recasting of the experimental search sen-
sitivity for that model. Scanning over the (m�,m )
mass plane, we generated mock-LHC data for the mono-�
model using MadGraph5 [9], Pythia8 [10] for shower-
ing and hadronization, and a tuned implementation of
Delphes3 [11] for detector simulation. Events were gen-
erated without jet matching, though comparison with
matched samples demonstrated that the e↵ect was min-
imal. Full details of our recasting procedure and cross-
checks can be found in [1]. For each ATLAS or CMS
search [2, 3, 5, 6], we calculate the statistical preference
for the signal+background hypothesis over background-
only using the profile likelihood method [12, 13], treat-
ing the cross section times branching ratio at each mass
point as a free parameter in the fit. The results are
indicated in Fig. 2, where we show the best-fit confi-
dence intervals for � ⇥ BR of a reference mass point
(m�,m ) = (1250, 900) GeV, for each of the ATLAS and
CMS searches of interest. As can be seen, the anomaly
seen in ATLAS060 is broadly consistent with that previ-
ously identified in the CMS033, CMS036, and ATLAS022
data, and at higher significance than the previous ATLAS
search. While the CMS monojets search CMS048 did not
see any evidence for new physics, its confidence intervals
are entirely consistent with the size of the excess seen by
the other searches.

Although we cannot combine all of these searches to
produce an overall best fit cross section, we can pick one
from CMS and one from ATLAS for a joint fit. Choosing
CMS036 and ATLAS060 as being the two that are most
sensitive to our signal, the resulting significance plot is
shown in Fig. 3. To take into account the non-observation
of signal from CMS048, we require that the best-fit cross
section be less than the 95%CL upper limit from that

FIG. 3: Best-fit significance for the model in the m�/m��m 

mass plane, obtained combining the CMS jets+MT2 search
[3] and the ATLAS monojet search [7]. The corresponding
best-fit cross section is O(0.35 pb) in the region with highest
significance.

FIG. 4: Di↵erence between observed and background counts
with relative error bars for ATLAS060 (black) and the
CMS036 Nj = 1 bins (green), to be compared with the /ET

distribution of the signal for (m�,m ) = (1250, 900), respec-
tively in solid and dashed red, given the production cross
section set by the joint fit to ATLAS060 and CMS036.

search.3 Even after this, the combined fit finds a local
preference for signal at the 3.3� level for m� ⇠ 1200 �

3 As discussed in [1], this model also gives a correlated signature
in the dijet resonance channel, however the exact signal strength
depends on additional couplings not determined by this fit. Here
we assume that the couplings are always chosen such that the
� ⇥ BR into dijet resonances is consistent with current bounds.
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There is a theoretical recast 
of the jets + MET data that 
indicates ~2.5σ excesses 
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