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Einasto profile (decay)3

To make the definition of the test statistics (TS) less
sensitive to the integration directions, we consider a set
of four possible integration regions,
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To calculate the p-value for the decaying dark mat-
ter as an explanation for the data, we generate random
event maps by choosing a random right-ascension angle
but keeping the same inclination angle and resolution of
the event in the data. In the upper panel of Fig. 2, we

FIG. 2: The TS distribution for the Einasto model with ↵̄ =
0.17 (pvalue = 21.98%) against random sky maps with random
right-ascension angles.

show the TS value distribution of the decaying dark mat-
ter model against those randomly generated event maps.
In the red vertical line, we show the decaying dark mat-
ter TS(DM) value against the observed 28 events at Ice-
Cube. The p-value, or the probability of having the TS
value from a random event map bigger than TS(DM), is
17.4% for the Einasto model with ↵̄ = 0.17. To test how
good the observed 28 events agree with a homogeneously
geometrical distribution, we perform the same calcula-
tion by assuming a homogeneous model and found that

the p-value for a homogenous distribution is 72.14% for
all 28 events, which agrees with the result obtained by
the IceCube collaboration [5, 6].
Since the atmospheric backgrounds are dominated in

lower energies [7, 8], a bigger fraction of the 28 events
could be from dark matter signals if only higher energy
events are selected. Therefore, we also test the geometric
distributions for the 18 events with E & 50 TeV. We
show the p-values for all events and events with E &
50 TeV in Table I. One can see that the p-values are
fairly insensitive to the energy cut. In the last row of

↵̄ = 0.25 ↵̄ = 0.17 Homogeneous

all 28 events 20.34% 21.98% 72.14%

18 events with E & 50 TeV 18.16% 20.16% 70.14%

21 cascade events 38.84% 41.86% 95.38%

TABLE I: The pvalue’s for three di↵erent hypothesis using all
the events, only the events with E & 50 TeV and only the
cascade events.

Table I, we also show the p-values for only the cascade
events considering the fact that the track events could
have an origin from the atmospheric muon background.
Neutrino spectra from dark matter decays The

energy spectrum of the IceCube neutrino excess has an
interesting feature [5, 6]. First, there are two isolated
events at around 1 PeV [9] with one at 1.04 ± 0.16 PeV
and the other one at 1.14± 0.17 PeV. Secondly, there is
an potential energy cuto↵ at 1.6+1.5

�0.4 PeV. Thirdly, there
is an energy gap or no neutrino events observed in the
energy range of ⇠ (0.3, 1) PeV. Although a wide range of
the energy spectrum can be fit by an E�2 feature [5, 6],
the clustered feature at around 1 PeV is also suggestive to
have a mono-energetic neutrino spectrum together with
a continuous spectrum beneath.
To fit the observed spectrum at IceCube, one also

needs to consider di↵erent detector acceptances at dif-
ferent energies. For di↵erent flavors of neutrinos, the
acceptance areas vary a lot with the largest one for the
electron neutrino. In our analysis below, we don’t distin-
guish di↵erent flavors of neutrinos and use the averaged
acceptance areas in terms of flavors and declination an-
gles [5], which is only slightly di↵erent from Ref. [19].
Because the uncertainties on the acceptance areas and
the large statistic errors, the current IceCube data is not
su�cient to distinguish spectra from di↵erent particles
models. So, we consider several representative decaying
dark matter models and study their fit to the observed
data. We consider candidate models according to the
operator dimensions of dark matter coupling to SM par-
ticles.
At the renormalizable level and for a fermonic dark

matter �, we consider the operator �H̃L̄L � for dark mat-
ter coupling to the Higgs field in the SM or �HLL̄L� in
the lepton-specific two-Higgs doublet models, which has

28 events

equatorial coord.

YB, Lu, Salvado, to be published
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show the TS value distribution of the decaying dark mat-
ter model against those randomly generated event maps.
In the red vertical line, we show the decaying dark mat-
ter TS(DM) value against the observed 28 events at Ice-
Cube. The p-value, or the probability of having the TS
value from a random event map bigger than TS(DM), is
17.4% for the Einasto model with ↵̄ = 0.17. To test how
good the observed 28 events agree with a homogeneously
geometrical distribution, we perform the same calcula-
tion by assuming a homogeneous model and found that

the p-value for a homogenous distribution is 72.14% for
all 28 events, which agrees with the result obtained by
the IceCube collaboration [5, 6].
Since the atmospheric backgrounds are dominated in

lower energies [7, 8], a bigger fraction of the 28 events
could be from dark matter signals if only higher energy
events are selected. Therefore, we also test the geometric
distributions for the 18 events with E & 50 TeV. We
show the p-values for all events and events with E &
50 TeV in Table I. One can see that the p-values are
fairly insensitive to the energy cut. In the last row of

↵̄ = 0.25 ↵̄ = 0.17 Homogeneous

all 28 events 20.34% 21.98% 72.14%

18 events with E & 50 TeV 18.16% 20.16% 70.14%

21 cascade events 38.84% 41.86% 95.38%

TABLE I: The pvalue’s for three di↵erent hypothesis using all
the events, only the events with E & 50 TeV and only the
cascade events.

Table I, we also show the p-values for only the cascade
events considering the fact that the track events could
have an origin from the atmospheric muon background.
Neutrino spectra from dark matter decays The

energy spectrum of the IceCube neutrino excess has an
interesting feature [5, 6]. First, there are two isolated
events at around 1 PeV [9] with one at 1.04 ± 0.16 PeV
and the other one at 1.14± 0.17 PeV. Secondly, there is
an potential energy cuto↵ at 1.6+1.5

�0.4 PeV. Thirdly, there
is an energy gap or no neutrino events observed in the
energy range of ⇠ (0.3, 1) PeV. Although a wide range of
the energy spectrum can be fit by an E�2 feature [5, 6],
the clustered feature at around 1 PeV is also suggestive to
have a mono-energetic neutrino spectrum together with
a continuous spectrum beneath.
To fit the observed spectrum at IceCube, one also

needs to consider di↵erent detector acceptances at dif-
ferent energies. For di↵erent flavors of neutrinos, the
acceptance areas vary a lot with the largest one for the
electron neutrino. In our analysis below, we don’t distin-
guish di↵erent flavors of neutrinos and use the averaged
acceptance areas in terms of flavors and declination an-
gles [5], which is only slightly di↵erent from Ref. [19].
Because the uncertainties on the acceptance areas and
the large statistic errors, the current IceCube data is not
su�cient to distinguish spectra from di↵erent particles
models. So, we consider several representative decaying
dark matter models and study their fit to the observed
data. We consider candidate models according to the
operator dimensions of dark matter coupling to SM par-
ticles.
At the renormalizable level and for a fermonic dark

matter �, we consider the operator �H̃L̄L � for dark mat-
ter coupling to the Higgs field in the SM or �HLL̄L� in
the lepton-specific two-Higgs doublet models, which has
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FIG. 3: The fitted spectra for several dark matter decay
channels. The black solid line is the atmospherical back-
grounds [7, 8]. For the two fermion dark matter cases,
the dark matter mass is 2.2 PeV and both lifetimes are
⌧� = 3.5 ⇥ 1029 s. For the two scalar dark matter cases, the
dark matter mass is 5 PeV and the lifetimes are 9.2⇥ 1028 s
and 4.6⇥ 1029 s, for 2h and ⌧� + ⌧+ channels, respectively.

dark matter decays as � ! h + ⌫ and � ! ⌫ + HL !
⌫ + ⌧+ + ⌧�, respectively. Fixing the fermion dark mat-
ter mass to be 2.2 PeV, we show the fitted spectra in
Fig. 3 after using PYTHIA [28] for SM particle decays and
hadronization. We sum the experimental error and sys-
tematical background error in quadrature to calculate
the total chi-square for the goodness of fit. For the two
fermion dark matter decay spectra, a dip feature exists
because of the combination of mono-energetic and con-
tinuous neutrinos. For a scalar dark matter, one can
have the renormalizable coupling to the SM Higgs bo-
son as simple as µXHH†, which simply mediates the
decay of X ! 2h. Beyond the renormalizable level, one
could have dark matter mainly couple to two leptons via
✏m⌧X⌧+⌧�/⇤, so the decay channel is X ! ⌧+⌧�. Fix-
ing the scalar dark matter mass to be 5 PeV, we also
show the fitted spectra in Fig. 3 (see [15, 29] for other
spectra from dark matter decays).

Discussion and conclusions Although the geomet-
ric compatibility of the IceCube data and its dark mat-
ter origin is very intriguing, the data is not su�cient
to draw a definite conclusion. Fortunately, the IceCube
has more data to be collected and analyzed, so a more
robust conclusion can be drawn in the coming years.
Other IceCube, another neutrino telescope, ANTARES,
has reached a comparable sensitivity in some declination
angle region. A geometric test for the compatibility of
the (excess) neutrinos observed in ANTARES and a de-
caying dark matter will be demanding.

Beyond the neutrino signal from dark matter, one
could also search for other correlated and for sure model-
dependent cosmic ray signatures from the dark matter
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FIG. 4: Neutrino, positron, antiproton and photon yields
from a single dark matter decay with a 2.2 PeV mass and
the decay channel � ! h+ ⌫.

decays at other experiments like Fermi LAT [30, 31],
PAMELA [32, 33], AMS-02 [34] and HESS [34]. In the
few respective models considered in Fig. 3, additional
photons, positrons and antiprotons can be produced at
the same time when a neutrino is generated. Using the
model with � ! h + ⌫ as an example, we show the
yields of neutrino, positron, antiproton and photon from
a single dark matter decay in Fig 4. One can see that
the neutrino yield is considerably higher than the pho-
ton, positron and antiproton yields in every bin. Fur-
thermore, because of the long dark matter lifetime of
1028 � 1029 s, the predicted photon, positron and an-
tiproton fluxes have been checked to satisfy the current
cosmic ray constraints.

The PeV scale dark matter considered here is definitely
beyond the scope of high energy collider searches. If addi-
tional interactions exist between dark matter and quarks,
the direct detection experiments may see a signature [35].
If the IceCube excess is indeed due to decaying dark mat-
ter, a new avenue to understanding the dark matter prop-
erties will be opened.

Open questions? 1. flavor properties: 1:1:1
2. scramble in the declination direction
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FIG. 2: The TS distribution for the Einasto model with ↵̄ =
0.17 (pvalue = 21.98%) against random sky maps with random
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show the TS value distribution of the decaying dark mat-
ter model against those randomly generated event maps.
In the red vertical line, we show the decaying dark mat-
ter TS(DM) value against the observed 28 events at Ice-
Cube. The p-value, or the probability of having the TS
value from a random event map bigger than TS(DM), is
17.4% for the Einasto model with ↵̄ = 0.17. To test how
good the observed 28 events agree with a homogeneously
geometrical distribution, we perform the same calcula-
tion by assuming a homogeneous model and found that

the p-value for a homogenous distribution is 72.14% for
all 28 events, which agrees with the result obtained by
the IceCube collaboration [5, 6].
Since the atmospheric backgrounds are dominated in

lower energies [7, 8], a bigger fraction of the 28 events
could be from dark matter signals if only higher energy
events are selected. Therefore, we also test the geometric
distributions for the 18 events with E & 50 TeV. We
show the p-values for all events and events with E &
50 TeV in Table I. One can see that the p-values are
fairly insensitive to the energy cut. In the last row of
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cascade events.
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⌫ + ⌧+ + ⌧�, respectively. Fixing the fermion dark mat-
ter mass to be 2.2 PeV, we show the fitted spectra in
Fig. 3 after using PYTHIA [28] for SM particle decays and
hadronization. We sum the experimental error and sys-
tematical background error in quadrature to calculate
the total chi-square for the goodness of fit. For the two
fermion dark matter decay spectra, a dip feature exists
because of the combination of mono-energetic and con-
tinuous neutrinos. For a scalar dark matter, one can
have the renormalizable coupling to the SM Higgs bo-
son as simple as µXHH†, which simply mediates the
decay of X ! 2h. Beyond the renormalizable level, one
could have dark matter mainly couple to two leptons via
✏m⌧X⌧+⌧�/⇤, so the decay channel is X ! ⌧+⌧�. Fix-
ing the scalar dark matter mass to be 5 PeV, we also
show the fitted spectra in Fig. 3 (see [15, 29] for other
spectra from dark matter decays).

Discussion and conclusions Although the geomet-
ric compatibility of the IceCube data and its dark mat-
ter origin is very intriguing, the data is not su�cient
to draw a definite conclusion. Fortunately, the IceCube
has more data to be collected and analyzed, so a more
robust conclusion can be drawn in the coming years.
Other IceCube, another neutrino telescope, ANTARES,
has reached a comparable sensitivity in some declination
angle region. A geometric test for the compatibility of
the (excess) neutrinos observed in ANTARES and a de-
caying dark matter will be demanding.

Beyond the neutrino signal from dark matter, one
could also search for other correlated and for sure model-
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few respective models considered in Fig. 3, additional
photons, positrons and antiprotons can be produced at
the same time when a neutrino is generated. Using the
model with � ! h + ⌫ as an example, we show the
yields of neutrino, positron, antiproton and photon from
a single dark matter decay in Fig 4. One can see that
the neutrino yield is considerably higher than the pho-
ton, positron and antiproton yields in every bin. Fur-
thermore, because of the long dark matter lifetime of
1028 � 1029 s, the predicted photon, positron and an-
tiproton fluxes have been checked to satisfy the current
cosmic ray constraints.

The PeV scale dark matter considered here is definitely
beyond the scope of high energy collider searches. If addi-
tional interactions exist between dark matter and quarks,
the direct detection experiments may see a signature [35].
If the IceCube excess is indeed due to decaying dark mat-
ter, a new avenue to understanding the dark matter prop-
erties will be opened.

Open questions? 1. flavor properties: 1:1:1
2. scramble in the declination direction

Acknowledgments We would like to thank xxx for
useful discussion. The work is supported by the U. S.
Department of Energy under the contract DE-FG-02-
95ER40896. YB is partially supported by startup funds
from the UW-Madison. The work of RL is partially sup-
ported by U. S. Department of Energy under the con-
tract DE-FG-02-95ER40899 and by the Michigan Center
for Theoretical Physics. JS acknowledges support from
the Wisconsin IceCube Particle Astrophysics Center.

YB, Lu, Salvado, to be published

!11

Direct Detection

LUX: 1310.8214
5

0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v
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direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
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The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].
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dark matter decays as � ! h + ⌫ and � ! ⌫ + HL !
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the total chi-square for the goodness of fit. For the two
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photons, positrons and antiprotons can be produced at
the same time when a neutrino is generated. Using the
model with � ! h + ⌫ as an example, we show the
yields of neutrino, positron, antiproton and photon from
a single dark matter decay in Fig 4. One can see that
the neutrino yield is considerably higher than the pho-
ton, positron and antiproton yields in every bin. Fur-
thermore, because of the long dark matter lifetime of
1028 � 1029 s, the predicted photon, positron and an-
tiproton fluxes have been checked to satisfy the current
cosmic ray constraints.

The PeV scale dark matter considered here is definitely
beyond the scope of high energy collider searches. If addi-
tional interactions exist between dark matter and quarks,
the direct detection experiments may see a signature [35].
If the IceCube excess is indeed due to decaying dark mat-
ter, a new avenue to understanding the dark matter prop-
erties will be opened.

Open questions? 1. flavor properties: 1:1:1
2. scramble in the declination direction
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0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v
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= 220 km/s; v
esc

= 544 km/s;
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= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
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direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].
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ū

m� ⌧ mũ
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Table 1: Number of events selected at each step of the analysis and for the following values of
Emiss

T ; Emiss
T > 250, 300, 350, 400, 450, 500, 550 GeV. Backgrounds are obtained from MC and

normalised as described in the text. Also shown are the number of events generated for each
process and the corresponding cross section used.

Selection W+jets Z+j Z(nn)+j tt̄ QCD Single top Total
Cross section (pb) 229.0 34.1 588.3 225.2 1904.8 113.5
Generated 1.27e7 2.6e6 1.05e7 6.92e6 2.29e7 7.05e6 6.3e7
Preselection 255647 20348 106463 50520 46076 7334 486389
NJets  2 183861 15056 80792 8585 15238 2723 306254
Df(j1, j2) < 2 166743 13798 75397 7150 585 2217 265890
Muon veto 73439 800 75395 2639 562 868 153703
Electron veto 54236 531 75374 1603 543 610 132898
Tau veto 52098 491 74870 1506 526 573 130064
Emiss

T > 250 GeV 16528 120 28818 470 177 156 46269
Emiss

T > 300 GeV 6031 40 11999 175 76 52 18373
Emiss

T > 350 GeV 2486 17 5469 72 23 20 8087
Emiss

T > 400 GeV 1109 7 2679 32 3 7 3837
Emiss

T > 450 GeV 537 4 1406 13 2 2 1964
Emiss

T > 500 GeV 277 1 766 6 1 1 1053
Emiss

T > 550 GeV 136 1 429 3 0 0 569

Table 2: Event yields for the Z(µµ) data control sample and the backgrounds from MC.
Z+jets W+jets Z(nn) tt̄ Single t QCD All MC Data

Emiss
T > 250 3405.2 0.5 0.0 27.4 10.6 0.0 3444 3626

Emiss
T > 300 1493.7 0.0 0.0 8.8 4.1 0.0 1507 1485

Emiss
T > 350 696.2 0.0 0.0 4.4 3.1 0.0 704 663

Emiss
T > 400 344.9 0.0 0.0 0.6 0.3 0.0 346 323

Emiss
T > 450 177.1 0.0 0.0 0.0 0.0 0.0 177 173

Emiss
T > 500 97.1 0.0 0.0 0.0 0.0 0.0 97 84

Emiss
T > 550 54.4 0.0 0.0 0.0 0.0 0.0 54 47

using:

N(Z(nn)) =
Nobs � Nbgd

A ⇥ e
· R

✓
Z(nn)
Z(µµ)

◆
(1)

where Nobs is the number of dimuon events observed, Nbgd is the estimated number of back-
ground events contributing to the dimuon sample, A is the acceptance, e is the selection ef-
ficiency for the event, and R is the ratio of branching fractions for the Z decay to a pair of
neutrinos and to a pair of muons. The acceptance A is defined as the fraction of simulated
events that pass all signal selection requirements (except muon veto) and have two muons
with pT > 20 GeV/c and |h| < 2.1 and with an invariant mass within the Z mass window. The
selection efficiency e is defined as the fraction of events passing acceptance cuts that have two
reconstructed muons with pT > 20 GeV/c and |h| < 2.1 and with an invariant mass within the
Z mass window. The muon selection efficiency is also estimated from simulation but corrected
to account for differences in the measured efficiency between data and MC.

The final prediction for the number of Z(nn) events is given in Table 3. The uncertainty on the
prediction includes both statistical and systematic contributions. The sources of uncertainty
are: (i) the statistical uncertainty on the number of Z(µµ) events in the data and simulation, (ii)
uncertainty from backgrounds, (ii) uncertainties on the acceptance from PDF uncertainties and

data driven
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T > 250 3405.2 0.5 0.0 27.4 10.6 0.0 3444 3626

Emiss
T > 300 1493.7 0.0 0.0 8.8 4.1 0.0 1507 1485

Emiss
T > 350 696.2 0.0 0.0 4.4 3.1 0.0 704 663

Emiss
T > 400 344.9 0.0 0.0 0.6 0.3 0.0 346 323

Emiss
T > 450 177.1 0.0 0.0 0.0 0.0 0.0 177 173

Emiss
T > 500 97.1 0.0 0.0 0.0 0.0 0.0 97 84

Emiss
T > 550 54.4 0.0 0.0 0.0 0.0 0.0 54 47

using:

N(Z(nn)) =
Nobs � Nbgd

A ⇥ e
· R

✓
Z(nn)
Z(µµ)

◆
(1)

where Nobs is the number of dimuon events observed, Nbgd is the estimated number of back-
ground events contributing to the dimuon sample, A is the acceptance, e is the selection ef-
ficiency for the event, and R is the ratio of branching fractions for the Z decay to a pair of
neutrinos and to a pair of muons. The acceptance A is defined as the fraction of simulated
events that pass all signal selection requirements (except muon veto) and have two muons
with pT > 20 GeV/c and |h| < 2.1 and with an invariant mass within the Z mass window. The
selection efficiency e is defined as the fraction of events passing acceptance cuts that have two
reconstructed muons with pT > 20 GeV/c and |h| < 2.1 and with an invariant mass within the
Z mass window. The muon selection efficiency is also estimated from simulation but corrected
to account for differences in the measured efficiency between data and MC.

The final prediction for the number of Z(nn) events is given in Table 3. The uncertainty on the
prediction includes both statistical and systematic contributions. The sources of uncertainty
are: (i) the statistical uncertainty on the number of Z(µµ) events in the data and simulation, (ii)
uncertainty from backgrounds, (ii) uncertainties on the acceptance from PDF uncertainties and
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Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,
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Table 1: Number of events selected at each step of the analysis and for the following values of
Emiss

T ; Emiss
T > 250, 300, 350, 400, 450, 500, 550 GeV. Backgrounds are obtained from MC and

normalised as described in the text. Also shown are the number of events generated for each
process and the corresponding cross section used.

Selection W+jets Z+j Z(nn)+j tt̄ QCD Single top Total
Cross section (pb) 229.0 34.1 588.3 225.2 1904.8 113.5
Generated 1.27e7 2.6e6 1.05e7 6.92e6 2.29e7 7.05e6 6.3e7
Preselection 255647 20348 106463 50520 46076 7334 486389
NJets  2 183861 15056 80792 8585 15238 2723 306254
Df(j1, j2) < 2 166743 13798 75397 7150 585 2217 265890
Muon veto 73439 800 75395 2639 562 868 153703
Electron veto 54236 531 75374 1603 543 610 132898
Tau veto 52098 491 74870 1506 526 573 130064
Emiss

T > 250 GeV 16528 120 28818 470 177 156 46269
Emiss

T > 300 GeV 6031 40 11999 175 76 52 18373
Emiss

T > 350 GeV 2486 17 5469 72 23 20 8087
Emiss

T > 400 GeV 1109 7 2679 32 3 7 3837
Emiss

T > 450 GeV 537 4 1406 13 2 2 1964
Emiss

T > 500 GeV 277 1 766 6 1 1 1053
Emiss

T > 550 GeV 136 1 429 3 0 0 569

Table 2: Event yields for the Z(µµ) data control sample and the backgrounds from MC.
Z+jets W+jets Z(nn) tt̄ Single t QCD All MC Data

Emiss
T > 250 3405.2 0.5 0.0 27.4 10.6 0.0 3444 3626

Emiss
T > 300 1493.7 0.0 0.0 8.8 4.1 0.0 1507 1485

Emiss
T > 350 696.2 0.0 0.0 4.4 3.1 0.0 704 663

Emiss
T > 400 344.9 0.0 0.0 0.6 0.3 0.0 346 323

Emiss
T > 450 177.1 0.0 0.0 0.0 0.0 0.0 177 173

Emiss
T > 500 97.1 0.0 0.0 0.0 0.0 0.0 97 84

Emiss
T > 550 54.4 0.0 0.0 0.0 0.0 0.0 54 47

using:

N(Z(nn)) =
Nobs � Nbgd

A ⇥ e
· R

✓
Z(nn)
Z(µµ)

◆
(1)

where Nobs is the number of dimuon events observed, Nbgd is the estimated number of back-
ground events contributing to the dimuon sample, A is the acceptance, e is the selection ef-
ficiency for the event, and R is the ratio of branching fractions for the Z decay to a pair of
neutrinos and to a pair of muons. The acceptance A is defined as the fraction of simulated
events that pass all signal selection requirements (except muon veto) and have two muons
with pT > 20 GeV/c and |h| < 2.1 and with an invariant mass within the Z mass window. The
selection efficiency e is defined as the fraction of events passing acceptance cuts that have two
reconstructed muons with pT > 20 GeV/c and |h| < 2.1 and with an invariant mass within the
Z mass window. The muon selection efficiency is also estimated from simulation but corrected
to account for differences in the measured efficiency between data and MC.

The final prediction for the number of Z(nn) events is given in Table 3. The uncertainty on the
prediction includes both statistical and systematic contributions. The sources of uncertainty
are: (i) the statistical uncertainty on the number of Z(µµ) events in the data and simulation, (ii)
uncertainty from backgrounds, (ii) uncertainties on the acceptance from PDF uncertainties and
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Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
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(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
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10 6 Results

Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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bounds. Even in cases where the mono-leptons do not
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teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,
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Λ2
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uγµu+ ξ dγµd
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, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,
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CMS Data
CMS: EXO-13-004-pas

5

Table 2: Efficiencies for MT >250 GeV in the muon and electron channel for x = -1 / 0 / +1.

channel x = �1 x = 0 x = +1
electron 62±5 59±5 13±2
muon 62±4 58±4 13±2

dence on ET. The black dots represent the data points for the 20 fb�1 of 2012 data. The various
contributions of SM processes to the total background are shown in different colors. The back-
ground expectation is derived from simulation, for further details see EXO-12-060 [2]. The
data-MC/MC ratio is shown in Fig. 6. There is a slight overfluctuation in the electron chan-
nel below and above MT =500 GeV which has a local significance below one sigma. Data are
slightly above the expectation in the high MT tail of the muon channel, consistent within the
systematic uncertainties.
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Figure 5: Observed transverse mass distribution for the electron (left) and muon (right)
channel. Both channels use a MT binning derived from the corresponding lepton momen-
tum(energy) resolution. The shaded area represents the total systematic uncertainty on the SM
background. Simulated signal distributions for a M

c

=300 GeV, L=200 GeV and x = ±1, 0
are also shown, including detector resolution effects. The simulated background labeled as
‘Diboson’ includes WW, ZZ and WZ contributions.

4 Results

No significant excess has been observed in data. The observed highest transverse mass events
have MT = 2.3 TeV in the electron channel, and MT = 2.1 TeV in the muon channel. Event dis-
plays can be found in PAS-EXO-12-060 [2]. Limits are determined using the full MT spectrum
for MT >220 GeV from Fig. 5, searching bin by bin for an unstructured excess from a poten-
tial DM signal as displayed in the same figure. In the following, this method is referred to as
multi-bin method which should be clearly distinguished from a single-bin counting method
only looking at the high MT part of the spectrum above an optimized MT threshold.

The lepton + Emiss
T final state can be interpreted within the effective dark matter theory. The

6 4 Results
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Figure 6: Ratio plot for the transverse mass distribution of the electron channel(top) and muon
channel(bottom) shown in Fig. 5. For the high MT region bins are merged until each bin con-
tains at least 20 expected events. The shaded area represents the total systematic uncertainty
on the standard model background.

presented search includes the final states with one lepton + Emiss
T as well as one lepton + Emiss

T +
jets which have comparable cross sections. The two couplings from Eq. 1 were tested, which are
the vector and axial-vector couplings. Three other parameters specify the dark matter model,
the mass of the dark matter particle M

c

, the effective scale L and the interference parameter
x. The limits are set on the production cross section, the effective scale and the DM-proton
cross section for values of the M

c

mass hypothesis within 1 GeV and 1 TeV. The limits on the
collider cross sections for both considered couplings and the three interference cases are shown
in Fig. 7. Those are translated to limits on L as a function of M

c

displayed in Fig. 8 and finally
converted to direct dark matter-proton cross section limits. The last representation is chosen to
compare to other direct DM-nucleon experiments, shown in Fig. 9.

The statistical interpretation uses a Bayesian approach with a uniform prior [11] requiring a
95% confidence level based on the multibin approach. In order to be comparable with the
direct searches a 90% confidence level is used for Fig.9.

To increase sensitivity we combine the electron and muon channels for all exclusion limits.

As was shown in Fig. 3, the production cross sections for M
c

<70 GeV do not depend on M
c

and are also independent of the type of coupling. The absolute cross section scales with the
interference parameter x and impacts the MT shape. For x = +1 the spectrum falls more
steeply, and hence only the low and medium MT-ranges contribute to the search. For both cases
of x = 0,�1 a possible signal would extend to high MT. This is reflected in a similar behavior
of the limit as a function of M

c

for the latter two cases unlike the limit for x = +1. The absolute
cross section limits differ for the three interference cases according to their corresponding cross
sections (Tab. 1).

The collider cross section limits - shown in Fig. 7 - are rather independent of M
c

, as expected
given that the signal kinematics for a given interference case does not change much with M

c

(see Fig. 2). The expected limit changes from 0.5 pb for x=+1 to 0.05 pb for the cases x=0,-1.
There is only a small difference in the latter two cases because both MT spectra cover a similar



!20

Monolepton

u

u

u

d d

d

�

�

�̄

�̄W

W

`

`

⌫

⌫ YB and Tait"
1208.4361

ar
X

iv
:1

20
8.

43
61

v2
  [

he
p-

ph
]  

19
 Ju

n 
20

13

SLAC-PUB-15221
UCI-HEP-TR-2012-11

Searches with Mono-Leptons

Yang Baia,b and Tim M.P. Taitc

aDepartment of Physics, University of Wisconsin, Madison, WI 53706, USA
bSLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA

cDepartment of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
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verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)

interesting interference effects
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Table 2: Efficiencies for MT >250 GeV in the muon and electron channel for x = -1 / 0 / +1.

channel x = �1 x = 0 x = +1
electron 62±5 59±5 13±2
muon 62±4 58±4 13±2

dence on ET. The black dots represent the data points for the 20 fb�1 of 2012 data. The various
contributions of SM processes to the total background are shown in different colors. The back-
ground expectation is derived from simulation, for further details see EXO-12-060 [2]. The
data-MC/MC ratio is shown in Fig. 6. There is a slight overfluctuation in the electron chan-
nel below and above MT =500 GeV which has a local significance below one sigma. Data are
slightly above the expectation in the high MT tail of the muon channel, consistent within the
systematic uncertainties.
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Figure 5: Observed transverse mass distribution for the electron (left) and muon (right)
channel. Both channels use a MT binning derived from the corresponding lepton momen-
tum(energy) resolution. The shaded area represents the total systematic uncertainty on the SM
background. Simulated signal distributions for a M

c

=300 GeV, L=200 GeV and x = ±1, 0
are also shown, including detector resolution effects. The simulated background labeled as
‘Diboson’ includes WW, ZZ and WZ contributions.

4 Results

No significant excess has been observed in data. The observed highest transverse mass events
have MT = 2.3 TeV in the electron channel, and MT = 2.1 TeV in the muon channel. Event dis-
plays can be found in PAS-EXO-12-060 [2]. Limits are determined using the full MT spectrum
for MT >220 GeV from Fig. 5, searching bin by bin for an unstructured excess from a poten-
tial DM signal as displayed in the same figure. In the following, this method is referred to as
multi-bin method which should be clearly distinguished from a single-bin counting method
only looking at the high MT part of the spectrum above an optimized MT threshold.

The lepton + Emiss
T final state can be interpreted within the effective dark matter theory. The

6 4 Results
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Figure 6: Ratio plot for the transverse mass distribution of the electron channel(top) and muon
channel(bottom) shown in Fig. 5. For the high MT region bins are merged until each bin con-
tains at least 20 expected events. The shaded area represents the total systematic uncertainty
on the standard model background.

presented search includes the final states with one lepton + Emiss
T as well as one lepton + Emiss

T +
jets which have comparable cross sections. The two couplings from Eq. 1 were tested, which are
the vector and axial-vector couplings. Three other parameters specify the dark matter model,
the mass of the dark matter particle M

c

, the effective scale L and the interference parameter
x. The limits are set on the production cross section, the effective scale and the DM-proton
cross section for values of the M

c

mass hypothesis within 1 GeV and 1 TeV. The limits on the
collider cross sections for both considered couplings and the three interference cases are shown
in Fig. 7. Those are translated to limits on L as a function of M

c

displayed in Fig. 8 and finally
converted to direct dark matter-proton cross section limits. The last representation is chosen to
compare to other direct DM-nucleon experiments, shown in Fig. 9.

The statistical interpretation uses a Bayesian approach with a uniform prior [11] requiring a
95% confidence level based on the multibin approach. In order to be comparable with the
direct searches a 90% confidence level is used for Fig.9.

To increase sensitivity we combine the electron and muon channels for all exclusion limits.

As was shown in Fig. 3, the production cross sections for M
c

<70 GeV do not depend on M
c

and are also independent of the type of coupling. The absolute cross section scales with the
interference parameter x and impacts the MT shape. For x = +1 the spectrum falls more
steeply, and hence only the low and medium MT-ranges contribute to the search. For both cases
of x = 0,�1 a possible signal would extend to high MT. This is reflected in a similar behavior
of the limit as a function of M

c

for the latter two cases unlike the limit for x = +1. The absolute
cross section limits differ for the three interference cases according to their corresponding cross
sections (Tab. 1).

The collider cross section limits - shown in Fig. 7 - are rather independent of M
c

, as expected
given that the signal kinematics for a given interference case does not change much with M

c

(see Fig. 2). The expected limit changes from 0.5 pb for x=+1 to 0.05 pb for the cases x=0,-1.
There is only a small difference in the latter two cases because both MT spectra cover a similar
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Table 2: Efficiencies for MT >250 GeV in the muon and electron channel for x = -1 / 0 / +1.

channel x = �1 x = 0 x = +1
electron 62±5 59±5 13±2
muon 62±4 58±4 13±2

dence on ET. The black dots represent the data points for the 20 fb�1 of 2012 data. The various
contributions of SM processes to the total background are shown in different colors. The back-
ground expectation is derived from simulation, for further details see EXO-12-060 [2]. The
data-MC/MC ratio is shown in Fig. 6. There is a slight overfluctuation in the electron chan-
nel below and above MT =500 GeV which has a local significance below one sigma. Data are
slightly above the expectation in the high MT tail of the muon channel, consistent within the
systematic uncertainties.
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Figure 5: Observed transverse mass distribution for the electron (left) and muon (right)
channel. Both channels use a MT binning derived from the corresponding lepton momen-
tum(energy) resolution. The shaded area represents the total systematic uncertainty on the SM
background. Simulated signal distributions for a M

c

=300 GeV, L=200 GeV and x = ±1, 0
are also shown, including detector resolution effects. The simulated background labeled as
‘Diboson’ includes WW, ZZ and WZ contributions.

4 Results

No significant excess has been observed in data. The observed highest transverse mass events
have MT = 2.3 TeV in the electron channel, and MT = 2.1 TeV in the muon channel. Event dis-
plays can be found in PAS-EXO-12-060 [2]. Limits are determined using the full MT spectrum
for MT >220 GeV from Fig. 5, searching bin by bin for an unstructured excess from a poten-
tial DM signal as displayed in the same figure. In the following, this method is referred to as
multi-bin method which should be clearly distinguished from a single-bin counting method
only looking at the high MT part of the spectrum above an optimized MT threshold.

The lepton + Emiss
T final state can be interpreted within the effective dark matter theory. The
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Figure 6: Ratio plot for the transverse mass distribution of the electron channel(top) and muon
channel(bottom) shown in Fig. 5. For the high MT region bins are merged until each bin con-
tains at least 20 expected events. The shaded area represents the total systematic uncertainty
on the standard model background.

presented search includes the final states with one lepton + Emiss
T as well as one lepton + Emiss

T +
jets which have comparable cross sections. The two couplings from Eq. 1 were tested, which are
the vector and axial-vector couplings. Three other parameters specify the dark matter model,
the mass of the dark matter particle M

c

, the effective scale L and the interference parameter
x. The limits are set on the production cross section, the effective scale and the DM-proton
cross section for values of the M

c

mass hypothesis within 1 GeV and 1 TeV. The limits on the
collider cross sections for both considered couplings and the three interference cases are shown
in Fig. 7. Those are translated to limits on L as a function of M

c

displayed in Fig. 8 and finally
converted to direct dark matter-proton cross section limits. The last representation is chosen to
compare to other direct DM-nucleon experiments, shown in Fig. 9.

The statistical interpretation uses a Bayesian approach with a uniform prior [11] requiring a
95% confidence level based on the multibin approach. In order to be comparable with the
direct searches a 90% confidence level is used for Fig.9.

To increase sensitivity we combine the electron and muon channels for all exclusion limits.

As was shown in Fig. 3, the production cross sections for M
c

<70 GeV do not depend on M
c

and are also independent of the type of coupling. The absolute cross section scales with the
interference parameter x and impacts the MT shape. For x = +1 the spectrum falls more
steeply, and hence only the low and medium MT-ranges contribute to the search. For both cases
of x = 0,�1 a possible signal would extend to high MT. This is reflected in a similar behavior
of the limit as a function of M

c

for the latter two cases unlike the limit for x = +1. The absolute
cross section limits differ for the three interference cases according to their corresponding cross
sections (Tab. 1).

The collider cross section limits - shown in Fig. 7 - are rather independent of M
c

, as expected
given that the signal kinematics for a given interference case does not change much with M

c

(see Fig. 2). The expected limit changes from 0.5 pb for x=+1 to 0.05 pb for the cases x=0,-1.
There is only a small difference in the latter two cases because both MT spectra cover a similar
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Figure 5: Left panel: constraints on the spin-independent DM-neutron scattering cross sections for
different mediator masses. Right panel: the same as the left panel but for the constraints on the
spin-dependent DM-neutron scattering cross section.

effects as its mass is lowered. In particular, we consider the case of both a 10 GeV and 100 GeV vector

mediator, in both cases we consider the width to be 1% i.e. Γ = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).

As we alter the mass of the mediator we also alter its couplings to the SM and the dark sector,

gq and gχ respectively, so that the mono-jet production cross section satisfies the CDF bound. The

effects of a light mediator for the case of SI DM, O2, and SD DM, O3, are shown in Figure 5. The

weakening of the limits for light mediators is clearly seen, and the slight enhancement for the case

where the mediator is produced on shell (M = 100 GeV and mχ < 50 GeV) is also observable.

4.1 Momentum dependent

A particular model of dark matter that requires the introduction of light mediators is the case of

DM that has a momentum dependent coupling to nucleons [17, 18].These types of models provide a

possible explanation for the DAMA modulation signal, but in order to do so require mediators less than

10 GeV in mass. Although light from a collider perspective the masses considered are still sufficiently

heavy that at direct detection experiments the mediator can be integrated out and an effective four

fermion operator can be written. The axial-scalar operator O4 leads to momentum dependent and
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Figure 5: Left panel: constraints on the spin-independent DM-neutron scattering cross sections for
different mediator masses. Right panel: the same as the left panel but for the constraints on the
spin-dependent DM-neutron scattering cross section.

effects as its mass is lowered. In particular, we consider the case of both a 10 GeV and 100 GeV vector

mediator, in both cases we consider the width to be 1% i.e. Γ = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).
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gq and gχ respectively, so that the mono-jet production cross section satisfies the CDF bound. The
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★ The effective field theory could break down, 
especially at the 13 TeV LHC
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It exists in MSSM
The SUSY searches are still relevant for many DM 
models

densities. Of course, even for masses up to 1-2 TeV, XENON1T still provides quite decent
model coverage in this parameter plane. As noted already, most of the impact of the LHC is
at present seen to be at lower LSP masses below ⇠ 500 GeV. The LHC coverage is relatively
uniform as far as the value of the relic density is concerned except in the case of very light
LSPs where the coverage is very strong. Of course, we again remind the reader that we
still need to add the additional information coming from the new 8 TeV LHC analyses not
included here as well as the extrapolations to 14 TeV so that the coverage provided by the
LHC should be expected to improve substantially.

Figure 13: Thermal relic density as a function of the LSP mass for all pMSSM models,
surviving after all searches, color-coded by the electroweak properties of the LSP. Compare
with Fig. 2.

Finally, Fig. 13 shows the impact of combining all of the di↵erent searches in this same
⌦h2-LSP mass plane which should be compared with that for the original model set as
generated that is shown in Fig. 2. Here we see that (i) the models that were in the light h

23

1305.6921, Cahill-Rowley, Cotta, Drlica-
Wagner, Funk, Hewett, Ismail, Rizzo, Wood

Figure 3: Bino-squark coannihilation benchmark sparticle spectrum.

Figure 4: A funnel benchmark sparticle spectrum.
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Quark Portal Dark Matter 

The allowed parameter space for a thermal relic in the complex scalar case has similar features to the

Majorana case, including the co-annihilation effects.

4 Dark matter direct detection

For calculation of dark matter direct detection cross-sections, one could integrate out the dark matter

partner and calculate the scattering cross sections using the effective operators. However, for the

degenerate region, the dark matter partner in the s-channel can dramatically increase the scattering

cross section. To capture the resonance effects, we keep the dark matter partner propagator in our

calculation.

χ

q
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χ

q

χ

q

φ

χ

q

(a) (b)

Figure 2: Feynman diagrams for scattering of a fermion dark matter off nucleus. Only the left panel in
(a) contributes to the Dirac fermion case, while both (a) and (b) contribute to the Majorana fermion
case.

For the Dirac dark matter case, only the left panel in Fig. 2 contributes. Both spin-independent

(SI) and spin-dependent (SD) scattering exist. The leading SI interaction cross-section per nucleon is

given by

σNq
SI (Dirac) =

|λu|4 f2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (18)

where N = p, n; µ is the reduced mass of the dark matter-nucleon system; fNq is the coefficient related

to the quark operator matrix element inside a nucleon. For the up quark operator at hand, one has

fp u = 2 and fnu = 1 [44,50]. The sub-leading SD interaction cross section is given by

σNq
SD (Dirac,Majorana) =

3 |λu|4 ∆2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (19)

with ∆p
u = ∆n

d = 0.842± 0.012 and ∆p
d = ∆n

u = −0.427± 0.013 [51]. For Majorana dark matter, there

is only an SD scattering cross section with the same formula as the SD scattering of the Dirac fermion

case.

7

QCD triplet

class of simplified models. We determine the allowed parameter space for dark matter to be a thermal

relic in Section 3. Current direct detection and collider constraints are determined in Sections 4 and

5 respectively, with summary plots presented in Section 5. We discuss potential improvement for the

LHC collider searches and conclude in Section 6.

2 Simplified dark matter model: fermion portal

If the dark matter sector interacts directly with a single fermion in the SM, two particles with different

spins are required in the dark matter sector. In this paper, we will concentrate on the quark portal dark

matter and leave the lepton portal dark matter for future exploration. Restricting to particles with a

spin less than one, there are two general situations: fermionic dark matter with a color-triplet scalar

partner or scalar dark matter with a color-triplet fermion partner. In the former case, we consider

both Dirac and Majorana dark matter, while for the latter case we only consider a complex scalar dark

matter and skip the real scalar dark matter case [6], which has a quark mass suppressed s-wave or

a d-wave or three-body suppressed annihilation rate and a velocity suppressed direct detection cross

section if the quark masses are neglected.

We begin by considering fermionic dark matter coupled to right-handed quarks as the portal to

the dark matter sector. The dark matter candidate may be a Dirac or Majorana fermion, χ, that is

an SM gauge singlet. The mediator is an SU(3)c triplet with an appropriately chosen hypercharge.

The renormalizable operators are

Lfermion ⊃ λui
φui

χLu
i
R + λdiφdiχLd

i
R + h.c. , (1)

where ui = u, c, t (di = d, s, b) are different SM quarks. Since χ is the dark matter candidate, the

partner masses mφi must be larger than the dark matter mass mχ. In our analysis, we assume the

branching ratio of the decay φui
→ χūi and φdi → χd̄i is 100%. We also require the Yukawa couplings

λi to be less than
√
4π to preserve perturbativity. Since we will concentrate on the first generation

quarks, we neglect the flavor index from now on to simplify the notation. Using the up quark operator,

the width of φu particle is calculated to be

Γ(φ→ χ+ u) =
λ2u
16π

(m2
φ −m2

χ)
2

m3
φ

, (2)

for both Dirac and Majorana cases.

Similarly, for a complex scalar dark matter, X, and its partner, ψ, a color-triplet Dirac fermion,

we have the interactions

Lscalar ⊃ λui
Xψ

ui

L uiR + λdiXψ
di
L diR + h.c. . (3)

3
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where N = p, n; µ is the reduced mass of the dark matter-nucleon system; fNq is the coefficient related

to the quark operator matrix element inside a nucleon. For the up quark operator at hand, one has

fp u = 2 and fnu = 1 [44,50]. The sub-leading SD interaction cross section is given by

σNq
SD (Dirac,Majorana) =

3 |λu|4 ∆2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (19)

with ∆p
u = ∆n

d = 0.842± 0.012 and ∆p
d = ∆n

u = −0.427± 0.013 [51]. For Majorana dark matter, there

is only an SD scattering cross section with the same formula as the SD scattering of the Dirac fermion

case.
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class of simplified models. We determine the allowed parameter space for dark matter to be a thermal

relic in Section 3. Current direct detection and collider constraints are determined in Sections 4 and

5 respectively, with summary plots presented in Section 5. We discuss potential improvement for the

LHC collider searches and conclude in Section 6.

2 Simplified dark matter model: fermion portal

If the dark matter sector interacts directly with a single fermion in the SM, two particles with different

spins are required in the dark matter sector. In this paper, we will concentrate on the quark portal dark

matter and leave the lepton portal dark matter for future exploration. Restricting to particles with a

spin less than one, there are two general situations: fermionic dark matter with a color-triplet scalar

partner or scalar dark matter with a color-triplet fermion partner. In the former case, we consider

both Dirac and Majorana dark matter, while for the latter case we only consider a complex scalar dark

matter and skip the real scalar dark matter case [6], which has a quark mass suppressed s-wave or

a d-wave or three-body suppressed annihilation rate and a velocity suppressed direct detection cross

section if the quark masses are neglected.

We begin by considering fermionic dark matter coupled to right-handed quarks as the portal to

the dark matter sector. The dark matter candidate may be a Dirac or Majorana fermion, χ, that is

an SM gauge singlet. The mediator is an SU(3)c triplet with an appropriately chosen hypercharge.

The renormalizable operators are

Lfermion ⊃ λui
φui

χLu
i
R + λdiφdiχLd

i
R + h.c. , (1)

where ui = u, c, t (di = d, s, b) are different SM quarks. Since χ is the dark matter candidate, the

partner masses mφi must be larger than the dark matter mass mχ. In our analysis, we assume the

branching ratio of the decay φui
→ χūi and φdi → χd̄i is 100%. We also require the Yukawa couplings

λi to be less than
√
4π to preserve perturbativity. Since we will concentrate on the first generation

quarks, we neglect the flavor index from now on to simplify the notation. Using the up quark operator,

the width of φu particle is calculated to be

Γ(φ→ χ+ u) =
λ2u
16π

(m2
φ −m2

χ)
2

m3
φ

, (2)

for both Dirac and Majorana cases.

Similarly, for a complex scalar dark matter, X, and its partner, ψ, a color-triplet Dirac fermion,

we have the interactions

Lscalar ⊃ λui
Xψ

ui

L uiR + λdiXψ
di
L diR + h.c. . (3)
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and for the Majorana case is

(σv)eff = (σv)χχ
g2χ
g2eff

+ (σv)χφ
† gχgφ
g2eff

(1 +∆)3/2e−x∆ +
1

2
[(σv)φφ

†
+ (σv)φφ]

g2φ
g2eff

(1 +∆)3e−2x∆ , (16)

Variables seff and peff can be constructed by forming a similar combination to (σv)eff . They replace s

and p in Eqs. (7) and (8) for the purposes of calculating the thermal relic abundance.

Fitting to the observed value of Ωχh2 = 0.1199± 0.0027 from Planck [4] and WMAP [3], we show

the allowed values of mχ and mφ in Fig. 1 for different values of couplings. For Dirac dark matter,
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Figure 1: Left panel: the masses of Dirac fermion dark matter and its partner for different choices
of coupling, after fitting the observed dark matter energy fraction, Ωχh2 = 0.1199 ± 0.0027, from
Planck [4] and WMAP [3]. The blue dotted lines neglect co-annihilation effects, while the blue solid
lines include them. The black dotted line is boundary of the region for which mφ > mχ. Right panel:
the same, but for a Majorana dark matter.

the co-annihilation effects have a significant effect for small values of λu, but only have a small effect

for lager values of λu. Due to p-wave suppression of χχ annihilation, Majorana dark matter mass is

preferred to have either a light mass, below around 600 GeV, or a heavy mass nearly degenerate with

its partner.

For complex scalar dark matter, the annihilation rate of XX† → uu is also p-wave suppressed and

given by

1

2
(σv)XX†

complex scalar =
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the co-annihilation effects have a significant effect for small values of λu, but only have a small effect

for lager values of λu. Due to p-wave suppression of χχ annihilation, Majorana dark matter mass is

preferred to have either a light mass, below around 600 GeV, or a heavy mass nearly degenerate with

its partner.
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given by
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The allowed parameter space for a thermal relic in the complex scalar case has similar features to the

Majorana case, including the co-annihilation effects.

4 Dark matter direct detection

For calculation of dark matter direct detection cross-sections, one could integrate out the dark matter

partner and calculate the scattering cross sections using the effective operators. However, for the

degenerate region, the dark matter partner in the s-channel can dramatically increase the scattering

cross section. To capture the resonance effects, we keep the dark matter partner propagator in our

calculation.
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q
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Figure 2: Feynman diagrams for scattering of a fermion dark matter off nucleus. Only the left panel in
(a) contributes to the Dirac fermion case, while both (a) and (b) contribute to the Majorana fermion
case.

For the Dirac dark matter case, only the left panel in Fig. 2 contributes. Both spin-independent

(SI) and spin-dependent (SD) scattering exist. The leading SI interaction cross-section per nucleon is

given by

σNq
SI (Dirac) =

|λu|4 f2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (18)

where N = p, n; µ is the reduced mass of the dark matter-nucleon system; fNq is the coefficient related

to the quark operator matrix element inside a nucleon. For the up quark operator at hand, one has

fp u = 2 and fnu = 1 [44,50]. The sub-leading SD interaction cross section is given by

σNq
SD (Dirac,Majorana) =

3 |λu|4 ∆2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (19)

with ∆p
u = ∆n

d = 0.842± 0.012 and ∆p
d = ∆n

u = −0.427± 0.013 [51]. For Majorana dark matter, there

is only an SD scattering cross section with the same formula as the SD scattering of the Dirac fermion

case.
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class of simplified models. We determine the allowed parameter space for dark matter to be a thermal

relic in Section 3. Current direct detection and collider constraints are determined in Sections 4 and

5 respectively, with summary plots presented in Section 5. We discuss potential improvement for the

LHC collider searches and conclude in Section 6.

2 Simplified dark matter model: fermion portal

If the dark matter sector interacts directly with a single fermion in the SM, two particles with different

spins are required in the dark matter sector. In this paper, we will concentrate on the quark portal dark

matter and leave the lepton portal dark matter for future exploration. Restricting to particles with a

spin less than one, there are two general situations: fermionic dark matter with a color-triplet scalar

partner or scalar dark matter with a color-triplet fermion partner. In the former case, we consider

both Dirac and Majorana dark matter, while for the latter case we only consider a complex scalar dark

matter and skip the real scalar dark matter case [6], which has a quark mass suppressed s-wave or

a d-wave or three-body suppressed annihilation rate and a velocity suppressed direct detection cross

section if the quark masses are neglected.

We begin by considering fermionic dark matter coupled to right-handed quarks as the portal to

the dark matter sector. The dark matter candidate may be a Dirac or Majorana fermion, χ, that is

an SM gauge singlet. The mediator is an SU(3)c triplet with an appropriately chosen hypercharge.

The renormalizable operators are

Lfermion ⊃ λui
φui

χLu
i
R + λdiφdiχLd

i
R + h.c. , (1)

where ui = u, c, t (di = d, s, b) are different SM quarks. Since χ is the dark matter candidate, the

partner masses mφi must be larger than the dark matter mass mχ. In our analysis, we assume the

branching ratio of the decay φui
→ χūi and φdi → χd̄i is 100%. We also require the Yukawa couplings

λi to be less than
√
4π to preserve perturbativity. Since we will concentrate on the first generation

quarks, we neglect the flavor index from now on to simplify the notation. Using the up quark operator,

the width of φu particle is calculated to be

Γ(φ→ χ+ u) =
λ2u
16π

(m2
φ −m2

χ)
2

m3
φ

, (2)

for both Dirac and Majorana cases.

Similarly, for a complex scalar dark matter, X, and its partner, ψ, a color-triplet Dirac fermion,

we have the interactions

Lscalar ⊃ λui
Xψ

ui

L uiR + λdiXψ
di
L diR + h.c. . (3)
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and for the Majorana case is
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Variables seff and peff can be constructed by forming a similar combination to (σv)eff . They replace s

and p in Eqs. (7) and (8) for the purposes of calculating the thermal relic abundance.

Fitting to the observed value of Ωχh2 = 0.1199± 0.0027 from Planck [4] and WMAP [3], we show

the allowed values of mχ and mφ in Fig. 1 for different values of couplings. For Dirac dark matter,
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Figure 1: Left panel: the masses of Dirac fermion dark matter and its partner for different choices
of coupling, after fitting the observed dark matter energy fraction, Ωχh2 = 0.1199 ± 0.0027, from
Planck [4] and WMAP [3]. The blue dotted lines neglect co-annihilation effects, while the blue solid
lines include them. The black dotted line is boundary of the region for which mφ > mχ. Right panel:
the same, but for a Majorana dark matter.

the co-annihilation effects have a significant effect for small values of λu, but only have a small effect

for lager values of λu. Due to p-wave suppression of χχ annihilation, Majorana dark matter mass is

preferred to have either a light mass, below around 600 GeV, or a heavy mass nearly degenerate with

its partner.

For complex scalar dark matter, the annihilation rate of XX† → uu is also p-wave suppressed and

given by
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the co-annihilation effects have a significant effect for small values of λu, but only have a small effect

for lager values of λu. Due to p-wave suppression of χχ annihilation, Majorana dark matter mass is

preferred to have either a light mass, below around 600 GeV, or a heavy mass nearly degenerate with

its partner.
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given by
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange

For the fermionic dark matter case and in the heavy mφ limit, the Fierz-transformed effective operator

|λu|2

8m2
φ

χγµ (1 + γ5)χuγµ (1− γ5)u (21)

is generated. The existing search at the 8 TeV LHC with around 20 fb−1 constrains the combination of

up quark and down quark operators. For light dark matter masses below analysis cuts on monojet pT

or /ET , the collider production cross section is insensitive to the parity structure of the operators [25].

One can approximately translate the constraints on Λ ∼
√
2mφ/|λu| obtained in Ref. [25] to our model

parameter space. For light dark matter masses, the 90% confidence level (CL) constraints on Λ in

Ref. [25] is around 900 GeV, leading to an estimated constraint of mφ/|λu| ! 640 GeV.

5.2 Limits from 2j + Emiss
T on φ pair production

In the limit of a small dark matter-mediator coupling, λu ≈ 0, the only significant diagram yielding

this final state is (a) in Fig. 3. The production cross-section is identical to that of a single squark in

the MSSM. The present bounds on this process from CMS constrain the colored particle mass to be

above around 500 GeV [67] for a massless neutralino. For λu ̸= 0, there are additional contributions

from t-channel dark matter exchange and the cross-section for the parton level process u+ ū → φ+φ∗

is given by:

σ = −
1

1728πs3

{

2
√

s(s− 4m2
φ)
[

4g4s (4m
2
φ − s) + 12g2sλ

2
u(s+ 2m2

χ − 2m2
φ) + 27λ4us

]

+3λ2u
[

16g2s
(

m2
χs+ (m2

φ −m2
χ)

2
)

+ 9λ2us(s+ 2m2
χ − 2m2

φ)
]

log

⎡

⎣

s−
√

s(s− 4m2
φ) + 2m2

χ − 2m2
φ

s+
√

s(s− 4m2
φ) + 2m2

χ − 2m2
φ

⎤

⎦

⎫

⎬

⎭

.

(22)
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Figure 1: Left panel: the masses of Dirac fermion dark matter and its partner for different choices
of coupling, after fitting the observed dark matter energy fraction, Ωχh2 = 0.1199 ± 0.0027, from
Planck [4] and WMAP [3]. The blue dotted lines neglect co-annihilation effects, while the blue solid
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the co-annihilation effects have a significant effect for small values of λu, but only have a small effect

for lager values of λu. Due to p-wave suppression of χχ annihilation, Majorana dark matter mass is

preferred to have either a light mass, below around 600 GeV, or a heavy mass nearly degenerate with

its partner.

For complex scalar dark matter, the annihilation rate of XX† → uu is also p-wave suppressed and

given by

1

2
(σv)XX†

complex scalar =
1

2

[

v2
λ4m2

X

16π (m2
X +m2

ψ)
2

]

≡ p v2 . (17)

6

and for the Majorana case is

(σv)eff = (σv)χχ
g2χ
g2eff

+ (σv)χφ
† gχgφ
g2eff

(1 +∆)3/2e−x∆ +
1

2
[(σv)φφ

†
+ (σv)φφ]

g2φ
g2eff

(1 +∆)3e−2x∆ , (16)

Variables seff and peff can be constructed by forming a similar combination to (σv)eff . They replace s
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange

For the fermionic dark matter case and in the heavy mφ limit, the Fierz-transformed effective operator

|λu|2

8m2
φ

χγµ (1 + γ5)χuγµ (1− γ5)u (21)

is generated. The existing search at the 8 TeV LHC with around 20 fb−1 constrains the combination of

up quark and down quark operators. For light dark matter masses below analysis cuts on monojet pT

or /ET , the collider production cross section is insensitive to the parity structure of the operators [25].

One can approximately translate the constraints on Λ ∼
√
2mφ/|λu| obtained in Ref. [25] to our model

parameter space. For light dark matter masses, the 90% confidence level (CL) constraints on Λ in

Ref. [25] is around 900 GeV, leading to an estimated constraint of mφ/|λu| ! 640 GeV.

5.2 Limits from 2j + Emiss
T on φ pair production

In the limit of a small dark matter-mediator coupling, λu ≈ 0, the only significant diagram yielding

this final state is (a) in Fig. 3. The production cross-section is identical to that of a single squark in

the MSSM. The present bounds on this process from CMS constrain the colored particle mass to be

above around 500 GeV [67] for a massless neutralino. For λu ̸= 0, there are additional contributions

from t-channel dark matter exchange and the cross-section for the parton level process u+ ū → φ+φ∗

is given by:
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange
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This extra contribution is significant for λu = 1 and leads to a much higher sensitivity. We also

note that there is destructive interference for a small value of λu, as shown in Fig. 4 for different values

of mφ. We therefore anticipate that the experimental limits from jets plus Emiss
T could become weaker

at some intermediate values of λu.
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Figure 4: The pair-production cross sections of the φ field as a function of λu.

To estimate the current bounds on this model, as well as the case of scalar dark matter, we calculate

LO cross-sections for the full process using MadGraph [68] with a model constructed by FeynRules [69].

NLO K-factors calculated using Prospino [70] are applied to the pure QCD contribution to the cross-

section for the cases of fermionic dark matter. The limits provided in [65] are then applied to the

calculated cross-section to obtain an estimate of the current 95% CL exclusion limit. The results of

this analysis are presented below, in Section 5.3.

5.3 Limits from monojet on single φ productions

The dominant production channel for monojets is process (b) in Fig. 3 at a small value of λu. The

resulting cross-section at LO for u+ g → φ+ χ is given by

σ(u+ g → φ+ χ) =
λ2u g

2
s

768π s3
(3s + 2m2

χ − 2m2
φ)
√

(s+m2
χ −m2

φ)
2 − 4m2

χs , (23)

where
√
s is the center-of-mass energy. In order to estimate the current reach of monojet searches,

we generate events for all tree-level diagrams with one quark plus dark matter particles in the final

state using MadGraph [68] with the models defined in FeynRules [69]. The events are showered and

hadronized using Pythia [71], then the hadrons are clustered into jets using FastJet [72]. The cuts

described in Ref. [25] are then applied to the events in order to estimate the acceptance times efficiency
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that they should be taken seriously as phenomenologically-motivated models of dark

matter under the assumption that a small number of states is relevant. Another point

of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping

between collider and astrophysical constraints on dark matter based on a well-defined

set of physical assumptions. From all of these points of view, we believe these models

can provide insight into the complementarity between these di�erent approaches to

testing the WIMP hypothesis.

Our main conclusion is that collider and direct detection experiments are remark-
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of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping
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This extra contribution is significant for λu = 1 and leads to a much higher sensitivity. We also

note that there is destructive interference for a small value of λu, as shown in Fig. 4 for different values

of mφ. We therefore anticipate that the experimental limits from jets plus Emiss
T could become weaker

at some intermediate values of λu.
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Figure 4: The pair-production cross sections of the φ field as a function of λu.

To estimate the current bounds on this model, as well as the case of scalar dark matter, we calculate

LO cross-sections for the full process using MadGraph [68] with a model constructed by FeynRules [69].

NLO K-factors calculated using Prospino [70] are applied to the pure QCD contribution to the cross-

section for the cases of fermionic dark matter. The limits provided in [65] are then applied to the

calculated cross-section to obtain an estimate of the current 95% CL exclusion limit. The results of

this analysis are presented below, in Section 5.3.

5.3 Limits from monojet on single φ productions

The dominant production channel for monojets is process (b) in Fig. 3 at a small value of λu. The

resulting cross-section at LO for u+ g → φ+ χ is given by

σ(u+ g → φ+ χ) =
λ2u g

2
s

768π s3
(3s + 2m2

χ − 2m2
φ)
√

(s+m2
χ −m2

φ)
2 − 4m2

χs , (23)

where
√
s is the center-of-mass energy. In order to estimate the current reach of monojet searches,

we generate events for all tree-level diagrams with one quark plus dark matter particles in the final

state using MadGraph [68] with the models defined in FeynRules [69]. The events are showered and

hadronized using Pythia [71], then the hadrons are clustered into jets using FastJet [72]. The cuts

described in Ref. [25] are then applied to the events in order to estimate the acceptance times efficiency
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that they should be taken seriously as phenomenologically-motivated models of dark

matter under the assumption that a small number of states is relevant. Another point

of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping

between collider and astrophysical constraints on dark matter based on a well-defined
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can provide insight into the complementarity between these di�erent approaches to

testing the WIMP hypothesis.
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be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to
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This extra contribution is significant for λu = 1 and leads to a much higher sensitivity. We also

note that there is destructive interference for a small value of λu, as shown in Fig. 4 for different values

of mφ. We therefore anticipate that the experimental limits from jets plus Emiss
T could become weaker

at some intermediate values of λu.
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Figure 4: The pair-production cross sections of the φ field as a function of λu.

To estimate the current bounds on this model, as well as the case of scalar dark matter, we calculate

LO cross-sections for the full process using MadGraph [68] with a model constructed by FeynRules [69].

NLO K-factors calculated using Prospino [70] are applied to the pure QCD contribution to the cross-

section for the cases of fermionic dark matter. The limits provided in [65] are then applied to the

calculated cross-section to obtain an estimate of the current 95% CL exclusion limit. The results of

this analysis are presented below, in Section 5.3.

5.3 Limits from monojet on single φ productions

The dominant production channel for monojets is process (b) in Fig. 3 at a small value of λu. The

resulting cross-section at LO for u+ g → φ+ χ is given by

σ(u+ g → φ+ χ) =
λ2u g
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χs , (23)

where
√
s is the center-of-mass energy. In order to estimate the current reach of monojet searches,

we generate events for all tree-level diagrams with one quark plus dark matter particles in the final

state using MadGraph [68] with the models defined in FeynRules [69]. The events are showered and

hadronized using Pythia [71], then the hadrons are clustered into jets using FastJet [72]. The cuts

described in Ref. [25] are then applied to the events in order to estimate the acceptance times efficiency
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promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to
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Compare to Direct Detection

of that search. The resulting LO signal cross section times estimated efficiency and acceptance for each

signal region are compared to the limits set in Ref. [25]. We present our results for several different

scenarios in two ways: first in the mφ–mχ plane and second in the mχ–σSI(SD) plane with all limits at

95% CL.

We begin by considering the model with Majorana dark matter and only λu ̸= 0. For λu = 1, the

exclusion curves are shown in Fig. 5. The dominant constraints come from collider searches in the

monojet and jets + MET channels, as well as dark matter spin-dependent direct detection searches.

In addition, we show the lines at which the observed dark matter relic abundance is attained assuming

that χ is a thermal relic. The exclusion extends up to scalar masses of around 700 GeV provided that
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Figure 5: 95% exclusion limits (except the black solid line from the thermal relic abundance) from
the most sensitive searches for Majorana dark matter with the only coupling to the up quark with
λu = 1. The left panel is in the mφ −mχ plane, while the right panel is in the σ −mχ plane.

the dark matter is lighter than about 300 GeV. In Fig. 5, we have included the co-annihilation effects

for the degenerate spectrum. We show the thermal relic required parameter space in the black and

solid line in both panels of Fig. 5. In the σ −mχ plane, we stop plotting the thermal relic line when

the dark matter mass is close to the mediator mass. There is some parameter space at the moment

where a thermal relic is allowed, for a mediator mass of around 400 GeV, though we stress that the

thermal relic abundance may be set in other ways. It is important to note that in this model, the

monojet search has a wider reach than the jets + MET search for heavy mediator masses. This is due

11

Majorana fermion dark matter

to the fact that some of the diagrams for φφ production are proportional to the Majorana dark matter

mass. In addition, up to dark matter masses of around 300 GeV, the dominant constraint on these

models comes from colliders. In particular, this means that the possibility of light dark matter below

a few GeV is highly constrained. The SD direct detection, jets+MET and monojet are complimentary

as they cover different parts of parameter space.

For comparison, in Fig. 6 we show the same exclusions in the mass plane for λu = 0.5. In this case,

the current constraints are far weaker. Even for the mediator masses below a few hundred GeV, there

is a significant allowed fraction of parameter space, which it is important to cover in future searches,

especially at colliders. On the other hand, for such a small coupling, it is difficult to obtain the correct

relic abundance via thermal production except in the co-annihilation region; an alternate non-thermal

mechanism could be considered such that dark matter is not over-produced.
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Figure 6: The same as Fig. 5 for the up quark case with λu = 0.5.

We also study the same model, but for the down quark case with only λd ̸= 0. For λd = 1, the

exclusion curves are shown in Figs. 7. The dominant constraints are the same as in the up-type case.

The constraints are slightly weaker in this case and the jets + MET search dominates for at high

mediator masses as it is less sensitive to the down quark parton distribution function suppression. In

this case, there is a similar parameter space allowed for a thermal relic.

Next, we consider models with Dirac dark matter and complex scalar dark matter. For these

models, the SI direct detection constraints dominate up to very low dark matter masses, independent
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of that search. The resulting LO signal cross section times estimated efficiency and acceptance for each

signal region are compared to the limits set in Ref. [25]. We present our results for several different

scenarios in two ways: first in the mφ–mχ plane and second in the mχ–σSI(SD) plane with all limits at

95% CL.

We begin by considering the model with Majorana dark matter and only λu ̸= 0. For λu = 1, the

exclusion curves are shown in Fig. 5. The dominant constraints come from collider searches in the

monojet and jets + MET channels, as well as dark matter spin-dependent direct detection searches.

In addition, we show the lines at which the observed dark matter relic abundance is attained assuming

that χ is a thermal relic. The exclusion extends up to scalar masses of around 700 GeV provided that
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Figure 5: 95% exclusion limits (except the black solid line from the thermal relic abundance) from
the most sensitive searches for Majorana dark matter with the only coupling to the up quark with
λu = 1. The left panel is in the mφ −mχ plane, while the right panel is in the σ −mχ plane.

the dark matter is lighter than about 300 GeV. In Fig. 5, we have included the co-annihilation effects

for the degenerate spectrum. We show the thermal relic required parameter space in the black and

solid line in both panels of Fig. 5. In the σ −mχ plane, we stop plotting the thermal relic line when

the dark matter mass is close to the mediator mass. There is some parameter space at the moment

where a thermal relic is allowed, for a mediator mass of around 400 GeV, though we stress that the

thermal relic abundance may be set in other ways. It is important to note that in this model, the

monojet search has a wider reach than the jets + MET search for heavy mediator masses. This is due
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to the fact that some of the diagrams for φφ production are proportional to the Majorana dark matter

mass. In addition, up to dark matter masses of around 300 GeV, the dominant constraint on these

models comes from colliders. In particular, this means that the possibility of light dark matter below

a few GeV is highly constrained. The SD direct detection, jets+MET and monojet are complimentary

as they cover different parts of parameter space.

For comparison, in Fig. 6 we show the same exclusions in the mass plane for λu = 0.5. In this case,

the current constraints are far weaker. Even for the mediator masses below a few hundred GeV, there

is a significant allowed fraction of parameter space, which it is important to cover in future searches,

especially at colliders. On the other hand, for such a small coupling, it is difficult to obtain the correct

relic abundance via thermal production except in the co-annihilation region; an alternate non-thermal

mechanism could be considered such that dark matter is not over-produced.
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Figure 6: The same as Fig. 5 for the up quark case with λu = 0.5.

We also study the same model, but for the down quark case with only λd ̸= 0. For λd = 1, the

exclusion curves are shown in Figs. 7. The dominant constraints are the same as in the up-type case.

The constraints are slightly weaker in this case and the jets + MET search dominates for at high

mediator masses as it is less sensitive to the down quark parton distribution function suppression. In

this case, there is a similar parameter space allowed for a thermal relic.

Next, we consider models with Dirac dark matter and complex scalar dark matter. For these

models, the SI direct detection constraints dominate up to very low dark matter masses, independent
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Figure 7: 95% exclusion limits from the most sensitive searches for Majorana dark matter with coupling
to the down quark.
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to the up quark.
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of that search. The resulting LO signal cross section times estimated efficiency and acceptance for each

signal region are compared to the limits set in Ref. [25]. We present our results for several different

scenarios in two ways: first in the mφ–mχ plane and second in the mχ–σSI(SD) plane with all limits at

95% CL.

We begin by considering the model with Majorana dark matter and only λu ̸= 0. For λu = 1, the

exclusion curves are shown in Fig. 5. The dominant constraints come from collider searches in the

monojet and jets + MET channels, as well as dark matter spin-dependent direct detection searches.

In addition, we show the lines at which the observed dark matter relic abundance is attained assuming

that χ is a thermal relic. The exclusion extends up to scalar masses of around 700 GeV provided that
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Figure 5: 95% exclusion limits (except the black solid line from the thermal relic abundance) from
the most sensitive searches for Majorana dark matter with the only coupling to the up quark with
λu = 1. The left panel is in the mφ −mχ plane, while the right panel is in the σ −mχ plane.

the dark matter is lighter than about 300 GeV. In Fig. 5, we have included the co-annihilation effects

for the degenerate spectrum. We show the thermal relic required parameter space in the black and

solid line in both panels of Fig. 5. In the σ −mχ plane, we stop plotting the thermal relic line when

the dark matter mass is close to the mediator mass. There is some parameter space at the moment

where a thermal relic is allowed, for a mediator mass of around 400 GeV, though we stress that the

thermal relic abundance may be set in other ways. It is important to note that in this model, the

monojet search has a wider reach than the jets + MET search for heavy mediator masses. This is due
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to the fact that some of the diagrams for φφ production are proportional to the Majorana dark matter

mass. In addition, up to dark matter masses of around 300 GeV, the dominant constraint on these

models comes from colliders. In particular, this means that the possibility of light dark matter below

a few GeV is highly constrained. The SD direct detection, jets+MET and monojet are complimentary

as they cover different parts of parameter space.

For comparison, in Fig. 6 we show the same exclusions in the mass plane for λu = 0.5. In this case,

the current constraints are far weaker. Even for the mediator masses below a few hundred GeV, there

is a significant allowed fraction of parameter space, which it is important to cover in future searches,

especially at colliders. On the other hand, for such a small coupling, it is difficult to obtain the correct

relic abundance via thermal production except in the co-annihilation region; an alternate non-thermal

mechanism could be considered such that dark matter is not over-produced.
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Figure 6: The same as Fig. 5 for the up quark case with λu = 0.5.

We also study the same model, but for the down quark case with only λd ̸= 0. For λd = 1, the

exclusion curves are shown in Figs. 7. The dominant constraints are the same as in the up-type case.

The constraints are slightly weaker in this case and the jets + MET search dominates for at high

mediator masses as it is less sensitive to the down quark parton distribution function suppression. In

this case, there is a similar parameter space allowed for a thermal relic.

Next, we consider models with Dirac dark matter and complex scalar dark matter. For these

models, the SI direct detection constraints dominate up to very low dark matter masses, independent
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Figure 7: 95% exclusion limits from the most sensitive searches for Majorana dark matter with coupling
to the down quark.
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Figure 9: 95% exclusion limits from the most sensitive searches for complex scalar dark matter with
coupling to the up quark.

by searches for spin-independent scattering, which is unsuppressed. Since dark matter interactions

generally violate isospin in our models, the different couplings to protons and neutrons should be

taken into account in calculating the bounds. The SI cross-section bounds per nucleon are generally

calculated under the assumption of isospin, such that the proton and neutron cross-sections are the

same. In order to take into account isospin violation, we calculate the cross-section for interaction

with a proton and rescale by

σDM,nucleon =
[fpZ + fn(A− Z)]2

f2
pA

2
σDM,p , (24)

where A and Z are the mass number and atomic number of the target nucleus respectively. The

dominant SI bounds come from Xe targets, so that A = 131, neglecting small effects from other

comparable or subdominant isotopes, and Z = 54. All scattering cross sections presented in Figs. 8

and 9 are the averaged one, σDM,nucleon.

It is interesting to note that collider bounds take over for light dark matter, below the threshold

of direct detection experiments. In the case of a complex scalar, the low mass bound flattens out in

the cross-section plane since it is not sensitive to the reduced mass of the dark matter-nucleon system,

but rather the nucleon mass itself, as can be seen from Eq. (20).
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by searches for spin-independent scattering, which is unsuppressed. Since dark matter interactions

generally violate isospin in our models, the different couplings to protons and neutrons should be

taken into account in calculating the bounds. The SI cross-section bounds per nucleon are generally

calculated under the assumption of isospin, such that the proton and neutron cross-sections are the

same. In order to take into account isospin violation, we calculate the cross-section for interaction

with a proton and rescale by

σDM,nucleon =
[fpZ + fn(A− Z)]2

f2
pA

2
σDM,p , (24)

where A and Z are the mass number and atomic number of the target nucleus respectively. The

dominant SI bounds come from Xe targets, so that A = 131, neglecting small effects from other

comparable or subdominant isotopes, and Z = 54. All scattering cross sections presented in Figs. 8

and 9 are the averaged one, σDM,nucleon.

It is interesting to note that collider bounds take over for light dark matter, below the threshold

of direct detection experiments. In the case of a complex scalar, the low mass bound flattens out in

the cross-section plane since it is not sensitive to the reduced mass of the dark matter-nucleon system,

but rather the nucleon mass itself, as can be seen from Eq. (20).
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Figure 7: 95% exclusion limits from the most sensitive searches for Majorana dark matter with coupling
to the down quark.
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Figure 8: 95% exclusion limits from the most sensitive searches for Dirac dark matter with coupling
to the up quark.
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by searches for spin-independent scattering, which is unsuppressed. Since dark matter interactions

generally violate isospin in our models, the different couplings to protons and neutrons should be

taken into account in calculating the bounds. The SI cross-section bounds per nucleon are generally

calculated under the assumption of isospin, such that the proton and neutron cross-sections are the

same. In order to take into account isospin violation, we calculate the cross-section for interaction

with a proton and rescale by

σDM,nucleon =
[fpZ + fn(A− Z)]2

f2
pA

2
σDM,p , (24)

where A and Z are the mass number and atomic number of the target nucleus respectively. The

dominant SI bounds come from Xe targets, so that A = 131, neglecting small effects from other

comparable or subdominant isotopes, and Z = 54. All scattering cross sections presented in Figs. 8

and 9 are the averaged one, σDM,nucleon.

It is interesting to note that collider bounds take over for light dark matter, below the threshold

of direct detection experiments. In the case of a complex scalar, the low mass bound flattens out in

the cross-section plane since it is not sensitive to the reduced mass of the dark matter-nucleon system,

but rather the nucleon mass itself, as can be seen from Eq. (20).
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6 Discussion and conclusions

The signal spectrum from the associated production of dark matter and its partner could be dra-

matically different from backgrounds. Particularly when the Yukawa coupling is small, associated

production is the dominant part of the signal. Additional kinematic variables can be used to enhance

the dark matter signal in the fermion-portal scenario. We use MadGraph5 [68] to generate the dark

matter signal events and shower them in PYTHIA [73]. We then use PGS [74] to perform the fast detector

simulation. After utilizing the basic cuts in Ref. [25], where Emiss
T > 200 GeV has been imposed, we

calculate the normalized Emiss
T distributions for several different spectra. In the left panel of Fig. 10,

we show the Emiss
T from the χ+φ associate productions. Because the jet from the decay of φ→ χ+ j

is energetic, the Emiss
T distributions have a peak-structure with the peak at around mφ/2 for a small

mχ. As a comparison, the right panel of the Fig. 10 shows the Emiss
T distribution without on-shell

production of φ. The spectrum is monotonically decreasing in this case, which follows the shape of

the background although with a different slope. For a larger mφ, the signal spectrum becomes slightly

harder at higher masses. In principle, the peak structure in the left panel can be used to discover dark
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Figure 10: Left panel: the fraction of events after basic cuts as a function of Emiss
T for the associated

production of χ+ φ with φ→ χ+ j. Right panel: the same as the left one but for the productions of
2χ+ j with the jet from ISR.

matter, for instance performing a “bump” search in the Emiss
T distribution. In practice, the peaks are

too wide to make it feasible. Improving the jet energy resolution and Emiss
T measurement can yield

significant boosts in sensitivity.

To explore more fermion portal dark matter parameter space, we emphasize the importance of a

dedicated search of the two jets plus MET signature. As can be seen from the left panel in Fig. 6, for
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange

For the fermionic dark matter case and in the heavy mφ limit, the Fierz-transformed effective operator

|λu|2

8m2
φ

χγµ (1 + γ5)χuγµ (1− γ5)u (21)

is generated. The existing search at the 8 TeV LHC with around 20 fb−1 constrains the combination of

up quark and down quark operators. For light dark matter masses below analysis cuts on monojet pT

or /ET , the collider production cross section is insensitive to the parity structure of the operators [25].

One can approximately translate the constraints on Λ ∼
√
2mφ/|λu| obtained in Ref. [25] to our model

parameter space. For light dark matter masses, the 90% confidence level (CL) constraints on Λ in

Ref. [25] is around 900 GeV, leading to an estimated constraint of mφ/|λu| ! 640 GeV.

5.2 Limits from 2j + Emiss
T on φ pair production

In the limit of a small dark matter-mediator coupling, λu ≈ 0, the only significant diagram yielding

this final state is (a) in Fig. 3. The production cross-section is identical to that of a single squark in

the MSSM. The present bounds on this process from CMS constrain the colored particle mass to be

above around 500 GeV [67] for a massless neutralino. For λu ̸= 0, there are additional contributions

from t-channel dark matter exchange and the cross-section for the parton level process u+ ū → φ+φ∗

is given by:

σ = −
1

1728πs3

{

2
√

s(s− 4m2
φ)
[

4g4s (4m
2
φ − s) + 12g2sλ

2
u(s+ 2m2

χ − 2m2
φ) + 27λ4us

]

+3λ2u
[

16g2s
(
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]

log
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Figure 9: 95% exclusion limits from the most sensitive searches for complex scalar dark matter with
coupling to the up quark.

by searches for spin-independent scattering, which is unsuppressed. Since dark matter interactions

generally violate isospin in our models, the different couplings to protons and neutrons should be

taken into account in calculating the bounds. The SI cross-section bounds per nucleon are generally

calculated under the assumption of isospin, such that the proton and neutron cross-sections are the

same. In order to take into account isospin violation, we calculate the cross-section for interaction

with a proton and rescale by

σDM,nucleon =
[fpZ + fn(A− Z)]2

f2
pA

2
σDM,p , (24)

where A and Z are the mass number and atomic number of the target nucleus respectively. The

dominant SI bounds come from Xe targets, so that A = 131, neglecting small effects from other

comparable or subdominant isotopes, and Z = 54. All scattering cross sections presented in Figs. 8

and 9 are the averaged one, σDM,nucleon.

It is interesting to note that collider bounds take over for light dark matter, below the threshold

of direct detection experiments. In the case of a complex scalar, the low mass bound flattens out in

the cross-section plane since it is not sensitive to the reduced mass of the dark matter-nucleon system,

but rather the nucleon mass itself, as can be seen from Eq. (20).
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6 Discussion and conclusions

The signal spectrum from the associated production of dark matter and its partner could be dra-

matically different from backgrounds. Particularly when the Yukawa coupling is small, associated

production is the dominant part of the signal. Additional kinematic variables can be used to enhance

the dark matter signal in the fermion-portal scenario. We use MadGraph5 [68] to generate the dark

matter signal events and shower them in PYTHIA [73]. We then use PGS [74] to perform the fast detector

simulation. After utilizing the basic cuts in Ref. [25], where Emiss
T > 200 GeV has been imposed, we

calculate the normalized Emiss
T distributions for several different spectra. In the left panel of Fig. 10,

we show the Emiss
T from the χ+φ associate productions. Because the jet from the decay of φ→ χ+ j

is energetic, the Emiss
T distributions have a peak-structure with the peak at around mφ/2 for a small

mχ. As a comparison, the right panel of the Fig. 10 shows the Emiss
T distribution without on-shell

production of φ. The spectrum is monotonically decreasing in this case, which follows the shape of

the background although with a different slope. For a larger mφ, the signal spectrum becomes slightly

harder at higher masses. In principle, the peak structure in the left panel can be used to discover dark
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Figure 10: Left panel: the fraction of events after basic cuts as a function of Emiss
T for the associated

production of χ+ φ with φ→ χ+ j. Right panel: the same as the left one but for the productions of
2χ+ j with the jet from ISR.

matter, for instance performing a “bump” search in the Emiss
T distribution. In practice, the peaks are

too wide to make it feasible. Improving the jet energy resolution and Emiss
T measurement can yield

significant boosts in sensitivity.

To explore more fermion portal dark matter parameter space, we emphasize the importance of a

dedicated search of the two jets plus MET signature. As can be seen from the left panel in Fig. 6, for
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange

For the fermionic dark matter case and in the heavy mφ limit, the Fierz-transformed effective operator

|λu|2

8m2
φ

χγµ (1 + γ5)χuγµ (1− γ5)u (21)

is generated. The existing search at the 8 TeV LHC with around 20 fb−1 constrains the combination of

up quark and down quark operators. For light dark matter masses below analysis cuts on monojet pT

or /ET , the collider production cross section is insensitive to the parity structure of the operators [25].

One can approximately translate the constraints on Λ ∼
√
2mφ/|λu| obtained in Ref. [25] to our model

parameter space. For light dark matter masses, the 90% confidence level (CL) constraints on Λ in

Ref. [25] is around 900 GeV, leading to an estimated constraint of mφ/|λu| ! 640 GeV.

5.2 Limits from 2j + Emiss
T on φ pair production

In the limit of a small dark matter-mediator coupling, λu ≈ 0, the only significant diagram yielding

this final state is (a) in Fig. 3. The production cross-section is identical to that of a single squark in

the MSSM. The present bounds on this process from CMS constrain the colored particle mass to be

above around 500 GeV [67] for a massless neutralino. For λu ̸= 0, there are additional contributions

from t-channel dark matter exchange and the cross-section for the parton level process u+ ū → φ+φ∗

is given by:
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Fig. 6. Limits on Majorana dark matter coupling to third generation only. Labeling

as in Fig. 4.

3.2 Real scalar dark matter

For this model, both the s- and p-wave annihilation cross sections are chirally sup-

pressed. Therefore, if the dark matter couples only to the lightest two generations,

its interaction strength is required to be non-perturbatively strong to get the right

relic abundance unless mQ � 400 GeV. However, this region is excluded by the

XENON100 and CMS monojet limits. Thus, we present results only for the cases of
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Figure 10: Left panel: the fraction of events after basic cuts as a function of Emiss
T for the associated

production of χ+ φ with φ→ χ+ j. Right panel: the same as the left one but for the productions of
2χ+ j with the jet from ISR.

matter, for instance performing a “bump” search in the Emiss
T distribution. In practice, the peaks are

too wide to make it feasible. Improving the jet energy resolution and Emiss
T measurement can yield

significant boosts in sensitivity.
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange

For the fermionic dark matter case and in the heavy mφ limit, the Fierz-transformed effective operator

|λu|2

8m2
φ

χγµ (1 + γ5)χuγµ (1− γ5)u (21)

is generated. The existing search at the 8 TeV LHC with around 20 fb−1 constrains the combination of
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√
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3.2 Real scalar dark matter

For this model, both the s- and p-wave annihilation cross sections are chirally sup-

pressed. Therefore, if the dark matter couples only to the lightest two generations,

its interaction strength is required to be non-perturbatively strong to get the right

relic abundance unless mQ � 400 GeV. However, this region is excluded by the

XENON100 and CMS monojet limits. Thus, we present results only for the cases of
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1 Introduction

2 Simplified dark matter model: lepton portal

For a fermonic (Dirac or Majorana) dark matter particle, χ, we have its partner to be a scalar, φ, with

an electric charge +1. The renormalizable operators for the dark matter coupling to the right-handed

leptons are

Lfermion ⊃ λiφiχLe
i
R + h.c. , (1)

where ei = e, µ, τ are different charged leptons. The dark matter mass mχ is smaller than its partner

mass mφ such that φi has a decay branching ratio of 100% into χ and ei. For a complex scalar dark

matter particle, X, we have its partner to be a Dirac fermion ψ and the interactions as

Lscalar ⊃ λiXψ
i
Le

i
R + h.c. . (2)

Again, we have Br(ψi → X + ei) = 100%.

To simplify our discussion, we define the Yukawa couplings in Eqs. (1) and (2) to be in the charged-

lepton mass eigenstates, so there is no new contributions to the flavor violation processes from the

dark matter sector.

3 Lepton g − 2

The lepton-portal models considered here can also generate additional contributions to the lepton

anomalous magnetic moment. Among different flavors, the one that provides the most stringent

constraint is the aµ = (g − 2)µ/2. On the other hand, there is a disagreement above 3σ between the

theoretical prediction and the experimental measurement on this quantity. The updated analysis on

the hadronic contributions has the SM prediction to be [1]

aSMµ = (11659182.8 ± 4.9) × 10−10 , (3)

while the experimental measured value is [2, 3]

aEXP
µ = (11659208.9 ± 6.3) × 10−10 . (4)

The difference is

aEXP
µ − aSMµ = (26.1 ± 8.0)× 10−10 , (5)
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-
handed (mass degenerate) selectron and smuon production in the m�̃0

1
–m ˜̀ plane. (d) 95% CL exclusion

limits for �̃±1 �̃
⌥
1 pair production in the simplified model with sleptons and sneutrinos with m ˜̀ = m⌫̃ =

(m�̃±1 +m�̃0
1
)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).
The solid band around the expected limit shows the ±1� result where all uncertainties, except those on
the signal cross-sections, are considered. The ±1� lines around the observed limit represent the results
obtained when moving the nominal signal cross-section up or down by the ±1� theoretical uncertainty.
Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the
mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the
7 TeV data [35].
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-
handed (mass degenerate) selectron and smuon production in the m�̃0

1
–m ˜̀ plane. (d) 95% CL exclusion

limits for �̃±1 �̃
⌥
1 pair production in the simplified model with sleptons and sneutrinos with m ˜̀ = m⌫̃ =

(m�̃±1 +m�̃0
1
)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).
The solid band around the expected limit shows the ±1� result where all uncertainties, except those on
the signal cross-sections, are considered. The ±1� lines around the observed limit represent the results
obtained when moving the nominal signal cross-section up or down by the ±1� theoretical uncertainty.
Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the
mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the
7 TeV data [35].
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-
handed (mass degenerate) selectron and smuon production in the m�̃0

1
–m ˜̀ plane. (d) 95% CL exclusion

limits for �̃±1 �̃
⌥
1 pair production in the simplified model with sleptons and sneutrinos with m ˜̀ = m⌫̃ =

(m�̃±1 +m�̃0
1
)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).
The solid band around the expected limit shows the ±1� result where all uncertainties, except those on
the signal cross-sections, are considered. The ±1� lines around the observed limit represent the results
obtained when moving the nominal signal cross-section up or down by the ±1� theoretical uncertainty.
Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the
mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the
7 TeV data [35].
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● AMS-02 extended the energy range by about factor 2 already!
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vector current. This gives rise to predominantly spin-
independent cross sections which are enhanced for large
nuclei.

Consider the scattering amplitude due to the second
operator,
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To disentangle different contributions, we use the Gordon
identity on the dark matter spinors. Since we are using
the equation of motion of the dark matter particle, we
will now generate chiral symmetry-violating bilinears as
well (ū σαβu in particular). Neglecting terms of higher
order in momentum transfer and relative velocity, we get,
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= −
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×
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We can rewrite σωµγ5 as i
2
σδρϵωµδρ and contract the

Levi-Civita tensors. Using Gordon’s identity again, the

resulting expression can be brought to the following form,
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Combining both operators, the total scattering ampli-
tude is

M =
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and neglected the velocity-suppressed contribution from
MO1

.
The first term in the amplitude corresponds to the

magnetic dipole moment of χ interacting with the nu-
cleus, and the second term is the familiar charge-charge
interaction. The dipole couples to both the charge
of the nucleus and its magnetic dipole moment. The
momentum-transfer dependence of each of these terms
is different. The dipole-charge interaction is enhanced
at low-momentum transfers due to the presence of the
kα/k2 factor. However, the coupling to the dipole
moment of the nucleon involves an additional power of
the momentum transfer k. Therefore the dipole-dipole
interaction has no such enhancement and exhibits the
same recoil spectrum as the charge-charge interaction up
to form factors.
We show the three components of the scattering cross

section: charge-charge (σZZ ), dipole-charge (σDZ ) and
dipole-dipole (σDD) [18, 38]. The differential scattering
cross sections with respect to the recoil energy Er, are
given as follows,
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and neglected the velocity-suppressed contribution from
MO1

.
The first term in the amplitude corresponds to the

magnetic dipole moment of χ interacting with the nu-
cleus, and the second term is the familiar charge-charge
interaction. The dipole couples to both the charge
of the nucleus and its magnetic dipole moment. The
momentum-transfer dependence of each of these terms
is different. The dipole-charge interaction is enhanced
at low-momentum transfers due to the presence of the
kα/k2 factor. However, the coupling to the dipole
moment of the nucleon involves an additional power of
the momentum transfer k. Therefore the dipole-dipole
interaction has no such enhancement and exhibits the
same recoil spectrum as the charge-charge interaction up
to form factors.
We show the three components of the scattering cross

section: charge-charge (σZZ ), dipole-charge (σDZ ) and
dipole-dipole (σDD) [18, 38]. The differential scattering
cross sections with respect to the recoil energy Er, are
given as follows,
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vector current. This gives rise to predominantly spin-
independent cross sections which are enhanced for large
nuclei.
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ū(p2)γ
µ(1− γ5)u(p1)

×
(p2 + p1)νkα

4k2
⟨N |Q q̄γβq|N⟩ϵµναβ . (A10)

To disentangle different contributions, we use the Gordon
identity on the dark matter spinors. Since we are using
the equation of motion of the dark matter particle, we
will now generate chiral symmetry-violating bilinears as
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MO1

.
The first term in the amplitude corresponds to the
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cleus, and the second term is the familiar charge-charge
interaction. The dipole couples to both the charge
of the nucleus and its magnetic dipole moment. The
momentum-transfer dependence of each of these terms
is different. The dipole-charge interaction is enhanced
at low-momentum transfers due to the presence of the
kα/k2 factor. However, the coupling to the dipole
moment of the nucleon involves an additional power of
the momentum transfer k. Therefore the dipole-dipole
interaction has no such enhancement and exhibits the
same recoil spectrum as the charge-charge interaction up
to form factors.
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cross sections with respect to the recoil energy Er, are
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and neglected the velocity-suppressed contribution from
MO1

.
The first term in the amplitude corresponds to the

magnetic dipole moment of χ interacting with the nu-
cleus, and the second term is the familiar charge-charge
interaction. The dipole couples to both the charge
of the nucleus and its magnetic dipole moment. The
momentum-transfer dependence of each of these terms
is different. The dipole-charge interaction is enhanced
at low-momentum transfers due to the presence of the
kα/k2 factor. However, the coupling to the dipole
moment of the nucleon involves an additional power of
the momentum transfer k. Therefore the dipole-dipole
interaction has no such enhancement and exhibits the
same recoil spectrum as the charge-charge interaction up
to form factors.
We show the three components of the scattering cross

section: charge-charge (σZZ ), dipole-charge (σDZ ) and
dipole-dipole (σDD) [18, 38]. The differential scattering
cross sections with respect to the recoil energy Er, are
given as follows,
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calculated as (see Ref. [6] for more detailed discussion)
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µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ
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. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
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where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
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The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)
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vector current. This gives rise to predominantly spin-
independent cross sections which are enhanced for large
nuclei.

Consider the scattering amplitude due to the second
operator,

MO2
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32π2m2
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ū(p2)γ
µ(1− γ5)u(p1)

×
(p2 + p1)νkα

4k2
⟨N |Q q̄γβq|N⟩ϵµναβ . (A10)

To disentangle different contributions, we use the Gordon
identity on the dark matter spinors. Since we are using
the equation of motion of the dark matter particle, we
will now generate chiral symmetry-violating bilinears as
well (ū σαβu in particular). Neglecting terms of higher
order in momentum transfer and relative velocity, we get,
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= −
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×
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q

⟨N |Q q̄γβq|N⟩ϵµναβ . (A11)

We can rewrite σωµγ5 as i
2
σδρϵωµδρ and contract the

Levi-Civita tensors. Using Gordon’s identity again, the

resulting expression can be brought to the following form,
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ū(p2)γ

αu(p1)

]

. (A12)

Combining both operators, the total scattering ampli-
tude is

M =
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q

[

µχeū(p2)σ
αβu(p1)
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⟨N |Q q̄γβq|N⟩
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where we have defined

µχ =
λ2emχ

64π2m2
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(A14)
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64π2m2
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(1 +
2

3
log
[

m2

ℓ

m2

φ

]

) , (A15)

and neglected the velocity-suppressed contribution from
MO1

.
The first term in the amplitude corresponds to the

magnetic dipole moment of χ interacting with the nu-
cleus, and the second term is the familiar charge-charge
interaction. The dipole couples to both the charge
of the nucleus and its magnetic dipole moment. The
momentum-transfer dependence of each of these terms
is different. The dipole-charge interaction is enhanced
at low-momentum transfers due to the presence of the
kα/k2 factor. However, the coupling to the dipole
moment of the nucleon involves an additional power of
the momentum transfer k. Therefore the dipole-dipole
interaction has no such enhancement and exhibits the
same recoil spectrum as the charge-charge interaction up
to form factors.
We show the three components of the scattering cross

section: charge-charge (σZZ ), dipole-charge (σDZ ) and
dipole-dipole (σDD) [18, 38]. The differential scattering
cross sections with respect to the recoil energy Er, are
given as follows,
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× ū(p2) [iσ
ωµγ5]u(p1)

×
∑

q

⟨N |Q q̄γβq|N⟩ϵµναβ . (A11)

We can rewrite σωµγ5 as i
2
σδρϵωµδρ and contract the

Levi-Civita tensors. Using Gordon’s identity again, the

resulting expression can be brought to the following form,

MO2
= −

iλ2e2

64π2m2
φ

∑

q

⟨N |Q q̄γαq|N⟩

×
[
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ū(p2)γ

αu(p1)

]

. (A12)

Combining both operators, the total scattering ampli-
tude is

M =
∑

q

[

µχeū(p2)σ
αβu(p1)

ikα
k2

⟨N |Q q̄γβq|N⟩
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dipole-dipole (σDD) [18, 38]. The differential scattering
cross sections with respect to the recoil energy Er, are
given as follows,

charge-radius operator for complex scalar DM

for Dirac fermion DM:

Agrawal, Chacko, Blanchet, Kilic, 
1109.3516 

!49

Complex scalar DM

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:
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The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

two interesting limits:

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4for muon and Xenon � = 1.0

m = 500 GeV

!50

Stringent constraints from LUX

0 100 200 300 400 500
0

50

100

150

200

250

300

my HGeVL

m
X
HGeV

L

26.1

18.1

34.1

dam ¥ 1010 l = 2.5

0 500 1000 1500 2000 2500 3000
0

50

100

150

200

250

300

my HGeVL

m
X
HGe

V
L

l = 2.5l = 0.5

thermal complex dark matter is not in a good shape



!49

Complex scalar DM

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

two interesting limits:

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Λ $ 1

0.75

1.2

2.5

0 50 100 150 200 250 300
0

50

100

150

200

250

300

mΨ !GeV"

m
X
!G
eV
"

26.1

18.1

34.1

∆aΜ ( 1010 Λ $ 2.5

Figure 3: Left panel: Complex scalar. Right panel: (g − 2)µ together with thermal relic.

calculated as (see Ref. [6] for more detailed discussion)

σχ−nucleon =
µ2
χ−nZ

2

πA2

{

λ2e2

64π2m2
φ

[

1 +
2

3
ln

(

m2
ei

m2
φ

)]}2

. (11)

Here, only the leading order in transferred momentum and lepton mass has been kept. For the electron

operator, one could replace the electron mass in the above formula by the typical exchange momentum

of O(10 − 100 MeV).

For the complex scalar case, the dominant contribution can be related to the charge radius operator:

∂µX∂νX†Fµν with the matched coefficient as C(mei ,mψ) and

C(m1,m2) =
2λ2 e

16π2

[

m4
1 − 6m2

1m
2
2 +m4

2

(m2
1 −m2

2)
3

−
4(m2

1 +m2
2)(m

4
1 − 5m2

1m
2
2 +m4

2)

3(m2
1 −m2

2)
4

ln

(

m1

m2

)]

, (12)

where C(m1,m2) ∝ (m1 −m2) in the limit of m1 −m2 ≪ 0. In the limit of m1 ≪ m2, we have

C(m1,m2) = −
2λ2 e

16π2 m2
2

[

1 +
2

3
ln

(

m2
1

m2
2

)]

. (13)

The SI elastic scattering cross section is calculated to be

σX−nucleon =
Z2 e2 C2(mei ,mψ)

8πA2

[

m2
pm

2
X

(mp +mX)2
+

mpm2
X(2m2

p +m2
X)

2(mp +mX)3
v2
]

(14)

4for muon and Xenon � = 1.0

m = 500 GeV

!50

Stringent constraints from LUX

0 100 200 300 400 500
0

50

100

150

200

250

300

my HGeVL

m
X
HGeV

L

26.1

18.1

34.1

dam ¥ 1010 l = 2.5

0 500 1000 1500 2000 2500 3000
0

50

100

150

200

250

300

my HGeVL

m
X
HGe

V
L

l = 2.5l = 0.5

thermal complex dark matter is not in a good shape

!51

LHC: lepton MT2
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Figure 1: Distributions of Emiss,rel
T (left) and mT2 (right) in the e+e� (top), µ+µ� (middle) and e±µ⌥

(bottom) event samples satisfying the event selection of Section 4, as well as Emiss,rel
T > 40 GeV, and

the Z veto. The expected distributions from the WW, tt̄ and ZV processes are corrected with data-
driven scale factors obtained in Section 6. The hashed regions represent the total uncertainties on the
background estimates. The right-most bin of each plot includes overflow. Illustrative SUSY benchmark
models are super-imposed.
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the Z veto. The expected distributions from the WW, tt̄ and ZV processes are corrected with data-
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Figure 1: Distributions of Emiss,rel
T (left) and mT2 (right) in the e+e� (top), µ+µ� (middle) and e±µ⌥

(bottom) event samples satisfying the event selection of Section 4, as well as Emiss,rel
T > 40 GeV, and

the Z veto. The expected distributions from the WW, tt̄ and ZV processes are corrected with data-
driven scale factors obtained in Section 6. The hashed regions represent the total uncertainties on the
background estimates. The right-most bin of each plot includes overflow. Illustrative SUSY benchmark
models are super-imposed.
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Another comment: lepton pt

could have a large correlation with MT2
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Can we repeat the W discovery?

24

Determination of W Mass

• Two methods:
– lepton E⊥ spectrum

peaks at mw/2
• compare measurement to

Monte Carlo prediction

• can be affected by
transverse momentum of W

– transverse mass method
(see next slide...)
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Conclusions

★ More searches for simplified SUSY or non-
SUSY dark matter models should be performed 
at the LHC 

★ Dedicated searches in the two jets + MET and 
two leptons + MET channels have chances to 
discover the Fermion Portal Dark Matter



!53

Can we repeat the W discovery?

24

Determination of W Mass

• Two methods:
– lepton E⊥ spectrum

peaks at mw/2
• compare measurement to

Monte Carlo prediction

• can be affected by
transverse momentum of W

– transverse mass method
(see next slide...)

⇒

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS 
WITH ASSOCIATED MISSING ENERGY AT x/s  = 540 GeV 

UA1 Collaboration, CERN, Geneva, Switzerland 

G. ARNISON J, A. ASTBURY J, B. AUBERT h, C. BACCI i, G. BAUER 1 , A. BI~ZAGUET d, R. BOCK d, 
T.J.V. BOWCOCK f, M. CALVETTI d, T. CARROLL d, p. CATZ b, p. CENNINI d, S. CENTRO d, 
F. CERADINI d, S. CITTOLIN d, D. CLINE 1, C. COCHET k, j .  COLAS b, M. CORDEN c, D. DALLMAN d, 
M. DeBEER k, M. DELLA NEGRA b, M. DEMOULIN d, D. DENEGRI k, A. Di CIACCIO i, 
D. DiBITONTO d, L. DOBRZYNSKI g, J.D. DOWELL c, M. EDWARDS c, K. EGGERT a, 
E. EISENHANDLER f, N. ELLIS d, p. ERHARD a, H. FAISSNER a, G. FONTAINE g, R. FREY h, 
R. FR[)HWIRTH 1, j .  GARVEY c, S. GEER g, C. GHESQUII~RE g, P. GHEZ b, K.L. GIBONI a, 
W.R. GIBSON f, Y. GIRAUD-HI~RAUD g, A. GIVERNAUD k, A. GONIDEC b, G. GRAYER J, 
P. GUTIERREZ h, T. HANSL-KOZANECKA a, W.J. HAYNES J, L.O. HERTZBERGER 2, C. HODGES h, 
D. HOFFMANN a, H. HOFFMANN d, D.J. HOLTHUIZEN 2, R.J. HOMER c, A. HONMA f, W. JANK d, 
G. JORAT d, P.I.P. KALMUS f, V. KARIM)~KI e, R. KEELER f, I. KENYON c, A. KERNAN h 
R. KINNUNEN e, H. KOWALSKI d, W. KOZANECKI h, D. KRYN d, F. LACAVA d, j..p. LAUGIER k, 
J.-P. LEES b, H. LEHMANN a, K. LEUCHS a, A. LI~VI~QUE k, D. LINGLIN b, E. LOCCI k, M. LORET k, 
J.-J. MALOSSE k, T. MARKIEWlCZ d, G. MAURIN d, T. McMAHON c, j..p. MENDIBURU g, 
M.-N. MINARD b, M. MORICCA i, H. MUIRHEAD d, F. MULLER d, A.K. NANDI J, L. NAUMANN d, 
A. NORTON d, A. ORKIN-LECOURTOIS g, L. PAOLUZI i, G. PETRUCCI d, G. PIANO MORTARI i, 
M. PIMI~, e, A. PLACCI d, E. RADERMACHER a, J. RANSDELL h, H. REITHLER a, J.-P. REVOL d, 
J. RICH k, M. RIJSSENBEEK d, C. ROBERTS J, J. ROHLF d, p. ROSSI d, C. RUBBIA d, B. SADOULET d, 
G. SAJOT g, G. SALVI f, G. SALVINI i, j .  SASS k, j .  SAUDRAIX k, A. SAVOY-NAVARRO k, 
D. SCHINZEL f, W. SCOTT J, T.P. SHAH J, M. SPIRO k, j .  STRAUSS 1, K. SUMOROK c, F. SZONCSO 1, 
D. SMITH h C. TAO d, G. THOMPSON f, J. TIMMER d, E. TSCHESLOG a, j .  TUOMINIEMI e, 
S. Van der MEER d, j. .p. VIALLE d, j .  VRANA g, V. VUILLEMIN d, H.D. WAHL 1, p. WATKINS c, 
J. WILSON c, Y.G. XIE d, M. YVERT b and E. ZURFLUH d 

a b c d e Aachen -Annecy (LAPP) -Birmingham -CERN -Helsinki -Queen Mary College, London f-Paris (Coll. de France) g 
-Riverside h-Rome i-Rutherford Appleton Lab. J-Saclay (CEN) k Vienna I Collaboration 

Received 23 January 1983 

We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-E T electrons, the other for large-E T neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass ~ 80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process ~ + p ~ W e + X, with W e 
-~ e -+ + v; where W e is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 

1 University of Wisconsin, Madison, Wl, USA. 
2 NIKHEF, Amsterdam, The Netherlands. 

103 

!54

Conclusions

★ More searches for simplified SUSY or non-
SUSY dark matter models should be performed 
at the LHC 

★ Dedicated searches in the two jets + MET and 
two leptons + MET channels have chances to 
discover the Fermion Portal Dark Matter
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