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MSUGRA/CMSSM 0 2-6 jets Yes 20.3

m(q̃)=m(g̃ )
ATLAS-CONF-2013-047

1.7 TeV

q̃, g̃
MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3

any m(q̃)
ATLAS-CONF-2013-062

1.2 TeV

g̃MSUGRA/CMSSM 0 7-10 jets Yes 20.3

any m(q̃)
1308.1841

1.1 TeV

g̃q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-047

740 GeV

q̃g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-047

1.3 TeV

g̃g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3

m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-062

1.18 TeV

g̃g̃ g̃ , g̃→qq(""/"ν/νν)χ̃01 2 e,µ 0-3 jets - 20.3

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-089

1.12 TeV

g̃GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7

tanβ<15
1208.4688

1.24 TeV

g̃GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7

tanβ >18
ATLAS-CONF-2013-026

1.4 TeV

g̃
GGM (bino NLSP) 2 γ - Yes 4.8

m(χ̃
0
1)>50 GeV

1209.0753

1.07 TeV

g̃
GGM (wino NLSP) 1 e, µ + γ - Yes 4.8

m(χ̃
0
1)>50 GeV

ATLAS-CONF-2012-144

619 GeV

g̃
GGM (higgsino-bino NLSP) γ 1 b Yes 4.8

m(χ̃
0
1)>220 GeV

1211.1167

900 GeV

g̃
GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8

m(H̃)>200 GeV
ATLAS-CONF-2012-152

690 GeV

g̃Gravitino LSP
0 mono-jet Yes 10.5

m(g̃ )>10−4 eV
ATLAS-CONF-2012-147

645 GeV

F1/2 scaleg̃→bb̄χ̃
0
1 0 3 b Yes 20.1

m(χ̃
0
1)<600 GeV

ATLAS-CONF-2013-061

1.2 TeV

g̃g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3

m(χ̃
0
1) <350 GeV

1308.1841

1.1 TeV

g̃g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1

m(χ̃
0
1)<400 GeV

ATLAS-CONF-2013-061

1.34 TeV

g̃g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1

m(χ̃
0
1)<300 GeV

ATLAS-CONF-2013-061

1.3 TeV

g̃b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1

m(χ̃
0
1)<90 GeV

1308.2631

100-620 GeV

b̃1
b̃1b̃1, b̃1→tχ̃

±
1 2 e,µ (SS) 0-3 b Yes 20.7

m(χ̃
±
1 )=2 m(χ̃

0
1)

ATLAS-CONF-2013-007

275-430 GeV
b̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7

m(χ̃
0
1)=55 GeV

1208.4305, 1209.2102

110-167 GeV
t̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3

m(χ̃
0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048

130-220 GeV
t̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-065

225-525 GeV

t̃1
t̃1 t̃1(medium), t̃1→bχ̃

±
1 0 2 b Yes 20.1

m(χ̃
0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631

150-580 GeV

t̃1
t̃1 t̃1(heavy), t̃1→tχ̃

0
1 1 e,µ 1 b Yes 20.7

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-037

200-610 GeV

t̃1
t̃1 t̃1(heavy), t̃1→tχ̃

0
1 0 2 b Yes 20.5

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-024

320-660 GeV

t̃1
t̃1 t̃1, t̃1→cχ̃

0
1 0 mono-jet/c-tag Yes 20.3

m(t̃1)-m(χ̃
0
1)<85 GeV

ATLAS-CONF-2013-068

90-200 GeV
t̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7

m(χ̃
0
1)>150 GeV

ATLAS-CONF-2013-025

500 GeV

t̃1
t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7

m(t̃1)=m(χ̃
0
1)+180 GeV

ATLAS-CONF-2013-025

271-520 GeV

t̃2"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3

m(χ̃
0
1)=0 GeV

ATLAS-CONF-2013-049

85-315 GeV
#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3

m(χ̃
0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049

125-450 GeV

χ̃±
1

χ̃+1 χ̃
−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7

m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028

180-330 GeV
χ̃±
1

χ̃±1 χ̃
0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7

m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035

600 GeV

χ̃±
1 , χ̃

0
2

χ̃±1 χ̃
0
2→W χ̃01Z χ̃

0
1 3 e,µ 0 Yes 20.7

m(χ̃
±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035

315 GeV
χ̃±
1 , χ̃

0
2

χ̃±1 χ̃
0
2→W χ̃01h χ̃

0
1 1 e,µ 2 b Yes 20.3

m(χ̃
±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093

285 GeV
χ̃±
1 , χ̃

0
2Direct χ̃

+
1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Yes 20.3

m(χ̃
±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃±1 )=0.2 ns ATLAS-CONF-2013-069

270 GeV
χ̃±
1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9

m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057

832 GeV

g̃GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9

10<tanβ<50
ATLAS-CONF-2013-058

475 GeV

χ̃0
1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃01 2 γ - Yes 4.7

0.4<τ(χ̃01)<2 ns
1304.6310

230 GeV
χ̃0
1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3

1.5 <cτ<156 mm, BR(µ)=1, m(χ̃
0
1)=108 GeV ATLAS-CONF-2013-092

1.0 TeV

q̃LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6

λ′311=0.10, λ132=0.05
1212.1272

1.61 TeV

ν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6

λ′311=0.10, λ1(2)33=0.05
1212.1272

1.1 TeV

ν̃τ
Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7

m(q̃)=m(g̃ ), cτLSP<1 mm
ATLAS-CONF-2012-140

1.2 TeV

q̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃01, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7

m(χ̃
0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036

760 GeV

χ̃±
1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃01, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7

m(χ̃
0
1)>80 GeV, λ133>0

ATLAS-CONF-2013-036

350 GeV

χ̃±
1

g̃→qqq
0 6-7 jets - 20.3

BR(t)=BR(b)=BR(c)=0%
ATLAS-CONF-2013-091

916 GeV

g̃
g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7

ATLAS-CONF-2013-007

880 GeV

g̃Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6

incl. limit from 1110.2693
1210.4826

100-287 GeV
sgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3

ATLAS-CONF-2013-051

800 GeV

sgluon
WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5

m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147

704 GeV

M* scale

Mass scale [TeV]

10−1
1

√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower LimitsStatus: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Over-Specific?
DM constraints are often presented with amoeba-
shaped parameter spaces.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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SUSY

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded
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Note:

*The plane is full.

* LHC-accessible 
and LHC-proof 
models co-exist 

everywhere.

* A specific model 
will often have      
a knob to turn...



DM EFT’s
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Direct Detection - EFT
The EFT that described DM interaction in direct 
detection experiments:

SI, vector exchange

SD, axial-vector exchange

SI (or SD), t-channel 
“squark exchange”

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light ⇥ O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (�
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ�G
aµ�)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ� is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

⇧
g⇥gq, where M

is the mass of the mediator, g⇥ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇥, where OSM involves only Standard Model fields and O⇥ involves only dark
matter, so that the matrix element ⇤N |OSM|N⌅ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇥ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].

SI gluon operator

Look for mono-anything: 
(mono-jet, mono-photon, mono-Z, 

mono-W, mono-di-jet...?)

q

q̄

DM

DM
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Annihilation
A minimal light thermal relic is constrained:
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A minimal light thermal relic is constrained:
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Two possibilities:

Is the EFT a valid description at LHC?



1) EFT is valid at LHC.
2) It’s not.

Two possibilities:

Is the EFT a valid description at LHC?



EFT vs Light Mediator
The EFT is valid for direct detection(                 ):

At a collider consider two extreme limits:

χ

q

χ

q

1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

µ =
mχmN

mN + mχ

q ∼ 100 MeV

� � M
⇥

gqg�

q χ

q̄ χ

production cross section in the two cases to be

σ1j ∼











αs g2
χ g2

q
1

p2
T

M ! 100 GeV ,

αs g2
χ g2

q
p2

T

M4 M " 100 GeV ,

(2)

where αs is the QCD coupling and pT is the transverse momentum of the jet. Thus, for the heavy

mediator case the production cross section at the Tevatron, where pT ∼ 100 GeV, is O(1000) times

larger than the direct detection cross section for µ ∼ 1 GeV when the DM is heavier than the nucleon

mass. The CDF mono-jet search [2] analysed ∼ 1 fb−1 and saw no significant discrepancy from the

SM, thus limiting the DM + mono-jet production cross section to be smaller than ∼ 500 fb. Due

to the factor of 1000 mentioned above, this will translate to bounds in the neighborhood of 0.5 fb in

direct detection experiments.

This is to be compared with direct detection current searches. Null results from experiments such

as CDMS [3], XENON[4, 5] and others, place strong constraints on the cross section of DM to recoil

from a nucleus, σ ! 10−3 − 10−4 fb for a 10-100 GeV WIMP scattering elastically through a spin

independent (SI) interaction. Thus, for this situation it seems that direct detection has greater reach.

However, due to the threshold to detect a DM recoil in these experiments there is a DM mass below

which these experiments are no longer sensitive, typically this lower bound is mχ ∼ 5− 10 GeV, there

is no such threshold in collider searches.

Furthermore, the DAMA collaboration [6] have observed a signal consistent with DM scattering

from NaI which is inconsistent with bounds on a standard WIMP from CDMS and other experiments.

This has motivated the introduction of non-standard DM scenarios that can make these seemingly

discrepant results consistent. The cross sections necessary to explain DAMA are considerably larger

than 10−3fb and may allow these scenarios to be probed directly at the Tevatron, due to the increase

in cross section described above. Another possibility that has been motivated both by DAMA and

the recent CoGeNT [7] excess is that dark matter is light, below about 10 GeV, and is thus transfers

small momenta to nuclei giving a signal near threshold. The Tevatron will place a strong bound for

dark matter particles below 5 GeV. Finally, spin-dependent (SD) WIMP-nucleus scatterings are not

coherent and therefore are not enhanced by an A2 factor. Typical bounds on a SD WIMP-proton

scatter from direct detection are ∼ 1 fb , and will be severely impacted by the mono-jet bounds

presented here.

We will begin our discussion with a model independent operator analysis, corresponding to very

heavy mediation particles (such as a heavy Z ′ or squarks). In Section 2 we will introduce some

representative four fermion operators supressed by a cutoff scale. We will then place limits on the

2

M >
�

s�

M �
⇥

s�

q2-M2
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.

Higgs region is being probed!



Higgs mediation
Direct detection will not cover light DM. But...

DM is light

couples to Higgs
+ = Invisible h decay!

couples to Higgs

�

�

Z0

current ATLAS limit:
BR(h→inv)<65%

(Higgs is narrow!
a strong limit on 
h-DM coupling)

(David’s Talk)
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Figure 10: Left: Projected 95% C.L. upper bounds on dark matter–nucleon scattering mediated by a Higgs
boson from future ATLAS searches for invisible Higgs decays. Limits are shown for the Z +H and vector
boson fusion (VBF) production modes, and for Higgs masses of 120 GeV and 250 GeV [66]. Right: Lower
95% C.L. bounds on dark matter–nucleon scattering mediated by a Higgs boson, derived from the CMS
exclusion of a Standard Model Higgs boson in certain mass ranges [67], assuming that the Higgs was missed
at the LHC due to its large invisible width. The direct detection limits we show for comparison are the
same as in figures 5 and 9.

Using these bounds and equation (16), we can set upper limits on the direct detection cross section.
These limits are shown in the left panel of figure 10 for various Higgs masses and production
channels. These dark matter–nucleon scattering cross section bounds are more stringent than the
mono-jet and mono-photon bounds of the previous sections due to the smallness of the Higgs–
nucleon coupling. The bounds deteriorate when the dark matter mass approaches the kinematic
limit for invisible Higgs decay at m� = mh/2. Comparing the results for di⇥erent Higgs masses,
the bound for a 250 GeV Higgs is weaker than the one for mh = 120 GeV because at 120 GeV,
the SM Higgs width �(SM) is small, allowing the invisible channel to compete even for moderate
couplings. At 250 GeV, the SM decay rate is dominated by decays to W and Z bosons, and in
order for the Higgs to have a sizeable invisible branching fraction, the coupling to dark matter
must be quite large. This e⇥ect over-compensates the 1/m4

h suppression in the direct detection
cross section which pushes the limits in the opposite direction.

6.2. A Lower Bound on Dark Matter–Nucleon Scattering from Current Higgs Limits

In the previous subsection we discussed the future reach of the LHC in discovering dark matter
“directly” through invisible Higgs decay. But if dark matter indeed couples to the Standard Model
through Higgs exchange, there is always an interesting connection between the Higgs search and
the search for dark matter. This is true both for bounds on the Higgs, as well as for a potential
Higgs discovery.

For example, the recent LHC exclusions [67, 68] of a SM Higgs between � 140 GeV and
� 400 GeV have an amusing interpretation as a possible lower bound on the dark matter scattering
rate expected at direct detection experiments. In particular, if the Higgs has a sizeable branching

Complementary.
Higgs window will be fully covered!



Other Simplified Models
“Squark mediator”:

Small parameter space:

Model Particles L
intDark matter � Quark partner Q

Majorana fermion Complex scalar �(�q)Q⇤ + h.c.

Dirac fermion Complex scalar �(�q)Q⇤ + h.c.

Real scalar Dirac fermion �(Qcq)� + h.c.

Complex scalar Dirac fermion �(Qcq)� + h.c.

Real vector Dirac fermion �
�
q†�̄µQ

�
�
µ

+ h.c.

Complex vector Dirac fermion �
�
q†�̄µQ

�
�
µ

+ h.c.

Table 1. Overview of the models considered in this paper. Spinors are written

in 2-component notation. Here q is the left-handed quark doublet of the standard

model, Q is the quark partner field, and � is the dark matter field.

Fig. 1. Feynman diagram contributing to dark matter freeze-out, direct and indi-

rect dark matter detection, and collider production of dark matter.

2-dimensional parameter space.

The annihilation of dark matter in the early universe, indirect detection of dark
matter, and direct detection of dark matter are all dominated by the exchange of a
partner particle, as shown in Fig. 1. The same diagram also gives rise to dark matter
production at colliders, with an additional radiative particle required to tag the final
state. This strongly motivates monojet searches at the LHC as a way to search for
dark matter. In the present models, there are additional contributions to monojet
final states, as shown in Fig. 2. In addition, there are jets plus missing energy signals
from diagrams such as Fig. 3. These models therefore have a very rich phenomenology
controlled by a simple 2-dimensional parameter space.

These models can be used in a number of di↵erent ways. First, we advocate

4

Fig. 7. Limits on real scalar dark matter coupling to all generations. Labeling as

in Fig. 4.

coupling to all generations and the third generation only. The results are shown in
Figs. 7 and 8. If m

�

< m
t

, the coupling � cannot account for the relic abundance
unless m

Q

<⇠ 700 GeV.

Note that the CMS dijet limits are enhanced with respect to the Majorana models
because fermion quark partners have a larger production cross section than scalar
quark partners. The constraints using just the QCD production mechanism would
already rule out quark partners up to about 1 TeV for light dark matter. Including
the t-channel, again extends the limit to higher masses.

In the models where dark matter couples to all generations, the XENON100 limit
is comparable to the CMS monojet limit. This is a result of the relic abundance
constraint: the value of � required to get the right relic abundance drops sharply
once m

�

> m
t

.

3.3 Real vector dark matter:

For the real vector dark matter model, the interaction strength is small, since neither
the s and p-wave cross sections are chirally suppressed. The results are in Figs. 9, 10,
and 11. These smaller couplings lead to weaker direct detection constraints than the
real scalar dark matter case. Note the behavior of an asymptotic limit as m

Q

� m
�

is
explained by the fact that in this limit, �

SI

only depends on m
�

(see Table 2). On the
other hand, the collider constraints are still strong due to the large cross section for
fermion quark partners and the t-channel mechanism. The t-channel matrix element

20

(e.g. can fix coupling from relic density)

Chang et al. 1307.8120
Bai and Berger 1308.0612
Di Franzo et al 1308.2679



Conclusion
The LHC is also looking for DM.

The precise mapping of limits is model dependent.

LHC searches are often complementary:

Low mass.

Spin dependent.

Invisible Higgs.







Sales Pitch.



“WIMP coincidence” hints that DM has is an 
interaction w/ matter.  picobarn-ish cross sections!?

We hope to probe dark matter in several ways:

Probes of DM Interactions

q

DM DM

q
direct

DM-nucleus scattering
q

q̄

DM

DM
indirect

DM annihilation

Focus on direct detection in this talk.
(a similar game can be played for indirect)



Direct detection
Direct detection places limits on                       .

Heroic effort with remarkable results.

DD has some weaknesses. 5
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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In order to get a particular DM-nucleon cross 

section,                     , we assume the existence of 
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Direct Detection - EFT
The EFT that described DM interaction in direct 
detection experiments:

SI, vector exchange

SD, axial-vector exchange

SI (or SD), t-channel 
“squark exchange”

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light ⇥ O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (�
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].

3

Og = �s
(⇤̄⇤) (Ga

µ�G
aµ�)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ� is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

⇧
g⇥gq, where M

is the mass of the mediator, g⇥ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇥, where OSM involves only Standard Model fields and O⇥ involves only dark
matter, so that the matrix element ⇤N |OSM|N⌅ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇥ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].
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(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].
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pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
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The EFT is valid for direct detection(                 ):

At a collider consider two extreme limits:
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1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

µ =
mχmN

mN + mχ

q ∼ 100 MeV

� � M
⇥

gqg�

q χ

q̄ χ

production cross section in the two cases to be

σ1j ∼











αs g2
χ g2

q
1

p2
T

M ! 100 GeV ,

αs g2
χ g2

q
p2

T

M4 M " 100 GeV ,

(2)

where αs is the QCD coupling and pT is the transverse momentum of the jet. Thus, for the heavy

mediator case the production cross section at the Tevatron, where pT ∼ 100 GeV, is O(1000) times

larger than the direct detection cross section for µ ∼ 1 GeV when the DM is heavier than the nucleon

mass. The CDF mono-jet search [2] analysed ∼ 1 fb−1 and saw no significant discrepancy from the

SM, thus limiting the DM + mono-jet production cross section to be smaller than ∼ 500 fb. Due

to the factor of 1000 mentioned above, this will translate to bounds in the neighborhood of 0.5 fb in

direct detection experiments.

This is to be compared with direct detection current searches. Null results from experiments such

as CDMS [3], XENON[4, 5] and others, place strong constraints on the cross section of DM to recoil

from a nucleus, σ ! 10−3 − 10−4 fb for a 10-100 GeV WIMP scattering elastically through a spin

independent (SI) interaction. Thus, for this situation it seems that direct detection has greater reach.

However, due to the threshold to detect a DM recoil in these experiments there is a DM mass below

which these experiments are no longer sensitive, typically this lower bound is mχ ∼ 5− 10 GeV, there

is no such threshold in collider searches.

Furthermore, the DAMA collaboration [6] have observed a signal consistent with DM scattering

from NaI which is inconsistent with bounds on a standard WIMP from CDMS and other experiments.

This has motivated the introduction of non-standard DM scenarios that can make these seemingly

discrepant results consistent. The cross sections necessary to explain DAMA are considerably larger

than 10−3fb and may allow these scenarios to be probed directly at the Tevatron, due to the increase

in cross section described above. Another possibility that has been motivated both by DAMA and

the recent CoGeNT [7] excess is that dark matter is light, below about 10 GeV, and is thus transfers

small momenta to nuclei giving a signal near threshold. The Tevatron will place a strong bound for

dark matter particles below 5 GeV. Finally, spin-dependent (SD) WIMP-nucleus scatterings are not

coherent and therefore are not enhanced by an A2 factor. Typical bounds on a SD WIMP-proton

scatter from direct detection are ∼ 1 fb , and will be severely impacted by the mono-jet bounds

presented here.

We will begin our discussion with a model independent operator analysis, corresponding to very

heavy mediation particles (such as a heavy Z ′ or squarks). In Section 2 we will introduce some

representative four fermion operators supressed by a cutoff scale. We will then place limits on the
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Mono-Jet
Assume the EFT is valid at the LHC.

Consider contact operator involving u or d.

The signal spectrum is harder than backgrounds.

dominant background: 
Z plus jet (     initial state).
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dominant signal: 
    initial state.qg qq̄

Z is typically emitted forward,
with low pT . DM system emitted isotropically.
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Figure 2: Measured missing energy spectra of j + /ET for the three ATLAS analyses and the CMS analysis
discussed in the text (black data points with error bars) compared to the collaborations’ background pre-
dictions (yellow shaded histograms) and to our Monte Carlo prediction with (blue histograms) and without
(black dotted lines) a dark matter signal. In all cases the DM signal comes from the vector operator, OV ,
and m� = 10GeV, ⇥ = 400GeV. Our simulations are rescaled to match the overall normalization of the
collaborations’ background predictions.

account for the inaccuracy of our detector simulation. We define a quantity

�N =

�
0 expected bound

Nobs �NSM observed bound ,
(7)

where Nobs(SM) is the number of observed (predicted background) events. With the exception of
the LowPT analysis at ATLAS, all analyses experienced a downward fluctuation in the background
and hence give stronger bounds on DM than expected. Since this lucky accident is unlikely to be
repeated in the future we will in the following show both the observed and expected bounds. The
limits on ⇥ for the operator OV , with coupling to up quarks only, is shown in figure 3. As expected
the strongest bounds come from the analysis with the hardest jet pT and /ET cuts, and in all cases
but LowPT the observed bound is stronger than expected due to the downward fluctuations in the
data.

Signal is harder and more central                                           
(unless DM couples to sea quarks). 

Add angular info to mono-jet analyses?                   
(could improve ADD limits  as well)



More Jets
Applying a veto on the second jet reduces signal 
efficiency, and increases theory uncertainty.

Indeed, most recent CMS (and upcoming ATLAS) 
mono-jet searches allow for a hard second jet, 
so-long as its not back to back with first jet.

Inclusive jets plus MET searches for SUSY exist. 
Can we use them as searches for dark matter?

(with Fox, Primulando and Yu, 1203.1662 )
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Razor
We would like an analysis that is also sensitive to 
the angular distribution of jets and to MET.

CMS’s Razor analysis limits SUSY by inspecting a 
2D distribution of two kinematic variables.

The Razor variables follow simple exponential 
distributions - a data driven analysis.    



Razor
Consider events

6

calorimetric jets or electrons and muons that satisfy lepton selection criteria. These objects

are combined into two “megajets”. In our analysis most events contain only two jets in

which case each jet is promoted to a megajet, but in the most general case the megajets are

created using a “hemisphere” algorithm described below [26]. The hemispheres are defined

by Pi(i = 1, 2) which is the sum of the momenta of high pT objects in the hemisphere.

The high pT objects k in hemisphere i satisfy d(pk, Pi) < d(pk, Pj) where d(pk, Pi) ⌘ (Ei �
|~Pi| cos ✓ik) Ei

(Ei+Ek)
2 , and ✓ik is the angle between ~Pi and ~pk. The hemisphere axes, Pi, are

defined by the following algorithm.

1. Assign P
1

to the object (jet, lepton, photon) with the highest pT and P
2

to the object

that gives the largest invariant mass as a pair with P
1

. The four-momenta P
1

, P
2

are

the seeds for the hemisphere axes.

2. Go through the rest of the objects in the event, ordered by pT , and assign pk to

hemisphere 1 if d(pk, P1

) < d(pk, P2

), or 2 otherwise.

3. Redefine Pi as the sum of the momenta in the ith hemisphere.

4. Repeat 2-3 until all objects are assigned to a hemisphere.

The two megajet four-momenta are taken to be the two hemisphere axes, P
1

and P
2

.

In addition to this hemisphere algorithm for defining the megajets we also considered

a simple approach where the n objects in an event are partitioned into two groups in all

possible (2n�1 � 1) ways and the partition that minimizes the sum of the megajet invariant

mass-squared is chosen. The two hemisphere algorithms give similar results.

The razor frame is the frame in which the two megajets are equal and opposite in the ẑ�
(beam) direction. In this frame, the four-momenta of the megajets are

pj1 =

 
1

2

"
MR � (~pj1T � ~pj2T ) · ~/ET

MR

#
, pj1T , pz

!
, (4)

pj2 =

 
1

2

"
MR +

(~pj1T � ~pj2T ) · ~/ET

MR

#
, pj2T ,�pz

!
, (5)

where MR is the longitudinal boost invariant quantity, defined by

MR =
q
(Ej1 + Ej2)2 � (pj1z + pj2z )2 . (6)

7

The other longitudinally invariant razor observables are

MT
R =

s
/ET (p

j1
T + pj2T )� ~/ET · (~pj1T + ~pj2T )

2
, (7)

R =
MT

R

MR
, (8)

here pT = |~pT |. Note that the missing transverse energy, ~/ET is calculated from all activity

in the calorimeters whereas ~p
j1,2
T involve just the jets above our cuts.

MR provides an estimate of the underlying scale of the event. MT
R is the transverse

observable that also estimates event-by-event the value of the underlying scale. The “razor”

variable R2 is designed to reduce QCD multijet background to manageable levels. R is

correlated with the angle between the megajets. Events where the two mega-jets are roughly

co-linear have R2 ⇠ 1 while events with back-to-back megajets have small R2. In general

R2 has a maximum value of approximately 1, and the QCD multijet background peaks at

R2 = 0. Thus, by imposing a cut on R2, one can essentially eliminate the QCD multijet

background.

B. Analysis

The razor analysis uses a set of dedicated triggers which allow one to apply low thresholds

on MR and R2. The events that pass the triggers are then classified into six disjoint boxes

which correspond to di↵erent lepton selection criteria [27]. For our purposes, we consider

only the HAD box which contains all the events that fail lepton requirements, described

below. After QCD is removed using a strong R2 cut, the dominant backgrounds to our

process are (Z ! ⌫̄⌫)+jets, (W ! `inv⌫)+jets, (W ! ⌧h⌫)+jets, and tt̄, where `inv denotes a

lepton that is missed in the reconstruction, and ⌧h is a hadronically decaying tau-lepton. We

have simulated the dominant SM backgrounds using MadGraph5 [28] at the matrix element

level, Pythia 6.4 [29] for parton showering and hadronization, and PGS [30] as a fast detector

simulation. We generate W/Z + n jets, where n = 1, 2, 3 for the background, and use MLM

matching [31] with a matching scale of 60 GeV. We generate both matched and unmatched

samples for our signal, and find that the matched sample gives approximately a 15% increase

in the number of events passing our analysis cuts, as compared to the unmatched sample. In

what follows, we use unmatched samples for the signal events; using a matched sample will
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scale in the event

roughly: R=ratio of 
MET to visible.
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FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z ! ⌫̄⌫)+jets, (b) W+jets (including

decays to both `inv and ⌧h, (c) tt̄, and (d) DM signal with M� = 100 GeV and ⇤ = 644 GeV. In

all cases the number of events are what is expected after an integrated luminosity of 800 pb�1.

The cuts applied in MR and R2 are shown by the dashed lines and the “signal” region is the upper

right rectangle.

shown in Fig. 2. The signal shapes when dark matter couples to sea quarks or to gluons

are shown in Fig. 3. The shapes depend on the scale and the kinematics of the production

process. The location of the MR distribution peak is determined by the event scale and
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process. The location of the MR distribution peak is determined by the event scale and

Z+jets Signal. 100 GeV DM.



Razor
Background and Signal shapes in MR vs R: 9

 [GeV]RM
0 200 400 600 800 100012001400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1

10

210

(a) (Z ! ⌫̄⌫)+jets.

 [GeV]RM
0 200 400 600 800 1000 1200 1400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1

10

210

(b) W+jets.

 [GeV]RM
0 200 400 600 800 100012001400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.5

1

1.5

2

2.5

(c) tt̄.

 [GeV]RM
0 200 400 600 800 1000 1200 1400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.1

0.2

0.3

0.4

0.5

(d) Signal (M� = 100 GeV, ⇤ = 644 GeV).

FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z ! ⌫̄⌫)+jets, (b) W+jets (including

decays to both `inv and ⌧h, (c) tt̄, and (d) DM signal with M� = 100 GeV and ⇤ = 644 GeV. In

all cases the number of events are what is expected after an integrated luminosity of 800 pb�1.

The cuts applied in MR and R2 are shown by the dashed lines and the “signal” region is the upper

right rectangle.

shown in Fig. 2. The signal shapes when dark matter couples to sea quarks or to gluons

are shown in Fig. 3. The shapes depend on the scale and the kinematics of the production

process. The location of the MR distribution peak is determined by the event scale and

9

 [GeV]RM
0 200 400 600 800 100012001400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1

10

210

(a) (Z ! ⌫̄⌫)+jets.

 [GeV]RM
0 200 400 600 800 1000 1200 1400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1

10

210

(b) W+jets.

 [GeV]RM
0 200 400 600 800 100012001400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.5

1

1.5

2

2.5

(c) tt̄.

 [GeV]RM
0 200 400 600 800 1000 1200 1400

2
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.1

0.2

0.3

0.4

0.5

(d) Signal (M� = 100 GeV, ⇤ = 644 GeV).

FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z ! ⌫̄⌫)+jets, (b) W+jets (including

decays to both `inv and ⌧h, (c) tt̄, and (d) DM signal with M� = 100 GeV and ⇤ = 644 GeV. In

all cases the number of events are what is expected after an integrated luminosity of 800 pb�1.

The cuts applied in MR and R2 are shown by the dashed lines and the “signal” region is the upper

right rectangle.

shown in Fig. 2. The signal shapes when dark matter couples to sea quarks or to gluons

are shown in Fig. 3. The shapes depend on the scale and the kinematics of the production

process. The location of the MR distribution peak is determined by the event scale and
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With 800 fb-1:
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FIG. 4: Cuto↵ scale ⇤ bounds for vector, axial, and gluon couplings. The error band is determined

by varying �SM between
p
NSM and �SM = 2

p
NSM . The dashed line is the bound determined

by the monojet analysis [13].

we see that the existing razor analysis gives bounds that are competitive with the monojet

results. Furthermore, there is no significant di↵erence between the bounds for vector or axial

couplings.

The razor analysis requires at least two jets in the final state, so the data set is comple-

mentary to that used in the monojet search. Since the bounds are slightly, but not hugely,

stronger than those from monojet there is utility in combining the bounds from the razor

and monojet analyses. We do this by solving

�2

monojet

(m�,⇤) + �2

razor

(m�,⇤) = 2.71 , (10)

where the �2 are defined in Eq. 9. We find that the combined bound is a few percent higher

* The band represents two assumption about uncertainties:
(1) statistics only, and (2) systematic=statistic.

truth is probably closer to (1).
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EFT

Is it always valid?
“Model independent”?      

Certainly not.

Is it useful?
Certainly.



Unitarity
Vechi and Shoemaker point to a unitarity limit:

18

places a lower bound on the cuto↵ scale ⇤

⇤ >⇠ 0.4
p
�(ŝ)ŝ (13)

where � is the DM velocity which is always of order one and will hence be ignored. In [10],

it was argued that an approximate requirement for the e↵ective theory to be valid at the

LHC is that this bound be satisfied at
p
ŝ =

p
s
⇤

which was set to 5 TeV. However, this

requirement is not directly related to the search in question, as both our razor analysis and

the monojet searches in [12, 13], do not probe scales of 5 TeV.

We wish to make direct contact between the unitarity limit in Eq. 13 and an actual

collider search for DM. The first di�culty is that the unitarity argument places a limit on

DM pair production at
p
ŝ as opposed to DM plus any number of jets. The former does not

yield observable signals at the collider. In order to make contact with more inclusive searches

it is useful to interpret the limit in Eq. 13 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (14)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with

DM with a cuto↵ scale ⇤ right at where we have set our limits, what fraction of the signal

events violate Eq. 14 ? In Fig. 8 we show the invariant mass distribution of events passing

our analysis cuts for a few DM masses. We show the unitarity limit of ⇤/0.4 as a dashed

vertical line. Events that violate the bound are guaranteed to be sensitive to the physics

that mediates the interaction of quarks and DM, and thus are not reliably described by the

e↵ective theory. Events that are to the left of the vertical line may be described by the

e↵ective theory, (unless the mediator is light, see below). For DM masses of 1 and 100 GeV,

the fraction of events that violate the unitarity limit is 8% and 11% respectively. Thus, the

bound derived with the full e↵ective theory may be accurate to within this precision, which

we consider acceptable. The situation is di↵erent for heavier DM, e.g. 500 GeV. Here, the

fraction of “unitarity violating” events is high at 80%. This is due to two e↵ects. First, the
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The EFT may be accurate to ~10% for light DM.
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FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three

panels show the distribution for DM masses of (a) 1 GeV, (b) 100 GeV, and (c) 500 GeV. The

fractions of events which lie beyond the bound are 8%, 11% and 80% respectively.

scale ⇤ which the analysis constrains (see Figs. and 4 5), and hence the unitarity limit, is

lower. In addition, the invariant mass distribution is pushed to higher values of m�� due to

the higher threshold.

We thus conclude that the e↵ective theory can be valid for DM masses below a few

hundred GeV, where the limit on ⇤ is still flat. This conclusion is in qualitative agreement

with previous analyses [13, 19] which used arguments of perturbativity rather than unitarity.

We emphasize that, as we shall see in the next subsection, the cross section can deviate from

that derived via e↵ective theory if the mediator is light, within the reach of the analysis.

As the mass of the DM becomes heavy enough so that its production is kinematically



Unitarity
For heavy dark matter                                                     
the EFT is not valid:
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lower. In addition, the invariant mass distribution is pushed to higher values of m�� due to

the higher threshold.

We thus conclude that the e↵ective theory can be valid for DM masses below a few

hundred GeV, where the limit on ⇤ is still flat. This conclusion is in qualitative agreement

with previous analyses [13, 19] which used arguments of perturbativity rather than unitarity.

We emphasize that, as we shall see in the next subsection, the cross section can deviate from

that derived via e↵ective theory if the mediator is light, within the reach of the analysis.

As the mass of the DM becomes heavy enough so that its production is kinematically



Unitarity
Strictly speaking, the EFT analysis is not valid at 
small   .
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FIG. 4: Cuto↵ scale ⇤ bounds for vector, axial, and gluon couplings. The error band is determined

by varying �SM between
p
NSM and �SM = 2

p
NSM . The dashed line is the bound determined

by the monojet analysis [13].

we see that the existing razor analysis gives bounds that are competitive with the monojet

results. Furthermore, there is no significant di↵erence between the bounds for vector or axial

couplings.

The razor analysis requires at least two jets in the final state, so the data set is comple-

mentary to that used in the monojet search. Since the bounds are slightly, but not hugely,

stronger than those from monojet there is utility in combining the bounds from the razor

and monojet analyses. We do this by solving

�2

monojet

(m�,⇤) + �2

razor

(m�,⇤) = 2.71 , (10)

where the �2 are defined in Eq. 9. We find that the combined bound is a few percent higher

⇤
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FIG. 6: Razor limits on spin-independent (LH plot) and spin-dependent (RH plot) DM-nucleon

scattering compared to limits from the direct detection experiments. We also include the mono-

jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and
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FIG. 4: Cuto↵ scale ⇤ bounds for vector, axial, and gluon couplings. The error band is determined

by varying �SM between
p
NSM and �SM = 2
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NSM . The dashed line is the bound determined

by the monojet analysis [13].

we see that the existing razor analysis gives bounds that are competitive with the monojet

results. Furthermore, there is no significant di↵erence between the bounds for vector or axial

couplings.

The razor analysis requires at least two jets in the final state, so the data set is comple-

mentary to that used in the monojet search. Since the bounds are slightly, but not hugely,

stronger than those from monojet there is utility in combining the bounds from the razor

and monojet analyses. We do this by solving
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scattering compared to limits from the direct detection experiments. We also include the mono-

jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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results. Furthermore, there is no significant di↵erence between the bounds for vector or axial

couplings.

The razor analysis requires at least two jets in the final state, so the data set is comple-

mentary to that used in the monojet search. Since the bounds are slightly, but not hugely,

stronger than those from monojet there is utility in combining the bounds from the razor
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scattering compared to limits from the direct detection experiments. We also include the mono-

jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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and monojet analyses. We do this by solving
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experiments it is important to consider the possibility that this assumption is violated. In

particular, the presence of new particles at or below the LHC scale can modify the bounds.

In fact, the disparity between these scales is so large that it has been argued that due to
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Figure 7: ATLAS limit on ⇥ ⇥ M/
⇧
g�gq as a function of the mass M of the particle mediating dark

matter–quark interactions. We have assumed s-channel vector-type interactions, and we have considered
the values m� = 50 GeV (red) and m� = 500 GeV (blue) for the dark matter mass. We have varied the
width � of the mediator between the values M/3 (lower boundary of colored bands) and M/8� (upper
boundary of colored bands). Dashed dark gray lines show contours of constant

⇧
g�gq.

In light of this result it is important to revisit our limits from section 3 and check that they are
consistent with the e⇤ective theory in which they were derived. In other words, we have to verify
that models which saturates our limits can still be described in e⇤ective field theory. Inspecting
the dashed contours of constant mean coupling

⇧
gqg� in figure 7, we see that for mediator masses

above ⇤ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those
derived in the e⇤ective theory, our limits would correspond to

⇧
gqg� ⇤ 5–10, depending on m�.

This is still below the
⇧
gqg� = 4�, which for small m� would be reached at M ⇤ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which
e⇤ective theory provides a good low-energy approximation. Moreover, we have seen that even
for lighter mediators, M ⇤ few � 100 GeV, the limits derived from the e⇤ective theory are valid,
though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds
on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter
with vector couplings here, the results of references [4, 11] show that they can be generalized to
other types of e⇤ective operators, in particular axial vector OA and scalar t-channel Ot. For the
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇤ 1 TeV for a theory that saturates our limit ⇥ ⇤ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e⇤ective field theory is not strictly applicable in such a model, but the limit
it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ⇥ (⇥L⇥R)(qLqR)

⇥2
+ (L ⌅ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

EFT limits are 
conservative 
so long as the 

mediator is above
a few hundred GeV
(and the mediator 

decays to DM).
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on direct detection cross sections are considerably weakened.
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with vector couplings here, the results of references [4, 11] show that they can be generalized to
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gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇤ 1 TeV for a theory that saturates our limit ⇥ ⇤ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e⇤ective field theory is not strictly applicable in such a model, but the limit
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In light of this result it is important to revisit our limits from section 3 and check that they are
consistent with the e⇤ective theory in which they were derived. In other words, we have to verify
that models which saturates our limits can still be described in e⇤ective field theory. Inspecting
the dashed contours of constant mean coupling

⇧
gqg� in figure 7, we see that for mediator masses

above ⇤ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those
derived in the e⇤ective theory, our limits would correspond to

⇧
gqg� ⇤ 5–10, depending on m�.

This is still below the
⇧
gqg� = 4�, which for small m� would be reached at M ⇤ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which
e⇤ective theory provides a good low-energy approximation. Moreover, we have seen that even
for lighter mediators, M ⇤ few � 100 GeV, the limits derived from the e⇤ective theory are valid,
though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds
on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter
with vector couplings here, the results of references [4, 11] show that they can be generalized to
other types of e⇤ective operators, in particular axial vector OA and scalar t-channel Ot. For the
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇤ 1 TeV for a theory that saturates our limit ⇥ ⇤ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e⇤ective field theory is not strictly applicable in such a model, but the limit
it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ⇥ (⇥L⇥R)(qLqR)

⇥2
+ (L ⌅ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

EFT limits are 
conservative 
so long as the 

mediator is above
a few hundred GeV
(and the mediator 

decays to DM).







Questions
How can we improve these bounds?
Are there other LHC searches that are relevant?

What theoretical assumptions go into the bounds?
How can collider bounds be evaded?
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Figure 4: Limits on the suppression scale � for various operators, where only the coupling to one quark
flavor at a time is considered, for the veryHighPT ATLAS analysis. In all cases the observed (expected)
bounds are shown as solid (dashed) lines.

analyses [3, 4], we note that the collider bounds on the various operators are similar to one an-
other. The collider limits are not strongly a⇥ected by the spin structure of the operator, which, as
we shall soon see, will give these bounds a relative advantage over direct detection experiments for
spin-dependent dark matter scattering typically mediated by axial-vector operators. The bound
on the t-channel operator Ot is somewhat weaker than the bound on OV and OA because of the
prefactor 1/4 and because of partial negative interference between the two terms on the right hand
side of equation (5). The bound on the gluon operator Og is very strong, considering that the
definition of this operator contains a factor �s, because of the high gluon luminosity at the LHC,
despite the operator being of higher dimension than the other operators we consider.

The bounds on the suppression scales of individual operators can be combined for testing models
that predict contributions from multiple operators suppressed by the same scale. For instance,

same limit for SI and SD

Limits on               :� � M
⇥

g�g1
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analyses [3, 4], we note that the collider bounds on the various operators are similar to one an-
other. The collider limits are not strongly a⇥ected by the spin structure of the operator, which, as
we shall soon see, will give these bounds a relative advantage over direct detection experiments for
spin-dependent dark matter scattering typically mediated by axial-vector operators. The bound
on the t-channel operator Ot is somewhat weaker than the bound on OV and OA because of the
prefactor 1/4 and because of partial negative interference between the two terms on the right hand
side of equation (5). The bound on the gluon operator Og is very strong, considering that the
definition of this operator contains a factor �s, because of the high gluon luminosity at the LHC,
despite the operator being of higher dimension than the other operators we consider.

The bounds on the suppression scales of individual operators can be combined for testing models
that predict contributions from multiple operators suppressed by the same scale. For instance,
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb−1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3⇥ contours. For CRESST, the contours are 1⇥ and 2⇥
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity ⇥⇥vrel⇤, where ⇥ is the
annihilation cross section, vrel is the relative velocity of the annihilating particles, and the average ⇥·⇤
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e⇥ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],
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Here the sum runs over all kinematically accessible quark flavors, andmq denotes the quark masses.
We see that, for both types of interaction, the leading term in ⇥vrel is independent of vrel when there
is at least one annihilation channel with m2

q � m2
�v

2
rel. Note that for DM couplings with di⇥erent

Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger vrel-dependence. For such operators, collider bounds on ⇥⇥vrel⇤ can be significantly stronger
than in the cases considered here, especially in environments with low

�
v2rel

⇥
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on ⇥⇥vrel⇤ as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb−1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3⇥ contours. For CRESST, the contours are 1⇥ and 2⇥
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity ⇥⇥vrel⇤, where ⇥ is the
annihilation cross section, vrel is the relative velocity of the annihilating particles, and the average ⇥·⇤
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e⇥ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],
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Here the sum runs over all kinematically accessible quark flavors, andmq denotes the quark masses.
We see that, for both types of interaction, the leading term in ⇥vrel is independent of vrel when there
is at least one annihilation channel with m2

q � m2
�v

2
rel. Note that for DM couplings with di⇥erent

Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger vrel-dependence. For such operators, collider bounds on ⇥⇥vrel⇤ can be significantly stronger
than in the cases considered here, especially in environments with low
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v2rel

⇥
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on ⇥⇥vrel⇤ as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3⇥ contours. For CRESST, the contours are 1⇥ and 2⇥
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity ⇥⇥vrel⇤, where ⇥ is the
annihilation cross section, vrel is the relative velocity of the annihilating particles, and the average ⇥·⇤
is over the dark matter velocity distribution in the particular astrophysical environment considered.
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through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],

⇥V vrel =
1
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1
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24m2
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2
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m2
� �m2

q
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⌅
. (11)

Here the sum runs over all kinematically accessible quark flavors, andmq denotes the quark masses.
We see that, for both types of interaction, the leading term in ⇥vrel is independent of vrel when there
is at least one annihilation channel with m2

q � m2
�v

2
rel. Note that for DM couplings with di⇥erent

Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger vrel-dependence. For such operators, collider bounds on ⇥⇥vrel⇤ can be significantly stronger
than in the cases considered here, especially in environments with low

�
v2rel

⇥
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on ⇥⇥vrel⇤ as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not
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Figure 6: ATLAS constraints on dark matter annihilation for flavor-universal vector or axial vector couplings
of dark matter to quarks. (If dark matter can annihilate also to leptons, the bounds are weakened by a
factor 1/BR(⇥̄⇥ � q̄q).) We consider an environment with

�
v2rel

⇥
= 0.24, corresponding to the epoch at

which thermal relic dark matter freezes out in the early universe.
�
v2rel

⇥
is much smaller in present-day

environments such as galaxies, which leads to improved collider bounds on the annihilation rate in those
systems. The value of ⇥�vrel⇤ required for dark matter to be a thermal relic is indicated by the horizontal
black line.

to leptons. (If dark matter can annihilate also to leptons, the bounds are weakened by a factor
1/BR(⇥̄⇥ � q̄q).) To compute these limits, we have used the bounds on �u and �d from figure 4,
and have converted them into a limit on the flavor-universal cuto⇥ scale � using equation (8). We
have neglected the small contribution of initial states involving strange and charm quarks to the
mono-jet rate at the LHC.

We see from figure 6 that, as long as the e⇥ective field theory framework provides a valid
description of dark matter production at the LHC and of its annihilation in the early universe,
thermal relic cross sections are ruled out at 90% confidence level for m� � 15 GeV in the case of
vector couplings and for m� � 70 GeV in the case of axial vector couplings. As discussed above,
the limits can become somewhat weaker if additional annihilation channels exist, and stronger in
environments with low

�
v2rel

⇥
.

4. LIGHT MEDIATORS

So far, we have worked entirely in the e⇥ective field theory framework, assuming the particles
that mediate dark matter–Standard Model interactions to be much heavier than the typical mo-
mentum exchanged in mono-jet events, and the production at colliders to be well approximated
by a contact operator. However, given that the LHC is probing record high scales, particularly for
event samples with hard pT cuts, it is worthwhile to investigate how the predictions of the e⇥ective
theory are modified once a propagating particle is introduced to mediate the interaction of matter
and dark matter.

As discussed in [4, 5, 11], the sensitivity of colliders can change dramatically in this case,
either suppressing or enhancing the signal. In the case of “s-channel” operators, resonance e⇥ects
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1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

σ1j ∼ αsg
2

χg
2

q

1

p2

T

M

M4

(But....more on the intermediate regime later)
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Figure 10: Left: Projected 95% C.L. upper bounds on dark matter–nucleon scattering mediated by a Higgs
boson from future ATLAS searches for invisible Higgs decays. Limits are shown for the Z +H and vector
boson fusion (VBF) production modes, and for Higgs masses of 120 GeV and 250 GeV [66]. Right: Lower
95% C.L. bounds on dark matter–nucleon scattering mediated by a Higgs boson, derived from the CMS
exclusion of a Standard Model Higgs boson in certain mass ranges [67], assuming that the Higgs was missed
at the LHC due to its large invisible width. The direct detection limits we show for comparison are the
same as in figures 5 and 9.

Using these bounds and equation (16), we can set upper limits on the direct detection cross section.
These limits are shown in the left panel of figure 10 for various Higgs masses and production
channels. These dark matter–nucleon scattering cross section bounds are more stringent than the
mono-jet and mono-photon bounds of the previous sections due to the smallness of the Higgs–
nucleon coupling. The bounds deteriorate when the dark matter mass approaches the kinematic
limit for invisible Higgs decay at m� = mh/2. Comparing the results for di⇥erent Higgs masses,
the bound for a 250 GeV Higgs is weaker than the one for mh = 120 GeV because at 120 GeV,
the SM Higgs width �(SM) is small, allowing the invisible channel to compete even for moderate
couplings. At 250 GeV, the SM decay rate is dominated by decays to W and Z bosons, and in
order for the Higgs to have a sizeable invisible branching fraction, the coupling to dark matter
must be quite large. This e⇥ect over-compensates the 1/m4

h suppression in the direct detection
cross section which pushes the limits in the opposite direction.

6.2. A Lower Bound on Dark Matter–Nucleon Scattering from Current Higgs Limits

In the previous subsection we discussed the future reach of the LHC in discovering dark matter
“directly” through invisible Higgs decay. But if dark matter indeed couples to the Standard Model
through Higgs exchange, there is always an interesting connection between the Higgs search and
the search for dark matter. This is true both for bounds on the Higgs, as well as for a potential
Higgs discovery.

For example, the recent LHC exclusions [67, 68] of a SM Higgs between � 140 GeV and
� 400 GeV have an amusing interpretation as a possible lower bound on the dark matter scattering
rate expected at direct detection experiments. In particular, if the Higgs has a sizeable branching
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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“XENON100 is starting to probe the MSSM’s pseudopod, 
LHC killed the Membrane, but the ectoplasm  is still safe.” [submitted to nature]
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Games: Higgs searches & DM

Assume a Higgs mass that is already excluded for SM. 

Assume the reason it was excluded is an invisible 
branching fraction.

This places a lower limit on the invisible BR.          
Places a lower limit on higgs mediated direct detection.

Assume the Higgs hint is real w/ SM production.

The fact that is was seen in di-photon with the rate 
that is has, places limits on competing modes,           
e.g. Higgs to invisible.

Places upper limit on higgs mediated direct detection.



Other Operators:

The limit is flat up to ~200 GeV.
Goes all the way to zero.
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Figure 4: Limits on the suppression scale � for various operators, where only the coupling to one quark
flavor at a time is considered, for the veryHighPT ATLAS analysis. In all cases the observed (expected)
bounds are shown as solid (dashed) lines.

analyses [3, 4], we note that the collider bounds on the various operators are similar to one an-
other. The collider limits are not strongly a⇥ected by the spin structure of the operator, which, as
we shall soon see, will give these bounds a relative advantage over direct detection experiments for
spin-dependent dark matter scattering typically mediated by axial-vector operators. The bound
on the t-channel operator Ot is somewhat weaker than the bound on OV and OA because of the
prefactor 1/4 and because of partial negative interference between the two terms on the right hand
side of equation (5). The bound on the gluon operator Og is very strong, considering that the
definition of this operator contains a factor �s, because of the high gluon luminosity at the LHC,
despite the operator being of higher dimension than the other operators we consider.

The bounds on the suppression scales of individual operators can be combined for testing models
that predict contributions from multiple operators suppressed by the same scale. For instance,
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FIG. 1: R2 vs. MR distribution for SM backgrounds (a) (Z ! ⌫̄⌫)+jets, (b) W+jets (including

decays to both `inv and ⌧h, (c) tt̄, and (d) DM signal with M� = 100 GeV and ⇤ = 644 GeV. In

all cases the number of events are what is expected after an integrated luminosity of 800 pb�1.

The cuts applied in MR and R2 are shown by the dashed lines and the “signal” region is the upper

right rectangle.

shown in Fig. 2. The signal shapes when dark matter couples to sea quarks or to gluons

are shown in Fig. 3. The shapes depend on the scale and the kinematics of the production

process. The location of the MR distribution peak is determined by the event scale and
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Figure 10: Left: Projected 95% C.L. upper bounds on dark matter–nucleon scattering mediated by a Higgs
boson from future ATLAS searches for invisible Higgs decays. Limits are shown for the Z +H and vector
boson fusion (VBF) production modes, and for Higgs masses of 120 GeV and 250 GeV [66]. Right: Lower
95% C.L. bounds on dark matter–nucleon scattering mediated by a Higgs boson, derived from the CMS
exclusion of a Standard Model Higgs boson in certain mass ranges [67], assuming that the Higgs was missed
at the LHC due to its large invisible width. The direct detection limits we show for comparison are the
same as in figures 5 and 9.

Using these bounds and equation (16), we can set upper limits on the direct detection cross section.
These limits are shown in the left panel of figure 10 for various Higgs masses and production
channels. These dark matter–nucleon scattering cross section bounds are more stringent than the
mono-jet and mono-photon bounds of the previous sections due to the smallness of the Higgs–
nucleon coupling. The bounds deteriorate when the dark matter mass approaches the kinematic
limit for invisible Higgs decay at m� = mh/2. Comparing the results for di⇥erent Higgs masses,
the bound for a 250 GeV Higgs is weaker than the one for mh = 120 GeV because at 120 GeV,
the SM Higgs width �(SM) is small, allowing the invisible channel to compete even for moderate
couplings. At 250 GeV, the SM decay rate is dominated by decays to W and Z bosons, and in
order for the Higgs to have a sizeable invisible branching fraction, the coupling to dark matter
must be quite large. This e⇥ect over-compensates the 1/m4

h suppression in the direct detection
cross section which pushes the limits in the opposite direction.

6.2. A Lower Bound on Dark Matter–Nucleon Scattering from Current Higgs Limits

In the previous subsection we discussed the future reach of the LHC in discovering dark matter
“directly” through invisible Higgs decay. But if dark matter indeed couples to the Standard Model
through Higgs exchange, there is always an interesting connection between the Higgs search and
the search for dark matter. This is true both for bounds on the Higgs, as well as for a potential
Higgs discovery.

For example, the recent LHC exclusions [67, 68] of a SM Higgs between � 140 GeV and
� 400 GeV have an amusing interpretation as a possible lower bound on the dark matter scattering
rate expected at direct detection experiments. In particular, if the Higgs has a sizeable branching

Also, if a light SM Higgs is discovered, 
an upper limit on DD can be extracted.



CDF: jet + MET   (1fb-1)

pT (j1) > 80 GeV

/ET > 80 GeV

pT (j2) < 30 GeV

pT (j3) < 20 GeV

Observed: 8449 events

[http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html]

counting experiment:

http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D
http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html%5D


ATLAS Analysis
ATLAS’s 1fb analysis employs 3 sets of cuts
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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ATLAS LowPT ATLAS HighPT ATLAS veryHighPT CMS

1.0 fb�1 1.0 fb�1 1.0 fb�1 36 pb�1

Expected 15100± 700 1010± 75 193± 25 297± 45

Observed 15740 965 167 275

Table I: The expected and observed number of events at ATLAS and CMS, the error is a combination of a)
Monte Carlo statistical uncertainties, and b) control sample statistical uncertainties and other systematic
uncertainties. For the case of ATLAS we have combined a) and b) in quadrature.

We have simulated the dominant Standard Model backgrounds (Z ⇤ ��)+j and (W ⇤ ⌅inv�)+j
using MadGraph [26, 27] at the matrix element level, Pythia 6 [28] for parton showering and
hadronization, and PGS [29] as a fast detector simulation. We have checked that results obtained
with Delphes [30] as an alternative detector simulation, would change our results by only a few per
cent. In figure 2, we compare our simulation of the dominant backgrounds to both the data and
the MC predictions of both collaborations4, we also show the spectrum for candidate dark matter
models. In each case we rescale the normalization of the two backgrounds by a correction factor
chosen to fit the number of events predicted by the collaborations. After this rescaling we find
excellent agreement in shape between our predictions and theirs. When predicting the dark matter
signal, we rescale the rate by the correction factor found for the invisible Z background, since this
background is most similar to the DM signal. The correction factors are approximately 0.9, 1.1
and 1.2 for the three ATLAS analyses (from low to very high respectively), and approximately 0.7
for the CMS analysis.

As can be seen in figure 2, our simulation of Standard Model backgrounds is in very good
agreement with the CMS and ATLAS background predictions and with the data, so that we can
have confidence in our simulations also for the signal predictions. Turning to those, we see from
figure 2 that a dark matter signal mainly changes the slope of the distribution, leading to the
most significant e⇤ects at high /ET [4, 11, 31]. The main reason for the di⇤erence in shape is that
dark matter production in the e⇤ective theory framework is a 2 ⇤ 3 process proceeding through
non-renormalizable operators, whereas the dominant Standard Model backgrounds have 2 ⇤ 2
kinematics.

Despite this clear di⇤erence in shape between the signal and the background we will nonetheless
use only the total event rate to place constraints on dark matter properties since we cannot reliably
model systematic uncertainties in the background shape. However, the existence of three ATLAS
analyses with di⇤erent pT cuts allows a crude version of a shape analysis to be carried out. Since the
DM signal spectrum is harder than the background spectrum one would expect harder selection
cuts to improve the ratio of signal to background, as is reflected in figure 2. To quantify this
we compute the expected and observed 90% exclusion limits on the dark matter–SM coupling,
parameterized by the suppression scale ⇥, for a given dark matter mass m� by requiring

⇤2 ⇥ [�N �NDM(m�,⇥)]2

NDM(m�,⇥) +NSM + ⇥2
SM

= 2.71 . (6)

Here ⇥SM is the uncertainty in the predicted number of background events, see table I. In computing
the number of expected signal events, NDM, we include the correction factor discussed above to

4 Note that the MC predictions of the collaborations are for all backgrounds. For the highest /ET bins the background
is completely dominated by W + j and Z + j, but in the lowest bins there can be � 10% contributions from tt̄,
QCD and other reducible backgrounds which we did not simulate.
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Figure 2: Measured missing energy spectra of j + /ET for the three ATLAS analyses and the CMS analysis
discussed in the text (black data points with error bars) compared to the collaborations’ background pre-
dictions (yellow shaded histograms) and to our Monte Carlo prediction with (blue histograms) and without
(black dotted lines) a dark matter signal. In all cases the DM signal comes from the vector operator, OV ,
and m� = 10GeV, ⇥ = 400GeV. Our simulations are rescaled to match the overall normalization of the
collaborations’ background predictions.

account for the inaccuracy of our detector simulation. We define a quantity

�N =

�
0 expected bound

Nobs �NSM observed bound ,
(7)

where Nobs(SM) is the number of observed (predicted background) events. With the exception of
the LowPT analysis at ATLAS, all analyses experienced a downward fluctuation in the background
and hence give stronger bounds on DM than expected. Since this lucky accident is unlikely to be
repeated in the future we will in the following show both the observed and expected bounds. The
limits on ⇥ for the operator OV , with coupling to up quarks only, is shown in figure 3. As expected
the strongest bounds come from the analysis with the hardest jet pT and /ET cuts, and in all cases
but LowPT the observed bound is stronger than expected due to the downward fluctuations in the
data.
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Figure 3: Limits on the suppression scale � for the vector operator, OV , where only the coupling to up
quarks is considered, for the three ATLAS analyses and the analysis of CMS. In all cases the observed
(expected) bound is represented by a solid (dashed) line.

It is interesting to note that the CMS and ATLAS LowPT bounds are comparable despite the
fact that CMS used 36 pb�1 of data whereas ATLAS used 1 fb�1. This is because both analyses
are dominated by systematic uncertainties which do not decrease much with luminosity. This
clearly illustrates the utility of making cuts that concentrate on the high pT tail of the mono-jet
distribution rather than simply acquiring more luminosity. The ability to harden cuts and focus on
the tails of the distribution increases as the tails get populated with growing luminosity. Exactly
what the best cuts for the DM search are is unclear since there is not much di⇥erence between
expected bounds from the HighPT and veryHighPT analyses, despite a considerable hardening of
cuts. A dedicated search, with tuned pT and /ET cuts, would presumably lead to even stronger
bounds than those coming from ATLAS veryHighPT, we strongly advocate for such a study to be
carried out.

The high pT analyses are most sensitive to the vector operator in the case in which it involves
only up quarks. We have also investigated other operators and found that the advantage of the
high pT cuts persists, unless the operator involves only heavier, “sea”, quarks, such as strange or
charm. For operators involving these the low pT analysis does equally well. The reason is that for
sea quarks the parton distribution functions are more rapidly falling, which leads to a softer pT
spectrum more similar to the background spectrum.

Since the expected bounds from the HighPT and veryHighPT analyses are comparable, we will
concentrate from now on on only the veryHighPT ATLAS analysis, and show both the expected
and observed bounds from this analysis. It should be noted that the veryHighPT analysis had
the largest fractional downward fluctuation and so the observed bound is considerably stronger
than expected, this is unlikely to repeat with more luminosity. However, exactly how the ex-
pected bounds change with luminosity is not straightforward because this depends on the details
of systematic uncertainties at yet higher pT with higher luminosity.

We can repeat the exercise above for each operator in turn, for both light quark flavors in-
dividually. The results for OV , OA, Ot and Og are shown in figure 4. As for earlier Tevatron

36pb-1

Limits on               :� � M
⇥

g�g1
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analyses with di⇤erent pT cuts allows a crude version of a shape analysis to be carried out. Since the
DM signal spectrum is harder than the background spectrum one would expect harder selection
cuts to improve the ratio of signal to background, as is reflected in figure 2. To quantify this
we compute the expected and observed 90% exclusion limits on the dark matter–SM coupling,
parameterized by the suppression scale ⇥, for a given dark matter mass m� by requiring

⇤2 ⇥ [�N �NDM(m�,⇥)]2

NDM(m�,⇥) +NSM + ⇥2
SM

= 2.71 . (6)

Here ⇥SM is the uncertainty in the predicted number of background events, see table I. In computing
the number of expected signal events, NDM, we include the correction factor discussed above to

4 Note that the MC predictions of the collaborations are for all backgrounds. For the highest /ET bins the background
is completely dominated by W + j and Z + j, but in the lowest bins there can be � 10% contributions from tt̄,
QCD and other reducible backgrounds which we did not simulate.
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Figure 2: Measured missing energy spectra of j + /ET for the three ATLAS analyses and the CMS analysis
discussed in the text (black data points with error bars) compared to the collaborations’ background pre-
dictions (yellow shaded histograms) and to our Monte Carlo prediction with (blue histograms) and without
(black dotted lines) a dark matter signal. In all cases the DM signal comes from the vector operator, OV ,
and m� = 10GeV, ⇥ = 400GeV. Our simulations are rescaled to match the overall normalization of the
collaborations’ background predictions.

account for the inaccuracy of our detector simulation. We define a quantity

�N =

�
0 expected bound

Nobs �NSM observed bound ,
(7)

where Nobs(SM) is the number of observed (predicted background) events. With the exception of
the LowPT analysis at ATLAS, all analyses experienced a downward fluctuation in the background
and hence give stronger bounds on DM than expected. Since this lucky accident is unlikely to be
repeated in the future we will in the following show both the observed and expected bounds. The
limits on ⇥ for the operator OV , with coupling to up quarks only, is shown in figure 3. As expected
the strongest bounds come from the analysis with the hardest jet pT and /ET cuts, and in all cases
but LowPT the observed bound is stronger than expected due to the downward fluctuations in the
data.
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Figure 3: Limits on the suppression scale � for the vector operator, OV , where only the coupling to up
quarks is considered, for the three ATLAS analyses and the analysis of CMS. In all cases the observed
(expected) bound is represented by a solid (dashed) line.

It is interesting to note that the CMS and ATLAS LowPT bounds are comparable despite the
fact that CMS used 36 pb�1 of data whereas ATLAS used 1 fb�1. This is because both analyses
are dominated by systematic uncertainties which do not decrease much with luminosity. This
clearly illustrates the utility of making cuts that concentrate on the high pT tail of the mono-jet
distribution rather than simply acquiring more luminosity. The ability to harden cuts and focus on
the tails of the distribution increases as the tails get populated with growing luminosity. Exactly
what the best cuts for the DM search are is unclear since there is not much di⇥erence between
expected bounds from the HighPT and veryHighPT analyses, despite a considerable hardening of
cuts. A dedicated search, with tuned pT and /ET cuts, would presumably lead to even stronger
bounds than those coming from ATLAS veryHighPT, we strongly advocate for such a study to be
carried out.

The high pT analyses are most sensitive to the vector operator in the case in which it involves
only up quarks. We have also investigated other operators and found that the advantage of the
high pT cuts persists, unless the operator involves only heavier, “sea”, quarks, such as strange or
charm. For operators involving these the low pT analysis does equally well. The reason is that for
sea quarks the parton distribution functions are more rapidly falling, which leads to a softer pT
spectrum more similar to the background spectrum.

Since the expected bounds from the HighPT and veryHighPT analyses are comparable, we will
concentrate from now on on only the veryHighPT ATLAS analysis, and show both the expected
and observed bounds from this analysis. It should be noted that the veryHighPT analysis had
the largest fractional downward fluctuation and so the observed bound is considerably stronger
than expected, this is unlikely to repeat with more luminosity. However, exactly how the ex-
pected bounds change with luminosity is not straightforward because this depends on the details
of systematic uncertainties at yet higher pT with higher luminosity.

We can repeat the exercise above for each operator in turn, for both light quark flavors in-
dividually. The results for OV , OA, Ot and Og are shown in figure 4. As for earlier Tevatron
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2. THE INTERACTION OF DARK MATTER WITH LEPTONS

In order to produce dark matter at LEP it must couple to electrons. In many models this may
occur via the exchange of a heavy mediator that can be integrated out of the theory at low energies.
In that case one can describe the phenomenology in an e⇥ective field theory with higher dimension
operators coupling the dark matter particle ⇤ to standard model leptons ⌅ = e, µ, ⇥ . This allows
us to consider a large variety of dark matter phenomena without committing to a particular high
energy framework2. We will be considering the operators

OV =
(⇤̄�µ⇤)(⌅̄�µ⌅)

�2
, (vector, s-channel) (1)

OS =
(⇤̄⇤)(⌅̄⌅)

�2
, (scalar, s-channel) (2)

OA =
(⇤̄�µ�5⇤)(⌅̄�µ�5⌅)

�2
, (axial vector, s-channel) (3)

Ot =
(⇤̄⌅)(⌅̄⇤)

�2
, (scalar, t-channel) (4)

which capture the essential dark matter and collider phenomenology (e.g. spin dependent and spin
independent scattering on nucleons as well as s- and p- wave annihilation). The classification of
these operators as s-channel or t-channel refers to their possible UV-completion: (1)–(3) are most
straightforwardly obtained in models in which dark matter is produced at LEP through a neutral
s-channel mediator, while eq. (4) arises most naturally if the mediator is a charged scalar exchanged
in the t-channel. With such a UV completion in mind, the suppression scale � can be interpreted
as the mass of the mediator M , divided by the geometric mean of its couplings to leptons, g⇥, and
dark matter, g�: � = M/

⇥
g⇥g�. Note that we assume lepton flavor to be conserved in the dark

matter interaction. LEP can only constrain couplings to electrons, ⌅ = e, and in principle the
suppression scale � could be di⇥erent for couplings to µ and ⇥ leptons. In the following discussion,
we will therefore consider both scenarios in which dark matter couples only to electrons (i.e. � = �
for ⌅ = µ, ⇥) and scenarios in which dark matter couples in a flavor-universal way to all standard
model leptons. Note that the last operator, eq. (4), may be transformed into a linear combination
of the first three operators, plus pseudoscalar and tensor contributions, using the Fierz identities,
but we include it separately here because it is a common outcome of supersymmetric theories.

The e⇥ective theory described by equations (1)–(4) is always a valid description of processes
with low momentum transfer, in particular dark matter-nucleon scattering in direct detection
experiments. In high energy processes such as dark matter production at LEP or dark matter
annihilation, the e⇥ective theory breaks down if the 4-momentum transfer is comparable to or
larger than the mass of the particle mediating the interaction. In the first part of our analysis in
sections 3–5, we assume that this is not the case, and derive bounds on the operators (1)–(4) from
LEP mono-photon searches, which we will then translate into constraints on direct and indirect
dark matter detection cross sections. In section 6 we will investigate how these bounds change if
the mediator of dark matter interactions is light so that an e⇥ective theory description is no longer
possible.

2 Indeed, several recent studies have used e�ective theories to analyze and draw connections among dark matter
experiments [12–16].
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Figure 1: Distribution of normalized photon energy in single-photon events at DELPHI. The agreement
between the data (black dots with error bars) and both the full DELPHI Monte Carlo (solid yellow/light
gray shaded histogram) as well as our CompHEP simulation (dotted histogram) is excellent. The blue
shaded histogram shows what a hypothetical Dark Matter signal from e+e� ⇥ �⌅̄⌅ would look like. We
have assumed vector-type contact interactions between electrons and dark matter, m⇥ = 10 GeV, and
� = 300 GeV, see eq. (1). The peak at x� � 0.8 corresponds to the process e+e� ⇥ �Z0 ⇥ �⇤⇤̄, with an
on-shell Z0.

3. LEP LIMITS ON THE EFFECTIVE DARK MATTER–ELECTRON COUPLING

In this section we will consider the operators (1)–(4) and derive limits on their suppression scale
� from mono-photon searches at LEP. While all four LEP-detectors have studied single photon
events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were
best able to simulate the detector response. The data was taken at center of mass energies between
180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative
photon energy x� = E�/Ebeam, we can make the simplifying assumption that all data was taken at
an energy of 100 GeV per beam. We have checked that the error introduced by this approximation
is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include
the e⇥ect of initial state radiation (ISR) which we find to be non-negligible. For example, we are
only able to reproduce the height and width of the on-shell Z0 peak in the x� distribution for the
background process e+e� ⇥ �⇤⇤̄ (cf. Figure 1) if ISR is included.

To analyze the event samples generated in CompHEP, we use a modified version of MadAnaly-
sis [22], in which we have implemented the analysis cuts and e⇤ciencies of the DELPHI analysis as
well as energy smearing according to the resolution of the DELPHI electromagnetic calorimeters.
In doing so, we closely follow ref. [18].

In DELPHI, central photons with a polar angle ⇥ (with respect to the beam axis) in the range
45⇥ < ⇥ < 135⇥ are detected in the High Density Projection Chamber (HPC) with a threshold
of x� > 0.06. We assume the trigger e⇤ciency for photons in the HPC to increase linearly from
52% at E� = 6 GeV to 77% at 30 GeV, and then to 84% at 100 GeV. The trigger e⇤ciency is
multiplied by the e⇤ciency of the subsequent analysis, which we assume to increase linearly from
41% at 6 GeV to 78% at 80 GeV and above.

For photons with 12⇥ < ⇥ < 32⇥, detected in the Forward Electromagnetic Calorimeter (FEMC),

on-shell Z+photon
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Figure 3: DELPHI upper limits (thick lines) on the cross section for dark matter-nucleon scattering compared
to results from direct detection experiments (thin lines and shaded regions). The left-hand plot is for spin-
independent scattering, as would come from operators OS , OV , Ot, and the right is for spin-dependent
scattering through operator OA. The spin-independent limits of CDMS and XENON-100 are taken from
Refs. [30] and [31], respectively. The spin-dependent limits of DAMA, XENON-10, PICASSO, COUPP
and SIMPLE are taken from Refs. [10], [32], [33], [34] and [35], respectively. The DAMA and CoGeNT-
allowed regions are based on our own fit [36] to the data from Refs. [10] and [11]. Following [37], we have
conservatively assumed large systematic uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for
sodium and qI = 0.09 ± 0.03 for iodine. All limits are computed at the 90% confidence level, while the
DAMA and CoGeNT allowed regions are shown at the 90% and 3� confidence levels.

scattering (left-hand plot) are competitive with direct detection results only for very light dark
matter, m� � 4 GeV. The direct detection experiments become insensitive to such light masses
due to their energy threshold, whereas there is no such low mass threshold at LEP. The high
mass cuto⇥ at LEP is reflected in the rapid deterioration of the upper bound at m� � 90 GeV.
The LEP bound also applies directly to inelastic dark matter [38], since the splitting between the
two dark matter states of � 100 keV is inconsequential to the kinematics at LEP. However, such
models typically require considerably larger dark matter-nucleon cross sections than elastic dark
matter, since the splitting allows only the high velocity fraction of the dark matter to scatter. Our
bounds derived from LEP rule out the very highest scattering cross sections in the parameter space
consistent with DAMA [36], but still leave the bulk of the parameter space allowed.

For spin-dependent scattering we expect the LEP bounds to be more competitive since there is
little variation in the bound on � between the operators responsible for spin-independent scatter-
ing (OV and OS) and spin-dependent scattering (OA), whereas constraints from direct detection
experiments are much weaker than in the spin-independent case. The reason for this is that, unlike
spin-independent dark matter-nucleus scattering, spin-dependent scattering is not enhanced by a
factor A2, where A is the nuclear mass number. These considerations are reflected in the right-hand
plot of Figure 3 where the LEP limits surpass direct detection constraints for m� � 80 GeV at
which point the phase space for dark matter production at LEP again starts to shrink.

If dark matter does not couple to quarks at tree level, but only to leptons (for simplicity we
assume the coupling to µ and ⇥ is the same as that to e, our conclusions are not significantly altered
even if the coupling were only to electrons), the power of the LEP limits improves dramatically.
The reason is that in this case, dark matter-quark scattering to which direct detection experiments
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Figure 5: DELPHI upper limits on the cross section for spin-independent dark matter–nucleon scattering
for the case of dark matter with tree level couplings only to electrons, but loop level couplings also to
quarks, compared to results from the direct detection experiments DAMA [10], CoGeNT [11], CDMS [30],
and XENON-100 [31]. The DAMA and CoGeNT allowed regions are based on our own fit [36] to the data
from refs. [10, 11]. We conservatively assume qNa = 0.3± 0.1 and qI = 0.09± 0.03 for the DAMA quenching
factors. All limits are computed at the 90% confidence level, while the DAMA and CoGeNT allowed regions
are shown at the 90% and 3� confidence levels.

and suppressed by two loops for s-channel scalar interactions [8], we consider only the vector-type
operator OV and the scalar t-channel operator Ot. As before, we apply the Fierz identity to Ot to
decompose the operator into a linear combination of s-channel operators, of which we keep only the
vector contribution. As is apparent from Figure 5, an explanation of the DAMA and/or CoGeNT
signal by a dominantly leptophilic dark matter candidate which couples to nuclei only through
loops is ruled out by LEP.

Here we only considered two benchmark cases, where dark matter couples universally to SM
fermions and when it couples only to leptons. Constraining a more general theory with a particular
ratio of quark to lepton couplings, Rq/l, is straightforward. In this more general case nuclear recoil
proceeds via both mechanisms, direct couplings to quarks and via a lepton loop. The limit on
the former may be obtained by rescaling the bounds of Figure 3 by R2

q/l, whereas the limit on the
latter may be taken directly from Figure 5. Generically one of these limits will dominate the other
over the full dark matter mass range, and the less constraining bound should be taken.

5. LIMITS ON THE DARK MATTER ANNIHILATION CROSS SECTION

The LEP constraints on the suppression scale � of the e⇥ective dark matter couplings can
also be converted to an upper bound on the annihilation cross section of dark matter into an
electron-positron pair. They can then be compared to results from astrophysical probes of dark
matter annihilation. Moreover, if dark matter is a thermal relic and if annihilation into electrons
and positrons is the dominant annihilation channel, a lower bound on the dark matter abundance
in the universe can be derived. If dark matter has also other annihilation modes, this bound is
weakened by a factor 1/BR(⇥̄⇥ � e+e�).
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Figure 4: Diagram for vector-type dark matter-proton scattering at the one-loop level.

are sensitive is only induced at the loop-level [8].4 The cross section for loop-induced dark matter-
proton scattering through the diagram shown in Figure 4 is

⇤1�loop ⇤
4�2µ2

p

182⇥3�4
·
 �

⇤=e,µ,�

f(q2,m⇤)
⌦2

, (5)

where � is the electromagnetic fine structure constant, µp = mpm⇥/(mp+m⇥) is the dark matter-
proton reduced mass, and the loop factor f(q2,m⇤) is given by

f(q2,m⇤) =
1

q2

⇧
5q2 + 12m2

⇤ + 6(q2 + 2m2
⇤ )

↵

1�
4m2

⇤

q2
arcoth

⇤↵

1�
4m2

⇤

q2

⌅
� 3q2 log

�
m2

⇤/�
2
ren

⇥⌃
.

(6)

We take the renormalization scale �ren to be equal to �. Moreover, we make the approximation
that all the dark matter is moving at the local escape velocity, which we take to be v⇥ = 500 km/sec,
and that the momentum exchanged in the scattering is maximal, i.e. the scattering angle is 180⇥

in the center-of-momentum frame. This will overestimate the rate of observed recoils at a direct
detection experiment and will lead to a conservative upper bound. With these assumptions the
four-momentum exchanged between the dark matter and the target nucleus is q2 = �4µ2v2⇥, where
µ is the invariant mass of the dark matter particle and the target nucleus.

The bounds on dark matter-nucleon cross sections quoted by direct detection experiments are
derived from the actually measured dark matter-nucleus cross sections under the assumption that
the dark matter couples equally to protons and neutrons and that the cross section is independent
of q2. Here, however, it only couples to protons and there is a q2 dependence in the loop factor
f(q2,m⇤). Thus, to enable a straight comparison, we rescale the quoted bounds on ⇤p by A2/Z2 ⇥
(
⌥

⇤ f(q
2
p,m⇤)/

⌥
⇤ f(q

2/m⇤))2, with q2p = �4µ2
pv

2
⇥; and we take �ren = 500 GeV, the result is only

very weakly sensitive to this choice. Note that (5) and (6) are only approximations in the e⇥ective
theory formalism. The exact form of the loop factor depends on the embedding of the e⇥ective
theory into a complete renormalizable model.

In Figure 5 we show the LEP bounds on dark matter in the absence of tree-level couplings to
quarks. Since loop-induced dark matter-nucleon scattering is forbidden for axial-vector interactions

4 Dark matter-electron scattering is irrelevant in all direct detection experiments including DAMA [8] and Co-
GeNT [9]. Even though DAMA and CoGeNT would not reject bulk electron recoils as background, kinematics
dictates that the recoil energy can only be above the detection threshold if the electron enters the interaction with
an initial state momentum � 10 MeV. The probability for this is very small due to the fast drop-o� of the electron
wave functions at high momentum [5, 8, 9].
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1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

σ1j ∼ αsg
2

χg
2

q

1

p2

T

M

M4
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FIG. 2: NNQCD input distributions: �ET (top, left), �⇥(��ET ,TrkMET10)(top,center), �⇥(TrkMET10, lead ET jet) (top, right),
Magnitude of the TrkMET10 (bottom, left), R (bottom, center). The hatched red histograms contain a combination of simulated
Z, W , tt̄, single-top, and diboson events, while the solid blue are PreSelection data events.

FIG. 3: NNQCD architecture. The circles indicate nodes and activation functions (here, hyperbolic tangents). The lines
indicate connections between the nodes, with the thickness proportional to the network weights.

CDF CDF/ANAL/EXOTIC/CDFR/10706
Internal Documentation

A Search For Dark Matter in the Monojet + Missing Transverse Energy
Signature in 6.7 fb�1

S.Z. Shalhout1, T. Schwarz2, R. Erbacher1, J. Conway1, P. Fox2, R. Harnik2, Y. Bai2

UC Davis1 Fermilab2

(Dated: November 14, 2011)

We present the results of a search for dark matter production in the monojet + missing transverse
energy signature. We analyze a sample of Tevatron pp collisions at

�
s=1.96 TeV, recorded by

the CDF II detector, and corresponding to an integrated luminosity of 6.7 fb�1. In events with
significant missing transverse energy and one energetic jet, we find good agreement between the
standard model (SM) backgrounds and the observed data. We consider three modes of dark matter
production: axial-vector mediated, vector mediated, and t-channel mediator exchange. In each
mode, the mediator (M) couples to SM quarks and dark matter, where the dark matter (�0) is a
Dirac fermion. We set 95% confidence level upper limits on 42 model points with varied values of
mediator and dark matter mass between 1.2 and 54 pb.
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