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Accelerators
• If  dark particles have sufficient 

coupling to SM particles we should 
also be able to produce them at 
accelerators.

• To make the most of accelerators 
searches, we need to understand:

• How their searches map on to 
our favorite theories of dark 
matter;

• What they tell us in general about 
dark matter’s properties;

• How they fit in with the other 
kinds of searches for dark matter.

• This is where theory comes in!         
The question is which theories to 
use…

J. Balewski et al., arXiv:1412.4717 [physics.ins-det]
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Squarks and Gluinos

• Searches for missing energy plus various numbers of jets put bounds on 
squark and/or gluino (“colored sibling”) production.

• Gluinos decay to two jets + WIMP

• Squarks into one jet + WIMP   [Assuming degenerate “light” squarks]

• These are important constraints on SUSY.  The specific message for dark 
matter depends very much on the model parameters.
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significantly improved the reach wrt to 2015 dataset (about 500 GeV on gluino mass)

Tables 5 and 6.

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

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

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

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

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

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

1
)/2 (or

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

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

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

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

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

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

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

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

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

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

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

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

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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Tables 5 and 6.

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

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

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

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

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

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

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

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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significantly improved the reach wrt to 2015 dataset (about 400 GeV on squark mass)

best limits between meff and RJR analyses

exclude squarks at ~1.6 TeV

RJR  provides extra sensitivity at 
smaller mass splitting

exclude squarks at ~1.2 TeV
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3rd Generation Squarks

• Searches for the super-partners of top quarkss are starting to reach ~ TeV 
masses, carving out the natural regions of supersymmetry!
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summarize information from different analyses
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.
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Figure 1: Example event diagrams for the simplified model signal scenarios considered in this
study: the (upper left) T1tttt, (upper right) T1tbtb, (lower left) T5qqqqVV, and (lower right)
T2tt scenarios. In the T5qqqqVV model, the flavor of the quark q and antiquark q differ from
each other if the gluino eg decays as eg ! qqec±

1 , where ec±
1 is the lightest chargino.

gluino decays either as eg ! tbec+
1 or as its charge conjugate, each with 50% probability, where

ec±
1 denotes the lightest chargino. The ec±

1 is assumed to be nearly degenerate in mass with the
ec0

1, representing the expected situation should the ec±
1 and ec0

1 appear within the same SU(2)
multiplet [25]. The chargino subsequently decays to the ec0

1 LSP and to an off-shell W boson.
In the T5qqqqVV scenario [Fig. 1 (lower left)], each gluino decays to a light-flavored qq pair
and either to the next-to-lightest neutralino ec0

2 or to the ec±
1 . The probability for the decay to

proceed via the ec0
2, ec+

1 , or ec�
1 is 1/3 for each possibility. The ec0

2 (ec±
1 ) subsequently decays to

the ec0
1 LSP and to an on- or off-shell Z (W±) boson.

We also consider models in which more than one of the decays eg ! ttec0
1, eg ! bbec0

1, and
eg ! tbec+

1 (or its charge conjugate) can occur [25]. Taken together, these scenarios reduce the
model dependence of the assumptions for gluino decay to third-generation flavors. Specifically,
we consider the following three mixed scenarios, with the respective branching fractions in
parentheses:

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! bbec0

1 (50%);

• eg ! tbec+
1 (25%), eg ! tbec� (25%), eg ! ttec0

1 (25%), eg ! bbec0
1 (25%).

The first scenario represents a mixture of the T1tbtb, T1tbtt, and T1tttt topologies; the second of
the T1tbtb, T1tbbb, and T1bbbb topologies; and the third of the T1tbtb, T1tbbb, T1tbtt, T1bbtt,
T1bbbb, and T1tttt topologies.

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,
and T2qq. In the T2tt scenario [Fig. 1 (lower right)], top squark-antisquark production is fol-
lowed by the decay of each squark to a top quark and the ec0

1 LSP. The T2bb and T2qq scenarios
are the same as the T2tt scenario except with bottom squarks and quarks, or light-flavored
squarks and quarks, respectively, in place of the top squarks and quarks.

more in formation at: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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CMS multijet, zero-lepton

Same analysis is also sensitive to squarks
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Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.

12 6 Summary

P1

P2

g̃

g̃

b̄

b

�̃0
1

�̃0
1

b̄

b

P1

P2

g̃

g̃

t̄

t

�̃0
1

�̃0
1

t̄

t

P1

P2

g̃

g̃

q̄

q

�̃0
1

�̃0
1

q̄

q

P1

P2

¯̃
b

b̃

b̄

χ̃0
1

χ̃0
1

b

P1

P2

¯̃t

t̃

t̄

χ̃0
1

χ̃0
1

t

P1

P2

¯̃q

q̃

q̄

χ̃0
1

χ̃0
1

q

P1

P2

¯̃t

t̃

χ̃−

1

χ̃+
1

b̄

W ∗−

χ̃0
1

χ̃0
1

W ∗+

b

P1

P2

t̃

t̃

χ̃±
1

t

χ̃0
1

χ̃0
1

W ∗

b

P1

P2

¯̃t

t̃

c̄

χ̃0
1

χ̃0
1

c

Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.

12 6 Summary

P1

P2

g̃

g̃

b̄

b

�̃0
1

�̃0
1

b̄

b

P1

P2

g̃

g̃

t̄

t

�̃0
1

�̃0
1

t̄

t

P1

P2

g̃

g̃

q̄

q

�̃0
1

�̃0
1

q̄

q

P1

P2

¯̃
b

b̃

b̄

χ̃0
1

χ̃0
1

b

P1

P2

¯̃t

t̃

t̄

χ̃0
1

χ̃0
1

t

P1

P2

¯̃q

q̃

q̄

χ̃0
1

χ̃0
1

q

P1

P2

¯̃t

t̃

χ̃−

1

χ̃+
1

b̄

W ∗−

χ̃0
1

χ̃0
1

W ∗+

b

P1

P2

t̃

t̃

χ̃±
1

t

χ̃0
1

χ̃0
1

W ∗

b

P1

P2

¯̃t

t̃

c̄

χ̃0
1

χ̃0
1

c

Figure 5: (Top) Diagrams for the three scenarios of gluino mediated bottom squark, top squark
and light flavor squark production considered. (Middle) Similar diagrams for the direct pro-
duction of bottom, top and light flavor squark pairs. (Bottom) Similar diagrams for three alter-
nate scenarios of direct top squark production with different decay modes. For mixed decay
scenarios, a 50% branching fraction for each decay is assumed.

light squarks excluded at ~1.6 TeV sbottom excluded at ~1.2 TeV stop excluded at ~1.1 TeV

 [GeV]q~m
400 600 800 1000 1200 1400 1600 1800

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

CMS Preliminary

1
0χ∼ q→ q~,  q~q~ →pp Moriond 2017

 (13 TeV)-135.9 fb

q~one light 

)c~,s~,d~,u~ (R
q~+L

q~

Expected
Observed)miss

TSUS-16-033, 0-lep (H
)T2SUS-16-036, 0-lep (M

 [GeV]b~m
400 500 600 700 800 900 1000 1100 1200 1300

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

600

700

800

900

CMS Preliminary

1
0χ∼ b→ b~,  b~b~ →pp Moriond 2017

 (13 TeV)-135.9 fb
Expected
ObservedSUS-16-032, 0-lep sbottom

)miss
TSUS-16-033, 0-lep (H

)T2SUS-16-036, 0-lep (M

 [GeV]t~m
200 400 600 800 1000 1200

 [G
eV

]
10 χ∼

m
0

100

200

300

400

500

600

700

800

900

CMS Preliminary

1
0χ∼ t→ t~,  t~t~ →pp Moriond 2017

 (13 TeV)-135.9 fb
Expected
Observed)miss

TSUS-16-033, 0-lep (H
)T2SUS-16-036, 0-lep (M

SUS-16-049, 0-lep stop
SUS-16-051, 1-lep stop
SUS-17-001, 2-lep stop

0
1χ∼

 + 
m

t

 = 
m

t~
m

❊
❊ ❊

❊
❊
❊
❊



Future Prospects

Cristián Peña, Caltech

• Overviewed some of the newest SUSY results from ATLAS and CMS 
collaborations 

• Have not observed deviations from SM in the “obvious” places 

• Significant leap on exclusion limits compared to 2015; we now 
produce BR independent statements about limits 

• We are expected to significantly gain in mass reach by using all the 
projected integrated luminosity. (Keep on going in the main road.)
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Charginos and neutralinos: official projections
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projections do not include sensitive in high masses
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T search

expect improvement from this

to recall that when generalizing the main limitations
come from:

the lower realistic production cross section
compressed higgsino or wino cases which are not
included in projections!
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similar picture  
from CMS
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• Overviewed some of the newest SUSY results from ATLAS and CMS 
collaborations 

• Have not observed deviations from SM in the “obvious” places 

• Significant leap on exclusion limits compared to 2015; we now 
produce BR independent statements about limits 

• We are expected to significantly gain in mass reach by using all the 
projected integrated luminosity. (Keep on going in the main road.)
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similar picture  
from CMS

• The eventual reach of the LHC searching for supersymmetric particles is 
estimated to be around 3 TeV for gluinos and around 1 TeV for 
electroweakly charged particles.
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Figure 2: Distributions of the residuals (observed minus expected counts) for the broadly compatible

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

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

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

show the Nj , Nb, HT and MT2

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

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

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

2.2.2 Promising excesses

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

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

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

in both searches. We highlight the location of the excess in each kinematic variable

13

UCI-HEP-TR-2017-16

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

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

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

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

Through our method of rectangular aggregations, we
identified a number of interesting ⇠3� excesses within
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FIG. 1: The “mono-�” simplified model that fits well the
monojet excess in the CMS and ATLAS searches.

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

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

�L ◆ g�⇤qci +��q
c
i q

c
j+m   

0+m2
�|�|2+g0 0NÑ+h.c.

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

3 or � 1
3 . For

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

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

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

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

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

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

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

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

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

over backgrounds.

Asadi, Buckley, DiFranzo, 
Monteux, Shih 
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Contact Interactions (EFT)



Contact Interactions
• On the “simple” end of the spectrum are 

theories where the dark matter is the only 
state accessible to our experiments.

• Effective field theory tells us that many 
theories will show common low energy 
behavior when the mediating particles are 
heavy compared to the energies involved.

• The drawback to a less complete theory is 
such a simplified description will 
undoubtably miss out on correlations 
between quantities which are obvious in a 
complete theory.

• And it will break down at high energies, 
where one can produce the new particles 
directly.

�

�

q

q
eq

�

�

q

q
g2

M2
q̃

$ Geff

EFT

Z’ mediator

Squark
mediator

Higgs
portal

Random
Model #9



Example: Majorana WIMP
• The various types of interactions 

are accessible to different kinds of 
experiments.  (Technically meaning: 
the observables are unsuppressed 
by the small dark matter velocity in  
our halo, v ~ 10-3.

• Spin-independent elastic 
scattering

• Spin-dependent elastic 
scattering

• Annihilation in the galactic halo

• Collider Production

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in this 
form by using Fierz transformations.



Run II Results

In Run I, both CMS and ATLAS interpreted mono-jet (etc) searches in terms of the 
interaction strengths of a number of the most interesting interactions as a function of 

DM mass.  (We’ll see more recent interpretations shortly).



Annihilation
• We can also map interactions into 

predictions for WIMPs annihilating.

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

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

• The LHC does better for lighter 
WIMPs or p-wave annihilations 
whereas direct detection is more 
sensitive for heavy WIMPs.

8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

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

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

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

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

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

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

DM Complementarity, arXiv:1305.1605

Too Little DM

Too Much DM



Quarks & Leptons
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Simplified Models
• Since the EFT limit cannot describe particles whose masses are 

accessible to our experiments, it is also fruitful to explore theories 
which include the mediator particles explicitly.

• Simplified Models are a middle ground that capture more details 
of a realistic theory than the EFT, but avoid getting overwhelmed 
by details in a complete theory such as the MSSM.

•Of course, the number of possible constructions increases as one 
includes more states.

•We’ll look at a few that are UV complete at the level of LHC 
phenomenology.

• In many cases, new and interesting phenomena become 
accessible!



Vector Simplified Model

M
as

s

Standard
Model

Dark
Matter

Mediator

• Vector models have parameters describing the 
charges of the DM and SM particles.

• Minimal Flavor Violation suggests that uR, dR, qL, 
eR, lL would all have family-universal but distinct 
charges, as does the SM Higgs.

• We would like to be able to write down the 
SM Yukawa interactions.

• There could be kinetic mixing with U(1)Y.

• There is a dark Higgs sector.  It may or may not 
be relevant for phenomenology.

• Gauge anomalies must cancel, which also may not 
be very important for accelerator searches.

Parameters: + ....{MDM, g,MZ0 , zq, zu, zd, z`, ze, zH , ⌘}

Simplify by assuming
all quark couplings are equal, 

and no lepton/Higgs couplings.



Axial Vector:
Monojet Searches
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DM interpretation (DM-nucleon scattering cross-sections) 27

Axial	vector	mediator	gq=0.25,	gDM=1.0

for WIMP masses below 10 GeV with 90% CL, 

• In ATLAS, WIMP-nucleon spin dependent cross sections above 10-42cm2 excluded

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

LUX :          Phys. Rev. Lett. 116, 161302 (2016),      XENON100 : Data, Phys. Rev. Lett. 1110 21301 (2013)

PICO-2L :  Phys. Rev. D93 (2016) 061101,                                 PICO-60 : Phys. Rev. D 93, 052014 (2016)

IceCube : JCAP 04 (2016) 022,                              Super Kamiokande : Phys. Rev. Lett. 114 (2015) 141301

excluded	regionexcluded	region

Axial Vector:
Monojet Searches



Monojet Searches:
Other Interpretations



Dijet Mediator Searches

Mediator	Search:	V/A,	Spin-1

04/04/2017 Yangyang Cheng	|	DM@LHC2017 6

gDMgq

gq gq

Mono-jet	search	for	DM	

Dijet	search	for	mediator

DM	searches	for	a	Spin-1	V/AV	mediator	

àresonance	searches	for	a	leptophobic Z’

Mediator	width:	

Result	sensitive	to	the	interplay	of	gSM, gDM
• gSM /	gDM too	small:	mono-jet	preferred	

to	resonance	search

• gSM *	gDM too	large:	peak	too	wide	for	

resonance	search	

+	if	MDM >	Mmed /	2:	

no	branching	ratio	to	DM	à just	Z’	search

Dijet	search:	Results

04/04/2017 Yangyang	Cheng	|	DM@LHC2017 8

Model-independent	limits:	
σ x	BR	x	acceptance	vs resonance	mass
àinterpreteted as	limits	on	new	physics	models	
(take	into	account	look-elsewhere-effects!)
àleptophobic Z’	search:	gq coupling vs Z’	mass
(assume	narrow	width	approximation)

Upper	bound	on	gq ranges	from	
(0.1,	0.35)	for	mZ’	~	(0.6,	3.5)	TeV
• gq too	small	

à limited	by	xsec
• gq too	big	(>~0.5)	

ànarrow	width	approximation	
no	longer	valid

CMS-EXO-16-056

arXiv:	1703.09127

Related searches for dileptons.



Dijet SearchesDM	interpretation:	Alternative	coupling

04/04/2017 Yangyang	Cheng	|	DM@LHC2017 14

Benchmark:	gSM = gq =	0.25, gDM =	1 Benchmark:	 gq =	gl =	0.1, gDM =	1

Different	coupling	choices	reflect	
COMPLEMENTARITY	w/	mono-jet
Explore	other	coupling	
benchmark	points	and/or	
different	summary	plot	
presentation!		
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Colored Scalar
• Another construction has dark matter 

interacting with quarks via a colored scalar 
mediator.

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

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

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

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

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

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

(b)

(c)

FIG. 1: Bounds on the the coupling gDM for each of the
three simplified models with Dirac Dark Matter, from
the CMS collider bounds. (a) is the uR model, (b) the

dR model, and (c) is the qL model.
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ũ

1

8
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where (as discussed in, e.g. [13]) we have dropped terms
suppressed by the dark matter velocity. The two remain-
ing terms result in spin-independent and spin-dependent
scattering, respectively. In the uR model, this results in
cross sections for SI and SD scattering with a nucleon:
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where Z, A, and N = p, n specifies the nucleon of interest
and the structure functions �uN can be found, for exam-
ple, in Refs. [13, 14]. Note that this theory has di↵erent
SI cross sections for protons and neutrons.
A similar calculation for the dR and qL Dirac models

yields:
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And likewise the cross sections for Majorana DM are also
computed for each model:
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Note that since a Majorana fermion has a vanishing vec-
tor bilinear, there are only spin-dependent cross-sections
for the Majorana DM cases1.

1
It would be interesting to compute the induced SI cross section

at one-loop for this class of simplified model.

QCD production saturates the 
CMS limits, resulting in no 

allowed value of g.

Weak bounds in the mass-
degenerate region.
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Dirac:  dominated by 
Xenon100 SI bounds

But LHC can exclude some 
parameter space

Majorana: 
dominated by 
LHC bounds!

Majorana DM

Majorana versus Dirac
Dirac DM

There are interesting differences that arise even from very 
simple changes, like considering a Majorana compared to a 

Dirac DM particle.

Majorana WIMPs have no tree-level spin-independent 
scattering in this model.

At colliders, t-channel exchange of a Majorana WIMP can 
produce two mediators, leading to a PDF-friendly qq initial 

state.

Collider bounds tend to 
dominate for Majorana DM.
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FIG. 13: The predicted maximum annihilation cross
section from the combined Collider and Direct
Detection bounds for Majorana Dark Matter
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FIG. 11: The predicted maximum spin-dependent
proton-DM cross section from the combined Collider

and Direct Detection bounds for Majorana Dark Matter

(a)
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(c)

FIG. 12: The predicted maximum annihilation cross
section from the combined Collider and Direct

Detection bounds for Dirac Dark Matter

uR Model: Forecasts~

• Similarly, we can forecast for the 
annihilation cross section.

• The Fermi LAT does not put very 
interesting constraints at the moment, but 
it is very close to doing so, and limits from 
dwarf satellite galaxies are likely to be 
relevant in the near future for Majorana 
DM.

• We can also ask where in parameter 
space this simple module would lead to a 
relic which freezes out with the correct 
relic density ( <σv> ~ 10-26 cm3/s ).

Dirac

Majorana



Dark Matter Coupled to Gluons
• An interesting variation is possible when 

both the dark matter and the colored 
mediator are scalars.

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

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

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

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

�d |�|2|�|2

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

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

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

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

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

couplings are distinct from the supersymmetric case.

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

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

masses, the resulting terms in the Lagrangian are,

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

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

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

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

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

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

the mass of �3.

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

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

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

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

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

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

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

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

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

colored-scalar that we will explore.

3 Annihilation Cross Section

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

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

– 4 –

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

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

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

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

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

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

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

additional couplings.

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

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

the e↵ective coupling can be represented by the operator C5,
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to introduce the masses added in parallel,
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Coupling to saturate thermal relic density
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+Shivaji 1605.04756 & JHEP
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Mediator Searches
• The physics of the mediators is model-

dependent, depending on the color and 
EW representation.

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

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

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

• All of these constraints are rather weak.

y✏ijk�iūju
c
k + h.c.
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can result in large splitting between the masses of �1 and �2 (which are themselves expected

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

the mass of �3.
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3 Annihilation Cross Section

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

the prospects for observing it via indirect detection methods, and also determining its relic
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Decays into unflavored jets are 
bounded by mφ > 350 GeV.
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Figure 4: Excluded region of the plane of m�1,2 and y1 from searches for anomalously

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

6 Conclusions

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

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

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

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

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

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

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

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

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

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

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

sections.

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

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

tum.
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Excluded by tt + 2j
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DM Searches
• Direct detection generally provides a 

strong bound unless the dark matter 
mass is particularly small.

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

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

• A 100 TeV pp collider would do 
better…

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

�dTr
p
Nf/m

2
�

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

line is excluded.

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

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

5.2⇥ 10�44cm2 (�dTr)
2
⇣ µ� m�

10 GeV2

⌘✓200 GeV

m

◆4

, (4.3)

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

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

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

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

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

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

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

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

remain consistent with observations.

5 Collider Constraints

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

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

ing scalars do not themselves decay into the dark matter, the associated phenomenology is

– 7 –
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Figure 1: Representative diagrams for the subprocesses contributing to pp ! j��⇤ at a hadron collider.

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

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

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

trative choice. Results are typically insensitive to this particular

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

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

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

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

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

B. Comparison with EFT

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

p
s = 8 TeV andp

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

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

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

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

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

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

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

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

B. Constraints from 13 TeV

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

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

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

C. Future Prospects

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

p
S +B ' S/

p
B as a function of the integrated

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

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

V. SUMMARY

A scalar gauge singlet dark matter particle allows for
the possibility of a renormalizable connection to the SM
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Dark Photons
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• An interesting part of the parameter space has 
light mediating particles

• (And maybe light dark matter, as well…)

• In this limit, a natural explanation for the small 
couplings of the mediator to the standard model 
is that they come dominantly from kinetic mixing 
with U(1)Y.

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

• There are other variations with scalars, pseudo-
scalars, or vectors with chiral interactions.

γD Parameters:
{m�,mA0 ,↵D, ✏}
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

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

C. Experimental approaches and future opportunities

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

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

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

H. Summary and key points

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

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

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

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

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

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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Many projects both underway and proposed can search 
for mediators decaying (dominantly) invisibly.
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When the dark matter is too heavy, 
the mediator largely decays visibly 

into SM states.

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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3 ab�1 (dashed line). The gray shaded regions are excluded by current experimental bounds,
and the colored contours represent projected future sensitivities of LHCb [78, 79], HPS [80],
SeaQuest [60], and SHiP [65].

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

.
In this case, N

sig

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

A

0)2. The contours ofN
sig

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

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

min

, or maximum dark photon
momentum, pmax

A

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

min

, implies
✏m

A

0 / p
pmax

A

0 /L
min

, and so the reach in the parameters m
A

0 and ✏ is quite sensitive to
changes in pmax

A

0 and L
min

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

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

, we obtain N
sig

/ ✏4 m2

A

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

sig

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

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

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

min

/pmax

A

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

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

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

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

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

VI. CONCLUSIONS

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

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

Vector particle with chiral interactions

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



Outlook
• Accelerators have a lot to tell us about dark matter!

• Already big statements are being made about missing energy, dark matter, 
and supersymmetric theories with R-parity conservation.

• The next years at the LHC will get into very interesting territory, with 
sensitivity to scalar stops and gluinos which should cover the most well-
motivated regions of SUSY parameter space.

• Simplified models fill a niche between complete theories like the MSSM and 
effective field theories which assume the mediators are inaccessible.

• There is a rich program being charted to study lighter dark matter and their 
attendant light mediators which will probe a wide swath of parameter space 
for natural relic particles in this regime.

• Theoretical constructions reveal the importance of accelerators for low 
mass dark matter, low mass mediators, and/or suppressed interactions.

• An observation would start to bring our sketches of theories to life!
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Mono-Whatever
• We can go beyond mono-jets (and mono-

photons).

• One can imagine similar searches 
involving other SM particles, such as 
mono-Ws (leptons), mono-Zs (dileptons), 
or even mono-Higgs.

• If we’re just interested in the interactions 
of WIMPs with quarks and gluons, these 
processes are not going to add much.

• But they are also sensitive to interactions 
directly involving the bosons.

• And even for quarks, if we do see 
something, they can dissect the couplings 
to different quark flavors, etc.
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Jet Substructure!

• Since the events of interest 
have boosted Ws, one can use 
substructure techniques to 
try to capture hadronically 
decaying Ws.

• This helps increase statistics, 
and ultimately gives a better 
limit than the lepton channel.

• A recent ATLAS study puts 
this idea into practice!
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Supersymmetry: pMSSM

Cahill-Rowley et al, 1305.6921

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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• Interpreting these in the broader scope 
of SUSY requires a parameterization of 
the model.

• Simple illustrative models have a handful 
of parameters, more general models have 
~20, leading to rich and varied visions for 
dark matter.

• This plot shows a scan of the `pMSSM’ 
parameter space in the plane of the 
WIMP mass versus the SI cross section.

• The colors indicate which (near) future 
experiments can detect this model: LHC 
only, Xenon 1ton only, CTA only, both 
Xenon and CTA, or can’t be discovered.

• LHC helps in regions where direct 
detection is weaker due to cancellations 
and the dark matter mass is not too 
heavy.



pMSSM at the LHCConstraints on DM-related quantities 

•  If a series of SUSY signals is observed, features of cascade 
decays will help to determine DM-related quantities. 

•  Demonstrated the influences of the CMS SUSY searches on 
DM-related quantities: 
–  CMS data slightly prefer lower densities. 
–  lower p-    scattering cross sections are marginally favored.  

Experimental summary of SUSY Dark Matter searches at the LHC (Yu Nakahama) 

           CMS-SUSY-13-020 

Neutralino relic density Spin-dependent direct DM  
detection cross-section 

Spin-independent direct  
DM cross-section 

PLANK Ωh2  
window 

€ 
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0˜ χ 

14 

Posterior probabilities give an indication for how dense the 
coverage is of a given observable for our favorite model.

Note that this depends intimately on the model!



?

“s-channel” mediators are not protected by the WIMP 
stabilization symmetry.  They can couple to SM particles directly, 
and their masses can be larger or smaller than the WIMP mass 

itself.

“t-channel” mediators are protected 
by the WIMP stabilization symmetry.  
They must couple at least one WIMP 

as well as some number of  SM 
particles.  Their masses are greater 
than the WIMP mass (or else the 

WIMP would just decay into them).

Simplified Models?

One strategy is to
try to write down

theories with
mediators explicitly 

included.



A Composite WIMP?
• There are cases where an EFT still says 

something even when there is no 
perturbative simplified model that can 
describe the physics.

• If the dark matter is a (neutral) confined 
bound state (confined by some dark 
gauge force, say) of colored constituents, 
we should expect its coupling to quarks 
and gluons to be represented by higher 
dimensional operators whose strength is 
characterized by the new confinement 
scale. 

• Bounds on EFTs constrain the dark 
confinement scale -- the “radius” of the 
dark matter.
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