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Motivation
• In arXiv 1510.03434 (“The Coannihilation Codex”) we put forward a 

framework to build all possible models featuring a colourless dark matter 
(DM) field, a coanniliation partner (X) and a mediator (M), such that the 
process SM1 SM2           DM X occurs (under certain assumptions).  
[For details see Anna Kaminska’s talk,  Tuesday 12:50].

• Our classification includes a thorough analysis of LHC signatures  
for our new fields (targeting M-M, M, X-X, X-DM, DM-DM production).

• The measured relic density prefers a region of parameter space that can be 
covered by the LHC (for concrete couplings and mass scales).

• In this talk I will illustrate this connection with two concrete examples 
where M and X are colored particles, which are representative of a whole 
class of models,  sharing a common collider phenomenology.

• Disclaimer:  Nothing about direct and indirect detection, focus on LHC.
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Framework
a) Coannihilation diagrams

DM = (1, N,�)

b) Assumptions:
• DM is a thermal relic, colorless, electrically neutral,                         .

• DM and X co-annihilate in a 2 to 2 process via renormalizable, tree-level interactions.

• All particles have spin 0, 1/2 or 1.

• Massive vectors are gauge bosons from broken gauge groups.

• Lorentz and gauge invariance.

• Agnostic on flavor symmetries, dark charges, additional particle content.
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Figure 1. Co-annihilation channels: (1) indicates the general process for DM X ⌅ SM1 SM2,
where the specific processes are indicated by (2) for s-channel, (3) for t-channel and (4) for four-
point interactions. The arrows on the external and internal lines denote the flow of charge under
the SM gauge groups. In these diagrams the nature of the lines does not correspond to the Lorentz
nature of the fields involved and we allow for all Lorentz invariant assignments.

• We only consider particles with spin 0, 1/2, or 1. We assume spin 1 particles are

massive gauge bosons of a new broken gauge group.

• Other assumptions?

These requirements constrain the possible representations of dark matter under the SM

gauge group SU(3) ⇥ SU(2) ⇥ U(1)Y to be (1, N,�), where the combination of SU(2)

representation N and hypercharge � = 2k + 1 � N , k ⌃ {0, 1, . . . , N � 1} is required to

admit an electrically neutral state.2 Standard Model gauge invariance is used to enumerate

the possible X representations by requiring that the DM–X–SM1–SM2 diagrams conserve

SU(3) ⇥ SU(2) ⇥ U(1)Y . We emphasize that, given our assumptions, the dark matter

field content of Nature is guaranteed to belong to at least one of the simplified models we

consider.

We will address complications of this construction from the breaking of electroweak symme-

try in section 2.3. We note that at this point, we could assign spin and Lorentz structure

to each of our diagrams, define the canonical dimension of each corresponding higher-

dimensional operator, and treat each diagram as a contribution to an e�ective field theory

of dark sector interactions, along the lines of [2–6]. We eschew this approach in favor

of simplified models [7] by completing each diagram with concrete choices of s-channel

(Ms) and t-channel (Mt) mediators, and allowing only operators up to dimension four, see

figure 1. We also allow for coannihilation through a tree-level four-point interaction,3 as

depicted in the rightmost diagram of figure 1.

Our motivation for considering simplified models instead of e�ective operators is manifold:

2We define Q � T3 + 1
2Y , where Q is the electric charge, Y the hypercharge and T3 the weak-isospin

projection of the multiplet.
3The rationale behind considering only tree-level interactions goes as follows. While loop-induced vertices

will not alter our field content, such models would be intrinsically suppressed with respect to a simplified

model with tree-level interactions. From the point of view of phenomenology, loop-induced diagrams of

UV dark matter models may still be important in regions of parameter space, but these regions have to be

checked on a case-by-case basis. FY: There are two non-renormalizable couplings we are including:

hgg and h��. JZ: I do not see them in our tables. Need to decide what to do with them.

Note that they also arise from the debacle. FY: Do we discuss loop-induced debacle e�ects?

– 4 –
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Example I:  
Leptoquark s-channel 

mediated Dark Matter
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Codex Model ST 11
Choose your model, assign spins and quantum numbers

can be realized, where the high pT ISR recoil in combination with targeted composite

substructure searches become necessary to cover the signature space.

3.3.4 FY: Add a subsection about flavor probes and horizontal symmetries?

Besides the direct production of new particles, we can also study flavor probes, especially

if horizontal symmetries are added to our models.

4 Case Study: Leptoquark Model

In this Section, we will adopt the s-channel model SF11 and study its phenomenology in

detail. This will exemplify many of the general comments we have discussed in Sec. 3

with regards to cosmological and collider probes. We pay particular attention to the

novel collider signatures presented in Subsec. 3.3, designing search strategies for both the

pair-produced mediator mixed decay channel and the composite substructure signal from

pair-produced X particles.

4.1 From simplified model to Lagrangian

The explicit field content of model SF11 is shown in Table 9. As mentioned in Sec. 2, this

is the minimal model content needed to realize the s-channel co-annihilation diagram X

DM ⇤ SM1 SM2.

Field (SU(3), SU(2), U(1)) Spin assignment

DM (1, 1, 0) Majorana fermion

X (3, 2, 7/3) Dirac fermion

M (3, 2, 7/3) Scalar

Table 9. Field content, SM gauge quantum numbers, and spin assignments for the case study
SF11.

For this model, we choose the DM to be a Majorana fermion, X as a Dirac fermion, and

M as a scalar. The general dimension-4 Lagrangian is then

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X � V (M , H)

+
�
yDX M DM + h.c.

⇥
+

�
yQ QRM �R + h.c.

⇥
+

�
yLuLRM

cuR + h.c.
⇥
,

V (M, H) = V (H) +
1

2
m2

MM2 +
1

4
⇥MM4 + �MM2

⇤
H2 � v2

2

⌅
,

(4.1)

with Mc ⇥ i⇤2M� as the charge-conjugate field. Note M and H do not mix, as M is colored.

We note that the Yukawa coupling yD and the leptoquark Yukawa coupling matrices yQ 

– 32 –
5 relevant free params:

mDM,mX,mM, yD, yQ`, yLu,�M, ✏M

Write down the Lagrangian:

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X

�

V (H) +

1

2
m2

MM2 +
1

4
�MM4 + ✏MM2

✓
H2 � v2

2

◆ �

+
�
yDX M DM + h.c.

�
+
�
yQ`QRM `R + h.c.

�
+

�
yLuLRM

cuR + h.c.
�
.

6

Simplify parameter space:
�M , ✏M

yLu = 0, y11Ql 6= 0 (electrons) OR y22Ql 6= 0(muons) .

irrelevant for LHC pheno (no H-M mixing)

Avoids flavour bounds, proton decay, etc…

mDM,mX = mDM(1 +�), B0 = Br (M ! lq)|mDM,X=0 ,�M

2.2 Catalog of simplified models

ID X ↵ + � Ms Spin (SM
1

SM
2

) X–DM–SM
3

Ms–X–X

ST1

(3, N,↵)

10

3

(3, 1, 10

3

) B (uR lR) X(↵ = � 5

3

)

ST2

4

3

(3, 1, 4

3

)
B (dR `R), (QL LL), (dR dR) X(↵ = � 2

3

)

ST3 F (QL H) H5

ST4
(3, 3, 4

3

)N�2

B (QL LL) X(↵ = � 2

3

)

ST5 F (QL H) H5

ST6

� 2

3

(3, 1,� 2

3

)
B (QL QL), (uR dR), (uR `R), (QL LL) X(↵ = 1

3

)

ST7 F (QL H†) H6

ST8
(3, 3,� 2

3

)N�2

B (QL QL), (QL LL) X(↵ = 1

3

)

ST9 F (QL H†) H6

ST10 � 8

3

(3, 1,� 8

3

) B (uR uR), (dR `R) X(↵ = 4

3

)

ST11

(3, N ± 1,↵)

7

3

(3, 2, 7

3

)
B (QL `R), (uR LL)

ST12 F (uR H)

ST13
1

3

(3, 2, 1

3

)
B (dR LL), (QL dR), (uR LL)

ST14 F (uR H†), (dR H) H7

ST15
� 5

3

(3, 2,� 5

3

)
B (QL uR), (QL `R), (dR LL)

ST16 F (dR H†)

ST17

(3, N ± 2,↵)

4

3

(3, 3, 4

3

)
B (QL LL) X(↵ = � 2

3

)

ST18 F (QL H)

ST19
� 2

3

(3, 3,� 2

3

)
B (QL QL), (QL LL) X(↵ = 1

3

)

ST20 F (QL H†)

Table 4. Same as table 3, where X is a fundamental of SU(3)C .

ID X ↵ + � Ms Spin (SM
1

SM
2

) X–DM–SM
3

Ms–X–X

SO1

(8, N,↵)
0

(8, 1, 0) B (dR dR), (uR uR), (QL QL) X(↵ = 0)

SO2 (8, 3, 0)N�2 B (QL QL) X(↵ = 0)

SO3 �2 (8, 1,�2) B (dR uR) X(↵ = ±1)

SO4 (8, N ± 1,↵) �1 (8, 2,�1) B (dR QL), (QL uR)

SO5 (8, N ± 2,↵) 0 (8, 3, 0) B (QL QL) X(↵ = 0)

SE1

(6, N,↵)

8

3

(6, 1, 8

3

) B (uR uR) X(↵ = � 4

3

)

SE2
2

3

(6, 1, 2

3

) B (QL QL), (uR dR) X(↵ = � 1

3

)

SE3 (6, 3, 2

3

)N�2 B (QL QL) X(↵ = � 1

3

)

SE4 � 4

3

(6, 1,� 4

3

) B (dR dR) X(↵ = 2

3

)

SE5
(6, N ± 1,↵)

5

3

(6, 2, 5

3

) B (QL uR)

SE6 � 1

3

(6, 2,� 1

3

) B (QL dR)

SE7 (6, N ± 2,↵) 2

3

(6, 3, 2

3

) B (QL QL) X(↵ = � 1

3

)

Table 5. Same as table 3, where X is an adjoint or an exotic of SU(3)C .

bosons and scalars unless only one of these spin states is allowed. Models with scalars and

vectors will share the same classification of collider signatures.

The possible SM coannihilation products are listed in the “(SM
1

SM
2

)” column. These

pairings play a critical role in dictating the collider signatures of DM, X, and Ms, as we

will discuss in detail in section 3. The last two columns in tables 3, 4, and 5 list additional

vertices allowed by the gauge quantum numbers of DM, X, and Ms. If a direct coupling of

the form DM–X–SM is possible, the model can be associated to one of the hybrid models

identified in 2.2.1. The corresponding model is listed in the DM–X–SM
3

column of the

tables. Separately, we examine whether two X fields (and/or their conjugates) can directly

couple to the mediator. Depending on the charges, this can be realized for X–X, X–X or

X–X. We do not di↵erentiate these possibilities explicitly, but if such a coupling is allowed,

we indicate the possibility with a check mark (X) and give the allowed values of ↵.
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Table 5. Same as table 3, where X is an adjoint or an exotic of SU(3)C .

bosons and scalars unless only one of these spin states is allowed. Models with scalars and

vectors will share the same classification of collider signatures.

The possible SM coannihilation products are listed in the “(SM
1

SM
2

)” column. These

pairings play a critical role in dictating the collider signatures of DM, X, and Ms, as we

will discuss in detail in section 3. The last two columns in tables 3, 4, and 5 list additional

vertices allowed by the gauge quantum numbers of DM, X, and Ms. If a direct coupling of

the form DM–X–SM is possible, the model can be associated to one of the hybrid models

identified in 2.2.1. The corresponding model is listed in the DM–X–SM
3

column of the

tables. Separately, we examine whether two X fields (and/or their conjugates) can directly

couple to the mediator. Depending on the charges, this can be realized for X–X, X–X or

X–X. We do not di↵erentiate these possibilities explicitly, but if such a coupling is allowed,

we indicate the possibility with a check mark (X) and give the allowed values of ↵.
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Relic density

• Thresholds (resonances) are clearly visible.  

• Strong dependence on         . 

• Hints towards mDM ~ 300-900 GeV, Δ ~ 7.5-15 %.

�, yD

7
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Collider Strategy
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Existing 
searches

M M ! (lq) (lq) ATLAS (arXiv 1508.04735), CMS-PAS-EXO-12-041

CMS-PAS-EXO-12-043M l ! (lq) l

Monojet: DM DM+ j,X X+ j ! j+ 6ET
lose strength 

with Δ

Indirect
constraints

Neutral meson mixing, flavour violating decays, 
(g-2)e ,atomic parity violation, electroweak data…

Proposed
pheno  
analysis

Mono-jet plus soft-leptons :

Mixed: +(lq)
so

ft

M M ! (lq)res (XDM) ! (lq)res+ 6ET

X X+ j ! j+ 6ET +(lq)
soft

DM

M DM

q

l

l

q } resonance!

}

}
soft: (Almost) unobservable

missing energy

g

g



LHC phenomenology

Basic cuts Signal benchmark

4.3 LHC probes

Background Cross section (pb) NLO K-factor (⇥ “extra” factor)

QCD, 2-3 jets 2.1⇥ 107 1.3 [196, 197]

Leptonic W± + 1, 2 jets 2222 1.15 (⇥2)

Z(! ⌫⌫) + 1, 2j 736 1.15

tt (all modes) 465 1.67

Z(! `+`�) + 1, 2j 370 1.15

Z(! ⌧+⌧�) + 1j 163 1.15

Semileptonic tt 124 1.67

W+W�,W±Z,ZZ 37 1.7

t+ 1, 2j 16.9 1.07

Semileptonic W+W� 9.8 1.5

W±(! `±⌫) + Z(! jj) + 0, 1j 2.2 1.7

W±(! `±⌫) + Z(! ⌫⌫) + j 2.2 1.7

Table 11. Leading order cross sections and NLO K-factors at the 13 TeV LHC, including the
corresponding leptonic branching ratios, for the di↵erent backgrounds simulated for our LQLQ and
XX + j searches. The QCD K-factor is adopted from [196, 197] while the K-factors for the other
backgrounds have been computed using MCFM [198].

We now develop an LHC search strategy for this final state and estimate its sensitivity and

discovery prospects in 100 fb�1 of 13 TeV data. The signal is characterized by a hard lepto-

quark resonance and missing transverse energy. Depending on the mass splitting between

X and DM, the lepton and quark from the three-body decay of X may also be visible in the

detector. We focus our cut-based analysis on identifying the leptoquark resonance over a

smoothly falling background, amenable to data-driven background estimation techniques.

Our cuts are designed to identify one hard, isolated lepton, one hard jet, and large miss-

ing energy. In what follows, we will focus on first generation leptoquarks, and therefore

consider only final states with electrons. Results for a second generation leptoquark are

shown in appendix B.

As mentioned before, the dominant backgrounds for this search are: QCD multijet produc-

tion; leptonic W±+ jets; Z + jets with Z ! ⌫⌫; tt; Z + jets with Z ! ⌧+⌧�; semi-leptonic

W+W�; W±Z+jets with W± ! `±⌫, Z ! jj and W±Z+jets with W± ! `±⌫, Z ! ⌫⌫.

None of these backgrounds produce resonances that mimic our leptoquark signal. In ta-

ble 12, we show the cut flow for the background and a benchmark signal using a 950 GeV

leptoquark, a 405 GeV DM particle and a 445 GeV coannihilation partner X.

The baseline transverse momentum and rapidity cuts for SM objects are those defined in

the default Delphes card for the CMS detector. In particular, we require pT > 10 GeV

– 59 –

Basic cuts mT > 150 GeV 6ET > 650 GeV

(+ 40 GeV mass window).

pT (j1) > 50 GeV, pT(e1) > 30 GeV

Ne < 2, Nhard jets  3

vetoes: b jets, Z

DM = 405 GeV

   X = 445 GeV

   M = 950 GeV

σ(ΜΜ) = 8 fb.

9

pp ! MM ! (lq)
res

+ (lq)
soft

+ 6ET in MG5_aMC@NLO / Pythia 6.4 / Delphes 3.2



Pheno status

Mono-jet searches exclude mDM < 200 GeV. 

Can be extended up to 950 GeV, depending  
on how efficiently soft (i.e “non-triggerable”) 

leptons can be reconstructed.  

Mixed search can be stronger than LQ pairs.  
Combining all searches can cover a  large  
region of “Ω-favored” parameter space.

LQ pairs insensitive to            , 

strong production, limited by mass. 

yD, yLq

LQ single prod very sensitive to           ,

no meaningful constraints in this plot.

yD, yLq

10
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Example II:  
S-channel coannihilation 

with a diquark mediator
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Codex Model ST6
Field content:

Lagrangian:

2 Diquark s-channel coannihilation model

Field (SU(3), SU(2), U(1)) Spin assignment

DM (1, 1, 0) Majorana fermion

X (3, 1, -2/3) Dirac fermion

M (3, 1, -2/3) Scalar

Table 1. Field content, Standard Model gauge quantum numbers, and spin assignments for the

scalar diquark case study ST6. Electric charge is defined as Q ⌘ T3 +
1

2
Y , where T3 is the third

component of weak isospin.

2 Diquark s-channel coannihilation model

As emphasized in Refs [1] cite also the DM annihilation simplified model papers,

simplified models based on explicitly modeling the dark matter annihilation mechanism

o↵er unique phenomenology previously neglected in dark matter studies. Ref. [1], also

dubbed the “coannihilation codex”, classifies dark matter simplified models according to

Standard Model (SM) gauge charges and s-channel, t-channel, four point, or hybrid (both s-

channel and t-channel) coannihilation topologies, which makes it easy to prioritize searches

and identify unexplored categories of collider signatures. These experimental signatures

are in fact guaranteed in this framework, since they result from stitching together produc-

tion modes and decay vertices dictated by SM gauge interactions and the coannihilation

diagram.

One exemplary model to consider is ST6 (“s-channel mediator, color triplet model 6” from

Table 4 of [1]), which features an s-channel coannihilation topology with a fermionic color

triplet coannihilation partner X, scalar color triplet mediator M, and a fermionic SM gauge

singlet dark matter DM. The field definitions are shown in table 1. This model is especially

attractive to consider because both the coannihilation partner X and the mediator M can be

pair-produced at the LHC via strong interactions. The corresponding large pair-production

rates for these particles could then lead to immediate NP discovery prospects. Moreover,

this model juxtaposes collider signatures reminiscent of supersymmetry with unique sig-

natures characteristic of s-channel coannihilation, which highlights the importance of our

bottom-up approach to DM model building. Other s-channel, color triplet, sextet, and

octet models in the coannihilation codex [1] also share much of the same phenomenology

as ST6, and thus the analysis we present is representative of the discussion of many models

detailed in the codex.
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Coannihilation Diagram:

2 Diquark s-channel coannihilation model

Given the field content in table 1, the Lagrangian for this model is

LDM =
i

2
DM/@DM� mDM

2
DMDM ,

LX = iX /DX�mXXX ,

LM = (DµM)† (DµM)�m2
MM†M� �HM

⇣
H†H

⌘
M†M� �M

⇣
M†M

⌘2
,

Lvis = �"abcMauCb
�
Y L
udPL + Y R

udPR

�
dc � Yu`M

†
a`

C
Ru

a
R � YQLM

†
b

⇣
LC
L↵"

↵�(QL)
b
�

⌘
+ h.c. ,

Ldark = �yDXDMM+ h.c. , (2.1)

where H denotes the SM Higgs field, a, b, and c denote color indices, ↵ and � denote

SU(2)L weak isospin indices, C is the charge conjugation operator, and we have suppressed

flavor indices on Y L
ud, Y

R
ud, Yu` and YQL. The Yukawa interactions in Lvis are written in

the mass basis for all quarks and leptons. We need a VCKM rotation for dL to go into

mass basis, therefore QL = (uL, VCKMdL) for mass eigenstates. FY: check and fix

notation on the leptoquark couplings, and thus FY: clean up notation with SU(2)

invariant couplings SE: isn’t it a factor of 1/2 instead of 2 for YQQ? JL: the

factor of 2 is correct here. Y L
ud is identified with 2YQQVCKM , where YQQ is defined

in �Y ij
QQ"abcMa

✓
QC

L

b,i

↵ "↵�(QL)
c,j
�

◆
+ h.c., a SU(2) invariant form. Y R

ud is identified with

�Y R
ud"abcMa

⇣
uCRbdRc

⌘
+ h.c..

Our quantum number assignments for the new particles allow for additional couplings

between X or Dark Matter and the Standard Model fields. For example, X could couple

to the Higgs and a right-handed up-type quark, which would lead to a mixing between the

Standard Model and the dark sector. This mixing would in turn lead to a three-body decay

of the Dark Matter after recycling the coannihilation vertices shown in Fig. 1. Couplings

between DM and fermion-antifermion or Higgs boson pairs, although theoretically allowed,

also threaten the DM stability. In order to have a viable theory of Dark Matter, we

therefore impose a Z2 symmetry under which both the DM and X are odd and Standard

Model particles as well as the mediator are even. Once this Z2 symmetry is introduced,

only the vertices shown in Eq. 2.1 remain.

The field content in table 1 and Lagrangian in eq. 2.1 lead to the s-coannihilation diagram

depicted in figure 1. We reiterate that the prescription from Ref. [1] for constructing

simplified models is based solely on coannihilation topology and SM gauge representation

assignments. As a result, the parameter space of a given model may have significant

constraints coming from flavor physics, proton decay bounds, Higgs physics, and vacuum

stability. We discuss these questions in the remainder of this section and will conclude

interesting and viable parameter space regions nevertheless remain in model ST6, from

which we motivate our LHC study focused on dijet resonances and MET.
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Figure 1. Coannihilation s-channel for model ST6.

term as �Y ij

QQ

"
abc

M
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✓
QC

L
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↵

"↵�(Q
L

)c,j
�

◆
+�Y R

ud

"
abc

M
a

⇣
uC
R

b

d
Rc

⌘
, and identifying Y L

ud

with

2Y
QQ

VCKM.

The gauge quantum numbers allow for additional couplings between X or DM and the SM

fields. For example, X shares the same quantum numbers as the right-handed down-type

quarks, and hence a Yukawa interaction between X, the SM Higgs, and Q
L

would lead to

mixing between X and the SM down-type quarks after the Higgs acquires a vev. Then,

the DM particle would then having a mixing-angle induced decay to three quarks, which is

phenomenologically ruled out. Separately, DM could have a Yukawa interaction with the

Higgs and the left-handed lepton doublet, which would immediately lead to mixing with

active neutrinos or other sterile neutrino phenomenology, depending on the mass generation

mechanism for SM neutrinos. In order to ensure our DM particle is an appropriate dark

matter candidate, we impose a global Z2 symmetry under which both the DM and X are

odd while the mediator and all SM particles are even. Once this Z2 symmetry is introduced,

only the vertices shown in equation 2.1 remain.

The field content in table 1 and Lagrangian in equation 2.1 lead to the s-coannihilation

diagram depicted in figure 1. We reiterate that the prescription from reference [23] for

constructing simplified models is based solely on the coannihilation topology and SM gauge

representation assignments. As a result, the parameter space of a given model may have

significant constraints coming from flavor physics, proton decay bounds, Higgs physics,

and vacuum stability. We discuss these questions in the remainder of this section and will

find that interesting and viable parameter space regions nevertheless remain in model ST6,

from which we motivate our LHC study focused on dijet resonances and MET.

2.2 Low energy constraints

In this section, we investigate the constraints on the flavor structure of the Yukawa matrices

shown in Lvis in equation 2.1. First, we note that the simultaneous presence of all Yukawa

matrices in Lvis generates diquark-mediated diagrams that induce proton decay, which is

very strongly constrained. For example, if Y 11
QL

and (Y L

ud

)11 = (Y R

ud

)11 = y
ud

are nonzero,

our mediator generates the decay process p ! e+⇡0, which is bounded to have a lifetime

of at least 8.2⇥ 1033 years [2]. Correspondingly, the product of these couplings is limited

to be y
ud

Y 11
QL

<
⇣
4⇥ 10�17 mM

GeV

⌘2
. As usual, however, these proton decay bounds can
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mDM,mX = mDM(1 +�),mM, B0 = Br
�
M ! ūd̄

���
mDM,X=0

,�M5 free parameters:



Relic density

• Models implemented in MicrOMEGAs 4.1.2.

• Sommerfeld enhancement is negligible (< few %)

• Relic density selects mDM > 280 GeV,  Δ < 0.125 (or funnel).
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Existing searches
Dijet pairs:

Dijet single:

Jets + MET:

ATLAS (arXiv:1407.13076)  
CMS (arXiv:1604. 08097) 

ATLAS (arXiv:1302.0531)  
CMS (arXiv:1412.7706) 

4.2 Jets + MET searches

Search � = 0.1 � = 0.125 � = 0.15

8 TeV 384 GeV 396 GeV 392 GeV

13 TeV 398 GeV 399 GeV 396 GeV

13 TeV, 100 fb�1 projection 464 GeV 468 GeV 477 GeV

Table 2. The 95% C.L. exclusion limits onmX from 8 TeV and 13 TeV jets + MET searches [20, 22]
at the LHC, as well the projected exclusion reach for 100 fb�1 of 13 TeV luminosity.

X using Top++ v2.0 [52] interfaced with LHAPDF v6.1 [53] and the NNPDF v3.0 [54] set

to obtain NLO signal cross sections for arbitrary X masses. Using CheckMate v1.2 [55],

we find the 8 TeV jets + MET search by ATLAS [20] imposes the strongest constraints

on the X mass for various choices of �. FY: Need to add statements about the

monojet sensitivity and how it compares. Also discuss the di↵erent search

regions of the multijet search and systematics. We show the 95% confidence level

(C.L.) exclusion limits on the X mass for � = 0.1, 0.125, and 0.15 in table 2. Note we

neglect the impact of the mediator pair production here, which can give the same final

state via the M M⇤ ! X DM X̄ DM ! (jj)soft(jj)soft /ET decay chain. Since this decay is

only kinematically open once mM � mX +mDM, this process pays the suppression factors

of a much smaller pair production cross section of M and the dark decay branching fraction

(1 � B)2 compared to the X pair production rate. Our results rule out X masses below

about 390 GeV for the � ⇠ 0.1 values motivated by figure 4.

The ATLAS and CMS collaborations have both updated their jets + MET searches at

13 TeV [21, 22], which are not included in the CheckMate recast search catalogue. Given

the slightly larger luminosity of ATLAS, we recast the ATLAS search only and expect

the CMS bounds to be similar. Using the Monte Carlo pipeline described in the end of

section 2.3, we cross-check our MLM matched sample of signal events with the cut flow

e�ciencies of the signal regions described in Ref. [22]. We use our derived signal acceptance

fractions to derive 95% C.L. exclusion on mX. Our model is most constrained by the “2-jet

loose” and “2-jet medium” signal regions of Ref. [22], which require at least two hard jets

+ MET as well as loose or medium cut on the e↵ective mass. Our limits on mX are shown

in the middle row of table 2, showing a minor improvement over the 8 TeV results.

In order to compare with the projected sensitivity of our mixed mediator search described

in section 5, we extrapolate the jets + MET search to 100 fb�1 of integrated luminosity.

Assuming the current systematic uncertainties are unchanged, we rescale the background

and signal events by the luminosity ratio for the 2-jet loose signal region to obtain a

projected 95% C.L. exclusion on the X mass. Since the 2-jet loose and 2-jet medium

signal regions are already dominated by systematic uncertainties, the increase in integrated

luminosity does not significantly improve the bounds on the visible cross section and thereby

on mX. Our results are in the last row of table 2, which show that X masses of about

470 GeV are expected to be probed in future multijet + MET searches.
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ATLAS (arXiv 1405.7875) CMS (arXiv 1402.4770, 1602.06581) 

Limits on  
mX ~400 GeV

14

Dedicated searches can improve the reach:
Nath, Spisak (arXiv:1603.04854)  
Delgado, Martin, Raj (arXiv:1605.06479)
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                                               in MG5_aMC@NLO / Pythia 8.4 / Delphes 3.2

Mixed search (I)
5.1 Event generation

g

g M

M† u

d
DM

X

DM

M⇤
ū

d̄

Figure 6. The mixed decay signature for pair produced mediators, where one mediator decays
visibly and the other decays to DM and X.

also particularly motivated because this channel directly tests the coannihilation diagram

from figure 1. Since the rate for this signature is sensitive to the ratio of the dark and

visible new physics couplings via the mediator branching fractions, combining results from

the mixed and the dijet resonance searches would be central to determining the underlying

dark matter Lagrangian. Moreover, the dijet resonance + MET signature together with

the relic density calculations presented in section 3 and the single dijet, paired dijets, and

jets + MET signatures discussed in section 4 unify into a compelling picture of a bottom-up

discovery of dark matter at the LHC. This synthesis will be presented in section 5.4.

The mixed decay of pair-produced mediators leads to a final state of (jj)res+(jj)soft+ /ET ,

as shown in figure 6. The typical momentum of the soft jet pair will be determined by the

mass splitting between X and DM. As described in section 3, and in most of the parameter

space favored by relic density requirements, this momentum will be similar to the jet pT
thresholds used by ATLAS and CMS. The primary goal of our analysis is to identify the

dijet resonance and large MET signature, while the possible discrimination of additional

soft signal jets from X decay will be a minor secondary consideration.

5.1 Event generation

Signal events are generated using the procedure and tools described in section 2. Following

the relic density favored regions in figure 4, we focus on � = 10%, 12.5%, and 15%. Given

the jets + MET recasting performed in section 4.2, with results summarized in table 2,

we know that X is already probed to about 400 GeV for these choices of �, and hence we

focus our study on the 700–1000 GeV mediator mass range.

Our new physics signal is characterized by a strong dijet resonance recoiling against large

MET. While the intrinsic width of our mediator is constrained to be small by dijet resonance

searches, as discussed in section 4.1, we expect the resolution on our narrow resonance to

be dominated by jet energy scale uncertainty as well as jet cluster contamination from

ISR, FSR, and the X decay products. For our mediator mass range and choices of �, we

find these e↵ects are not significant enough to warrant a complex jet substructure analysis

to sharpen the dijet peak structure, but instead we ameliorate these e↵ects by simply
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Resonance

MET + soft jets

Backgrounds:

(Z ! ⌫⌫) + 1, 2 jets

(W± ! `±⌫) + 1, 2 jets

QCD multijets

Basic
Cuts:

b-veto and lepton veto

2 hard jets satisfying 

ET > 100 GeV

pT (j) > 100 GeV, |⌘(j)| < 2.5, |�⌘(j1, j2)| < 1.3
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Mixed search (II)

5.3 Sensitivity of the mixed decay search

grounds after a /ET > 900 GeV cut. Since the background jets do not come from resonances,

the background dijet mass spectrum falls smoothly. The signal, however, exhibits a wide

peak around the mass of the mediator particle and can be easily identified on top of the

backgrounds. To impose an appropriate mass window for the dijet mass spectrum, we fit

the signal mj1j2 distribution after cuts by a Crystal Ball function [62],

s(x) = N ⇥
8
<

:
exp

h
� (x�x̄)2

2�2

i
if x�x̄

� > �↵
⇣

n
|↵|

⌘n
exp

⇣
� |↵|2

2

⌘⇣
n
|↵| � |↵|� x�x̄

�

⌘�n
if x�x̄

�  �↵ .
(5.2)

Here N is the normalization, x̄ and � are Gaussian parameters, and ↵ and n are power law

parameters, all determined by the fit. We integrate the number of events within 2� of the

Gaussian mean, x̄, for the signal and the background samples to calculate the significance,

S =
SpP

Bi + (
P

sysi ⇥Bi)2
, (5.3)

where sysi is the systematic uncertainty for a given background Bi, and S and Bi are

the number of signal and background events in the mass window, respectively. Following

Ref. [22], we take sysi = 5% for the W and Z backgrounds, while we use 20% the QCD

multijet background, due to the lack of events in the tail of the /ET distribution.

We optimize the /ET cut by maximizing the dijet resonance significance S. The last two

rows of table 3 show the e�ciencies as well as expected number of events for 100 fb�1 of

13 TeV LHC data given the benchmark-specific /ET > 900 GeV cut and the dijet mass

window cut, 812 GeV  mj1j2  987 GeV.

In order to estimate robustly the number of background events in the mass window after

the /ET cut without being limited by Monte Carlo statistics, we fit each background mj1j2

distribution by a falling function of the form [39]

b(x) = p0(1� x)p1xp2+p3 lnx , (5.4)

where x = mj1j2/
p
s. FY: mention how this is actually used

5.3 Sensitivity of the mixed decay search

The results of our collider study for � = 0.1 are shown in figure 8 for 100 fb�1 13 TeV

luminosity. We illustrate the “Mixed” sensitivity with three orange FY: could use better

colors? contours labeled by B0 = 0.1, B0 = 0.5, and B = 0.5. Recall that fixing B0 is

equivalent to fixing a particular coupling combination of yud and yD via equation 2.4, while

the physical branching fraction of the mediator to dijets depends on B0 and the phase

space of the M ! X DM decay. Alternatively, fixing B requires the couplings to change

as a function of the M and DM masses. In particular, as we move along the B = 0.5

contour in figure 8, B0 is monotonically decreasing up to the phase space boundary of

(2 +�)mDM = mM.
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1-Fit mjj with  
Crystal Ball

2-Select optimal ET for each signal point.
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Final picture

17

(2+
)mD

M
=m

M

P
a
ir
e
d
D
ij
e
t
[8
T
e
V
,
2
0
fb

-
1
]

P
a
ir
e
d
D
ij
e
t
[1
3
T
e
V
,
1
0
0
fb

-
1
]

Jets + MET [13 TeV, 3.2 fb-1]

Jets + MET [13 TeV, 100 fb-1]

M
ed
ia
to
r
M
ix
ed

[1
3
Te
V
, 1
00
fb

-1
]

Relic Density +
M [3 allowed]

0.1 0.125, B0 = 0.1

200 300 400 500 600 700 800 900 1000 1100 1200

100

200

300

400

500

600

700

800

mM [GeV]

m
D
M
[G
e
V
]

(2+
)mD

M
=m

M

Jets + MET [13 TeV, 3.2 fb-1]

Jets + MET [13 TeV, 100 fb-1]

M
ix
e
d
[B

=
0
.5
]

M
ix
ed

[B
0
=
0.
1]

Mix
ed

[B0
= 0
.5]

Mediator Mixed Projections [13 TeV, 100 fb-1] = 0.125

200 300 400 500 600 700 800 900 1000 1100 1200

100

200

300

400

500

600

700

800

mM [GeV]

m
D
M
[G
e
V
]

• Mixed search can surpass jets + MET reach (strong dependence on B0)

• Complementarity with paired dijet and jets + MET existing searches.

• We can test a large portion of the “Ω-favored” parameter space.



Conclusions 
• We have performed a general classification of coannihilating dark matter based on 
field content (gauge quantum numbers and spins) and have surveyed the associated 
collider phenomenology [aka “Coannihilation Codex”]

• The relic density “afterthought” can be turned into an a priori favoured parameter 
space for a whole class of models, testable at the LHC in the near future.

• Our flagship is the “mixed” signature: a resonance plus a large amount of MET.  
(previously neglected by the experimental collaborations). Not only it is a concrete 
probe of the coanniliation diagram, but it also competes with direct searches for the 
mediator and/or the coannihilation partner.

• We have presented two non-standard DM searches, which can be tested by the 
LHC in the near future: s-channel leptoquarks and s-channel di-quark mediators. In 
both examples we have coloured particles in the dark sector, which translates into 
masses of a few hundreds of GeV to about a TeV, in the ballpark of LHC searches.

• Plenty left for future studies!!! (more new models and final states to explore!)
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Relic Density’s Anatomy

Planck Collaboration
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Direct Detection

1. Z-exchange forces DM to T3=0, Y=0?

• Certainly not! Many ways out:

• Add DM and fix parameters to kill Z-current (i.e sin(β-α) in the MSSM).

• DM can be below the detection threshold (light DM).

• If DM is a fermion choose it Majorana.

• . . .

2. DD rate is highly model dependent

• Very hard to make robust statements. Check case-by-case!

3. iDM included in our classification

• Complete list of particles that undergo upscattering!
21



Indirect Detection
1. If additional M-DM-DM vertex is present:

• DM is SU(2)L singlet: model dependence (i.e: Higgs couplings)

• DM charged under SU(2)L : well studied in the WIMP / MDM literature. 

2. Without new interactions (besides CA diagram):

• s-channel:     annihilation into 4 SM particles            Loop suppressed annihilation into SM pairs 
 
 
  
 

• t-channel:

DM

DM

DM

DM

DM

DM

Mt

Ms

Ms

XX

Ms

Ms
SM1,2

SM,2,1

SM1

SM1

SM1,2
SM2

SM1

SM1

SM2

Tree level decay only into SM1 pairs
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