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Dark Matter

• unequivocal gravitational evidence for Dark Matter in the Universe

• Why do we expect to see it at the LHC?

2

Figure 1. Rotat ion curve for the spiral galaxy NGC6503. The point s are the measured circular
rot at ion velocit ies as a funct ion of dist ance from the center of the galaxy. The dashed and dot t ed
curves are the cont ribut ion to the rotat ional velocity due to the observed disk and gas, respect ively,
and the dot -dash curve is the cont ribut ion from the dark halo. (From Ref. [36].)

to the Milky Way to est imate the total mass for a \ typical" spiral. He found that M  
1012M  at 200 kpc from the center, implying �spi r al s  0:087h− 1 out to this radius. It
is interest ing that even out to this rather large radius, there is no st rong evidence that
rotat ion speeds drop, so again there is no good upper limit to �spi r al . The number found
by this satellit e galaxy method is similar to the number found by the Local Group Timing
and other methods (see, e.g., Refs. [30] and [29]).

Clusters of Galaxies:
Moving to larger scales, the methods of determining � become less secure, but give

larger values. There is a great deal of new evidence on dark mat ter in clusters of galaxies,
coming from gravitat ional lensing [38], from X-ray gas temperatures [39][40] and from

13



David Šálek: Dark Matter at 13 TeV13/04/2016

Thermal relic

1) DM and SM in thermal equilibrium

2) Universe cools (DM annihilates)

3) Freeze-out

• The abundance is determined by                         
the annihilation cross section.

• Works well for weak scale masses and couplings. 
→ WIMP miracle

• DM could be produced at the LHC.

3
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Figure 4. Comoving number density of a WIMP in the early Universe. The dashed curves are
the actual abundance, and the solid curve is the equilibrium abundance. From [31].
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where the subscript f denotes the value at freezeout and the subscript 0 denotes the value
today. The current ent ropy density is s0 ’ 4000 cm− 3 , and the crit ical density today is
 c ’ 10− 5h2 GeV cm− 3 , where h is the Hubble constant in unit s of 100 km sec− 1 Mpc− 1 ,
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A Thermal Motivation
• Anything that was once in thermal                                

equilibrium with the Standard Model bath                                
in the Early Universe leaves thermal relics 

• If dark matter was once in equilibrium, it                                  
must have an interaction with something.

3
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David Šálek: Searches for Monojet and Monophoton Events with the ATLAS DetectorICHEP2012

Limits on WIMP mass
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [29]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [29]. The upper two plots are based on SR3, the lower two plots on SR4.

• WIMP miracle: The observed thermal relic density can be due to dark matter if 
the mass and the coupling of WIMPs is comparable to weak scale masses and 
weak force. 

➡ Thermal relic density based on WMAP measurements is also indicated assuming 
that WIMPs annihilate exclusively via a particular operator to four light SM 
quarks. 

➡ Above the thermal relic line, other couplings must exist if the WIMP miracle is 
still true.
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The WIMPless Miracle: Dark Matter Particles

without Weak-scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak ≃ 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

⟨σv⟩
∼

m2
X

g4
X

, (1)

where ⟨σv⟩ is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX ̸= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.

ΩX     observed thermal relic density ≈ 0.24
⟨σv⟩   thermally-averaged annihilation cross section
mχ      WIMP mass
gχ       WIMP coupling
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LHC data

• No signs of BSM physics have been observed in the 8 TeV collisions from Run-1.

• Run-2 has provided around 3 fb-1 at 13 TeV already.

• Higher centre-of-mass energy promises better sensitivity to BSM physics especially   
at higher mass scales.
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DM signatures

• mono-X    → see the talks by Dan Levin and Manfred Jeitler

• monojet

• mono-W/Z/γ/H

• DM + heavy flavor

• dijet

• SUSY

• Higgs portal

• BSM Higgs    → see the talk by Zinonas Zinonos

• long-lived particles (composite dark sector)

• indirect constraints from SM precision measurements

5
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Mono-X signatures
• simple idea…

6

p p

missing transverse 
momentum

jet, γ, W, Z, ...

DMDM

highest pT (~970 GeV) single-jet event
observed in the ATLAS 13 TeV data
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Effective Field Theories

• Effective Field Theory models provide a simple framework to compare collider and 
non-collider experiments.

• However, it needs to be used with caution at the LHC.

• The average momentum transfer is comparable to the inferred EFT interaction scale!
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Figure 2: The momentum transfer in the s-channel in Eq. (3.4), weighted with PDFs, as a function of m

DM

,

for di↵erent choices of p

T

, ⌘ of the radiated jet. We considered

p
s = 8TeV.

To assess the validity of the EFT, we first adopt a procedure which, albeit not rigorous, gives an

idea of the error one might make in adopting the EFT. The advantage of this procedure is that it is

model-independent in the sense that it does not depend on the particular UV completion of the EFT

theory. A simple inspection of the expansion (2.5) tells us that the EFT is trustable only if Q2

tr

⌧ M

2

and we take for the typical value of Q
tr

the square root of the averaged squared momentum transfer

in the s-channel, where the average is computed properly weighting with PDFs [32]

hQ2
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q
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) + f

q
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)] ✓(Q
tr

� 2m
DM

)
. (3.5)

The integration in x

1

, x

2

is performed over the kinematically allowed region Q

tr

� 2m
DM

and we

have set the renormalization and factorization scales to p

T

+2[m2

DM

+p

2

T

/4]1/2, as often done by the

LHC collaborations (see e.g. Ref. [6]). The results are plotted in Fig. 2 as a function of the DM mass

m

DM

and for di↵erent choices of p
T

and ⌘ of the radiated jet. From Fig. 2 we see that the lower the

jet p
T

, the lower the momentum transfer is, and therefore the better the EFT will work. The same

is true for smaller DM masses. These behaviors, which are due to the fact we have restricted the

average of the mometum transfer to the kinematically allowed domain, will be confirmed by a more

rigorous approach in the next section. Notice that hQ2

tr

i1/2 is always larger than about 500 GeV,

which poses a strong bound on the cuto↵ scale ⇤: when the coupling constants g
q

and g

�

are close

to their perturbative regime, from the condition (2.7) we get ⇤ & 50 GeV, but when the couplings

are of order unity, one gets a much stronger bound ⇤ & 500 GeV.
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Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
1

Q

2

tr

�M

2

= � 1

M

2

✓
1 +

Q

2

tr

M

2

+O
✓
Q

4

tr

M

4

◆◆
, (2.5)

where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
q

, g

�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle

m

DM

, that is M > m

DM

. So, Eq. (2.4) gives [21]

⇤ & m

DM

4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
tr

< M , i.e. Q
tr

<

p
g

q

g

�

⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g

q

g

�

>

Q

tr

4⇡
, (2.7)

which depends on m

DM

through Q

tr

and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)
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Contact interactions

• It is safe to use EFT when the mediator                                                                   
can be integrated out.

• However, at the LHC energies, the limits                                                                
on the suppression scale are comparable                                                                             
to the momentum transfer!
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by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
1

Q

2

tr

�M

2

= � 1

M

2

✓
1 +

Q

2

tr

M

2

+O
✓
Q

4

tr

M

4

◆◆
, (2.5)
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David Šálek: Dark Matter at 13 TeV13/04/2016

Simplified models

• The Dark Matter Forum report recommends the use of a common set of simplified 
models for early Run-2 searches by ATLAS and CMS.

• choice of the benchmark models:

• based on the existing models in literature

• Does the experimental signature (kinematics) change between models or model 
points?

• Does the model add new experimental signature?

• standardised matrix element implementation

8

1507.00966

http://arxiv.org/abs/1507.00966


David Šálek: Dark Matter at 13 TeV13/04/2016

Grounding assumptions

• Dirac fermion DM

• common in literature

• easy to reinterpret in terms of Majorana fermion

• minimal mediator width

• reduces the dimension of the parameter space

• no room for coupling to other particles

• but couplings to fermions are required by gauge invariance

• Minimal Flavour Violation

• to ensure the models do not violate flavour constraints

• universal quark couplings

• although isovector couplings (gu = -gd) for axial-vector model are also motivated 
(Z boson couples in this way; constructive coupling for direct detection)

9



David Šálek: Dark Matter at 13 TeV13/04/2016

Simplified models

• mono-jet models

• s-channel

• t-channel

• electroweak models

• mono-Z/W/γ
• mono-H

• heavy flavour

• These benchmark models are only a starting point towards more complete models…

➡ future models?

➡ reinterpretations

10

8

Monojet-like models

q̄

q χ (mDM)

χ̄ (mDM)

Z ′ (Mmed)

gq gDM

g

Motivation generic, some of these models velocity suppressed in DD, 
collider searches exploring unprobed region

Model details
DM : Dirac fermion
Mediator:  s-channel vector(axialvector)/scalar (pseudoscalar) 
t-channel, colored mediator

Technical ME implementation in POWHEG, Madgraph, MCFM

Signature jets +MET

➡ Monojet-like models (jets+MET)

9

Electroweak models

➡ Mono-W, mono-Z, mono-photon, mono-Higgs....

/W

/W/! 

Direct DM-V coupling

Motivation low bgd, explore interesting portals, many are 
hard for DD

Model details
DM: fermion/scalar
Gauge invariance correlated gamma/Z/W 
channels,  2 couplings k1/k2

Technical ME implementation ready for W/Z/gamma

Signature W/Z/gamma +MET

10

Electroweak models

➡ Mono-W, mono-Z, mono-photon, mono-Higgs....

Motivation complementary to invisible Higgs search, 
probes underlying DM vertex

Model details DM = scalar/fermion
mediator = vector (Z/Z’)/scalar(h/single S)

Technical ME implementation in Madgraph

Signature Higgs +MET

11

Heavy flavor models

Motivation enhanced couplings to heavy quarks, can explore 
models proposed to explain excesses in indirect det

Model details DM = fermion
mediator = scalar, s-channel, yukawa coupling to SM

Technical ME implementation in Madgraph

Signature b/bb+MET, tt+MET

1507.00966
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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Interpretation

• mass-mass plane: 2-dimensional slice of the 4-dimensional parameter space

• Relic density indicates where this particular model explains the observed abundance.

• perturbative unitarity
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relic abundance is compatible with a single species of DM Dirac fermion and a single

mediator that couples to all SM quarks with equal strength. One should not conclude that

a simplified model is ruled out for values of model parameters that are inconsistent with

the relic density overlay. Rather, one should conclude that additional physics beyond the

simplified model was relevant for determining the DM abundance in the early Universe.

When calculating the relic density, we recommend to include all tree-level processes

relevant for the DM annihilation. In particular, when M

med

< m

DM

, annihilation into

on-shell mediators are typically active, and are particularly important when g

DM

� gq

(e.g. [21]), for which cross sections are typically insensitive to gq, unlike LHC processes.

Numerical tools, such as micrOMEGAs [33] and MadDM [34], can be used to calculate the

regions of relic overproduction or underproduction for the simplified models recommended

by the ATLAS/CMS DM Forum. We provide the results of MadDM calculations for the

models described in Section 2 at [35]. These results were obtained using the coupling

values specified in Section 3.2. The reader should be aware that the axial-vector calculation

does not include an explicit constraint from perturbative unitarity (described below). The

provided curves correspond to ⌦�h
2 = 0.12 (the relic DM density observed by WMAP [36]

and Planck [37]) for the models considered. Larger mediator masses as well as smaller DM

masses (below the curves) correspond to larger values of ⌦�h
2 (and conversely for smaller

mediator masses and larger DM masses).

3.3.2 Perturbativity limits, anomalies and issues with gauge invariance

The couplings recommended by the ATLAS/CMS DM Forum have been fixed to values

which are perturbative, with the mediator width always su�ciently smaller than the medi-

ator mass. However, it was shown in [31, 38] that perturbative unitarity is violated in the

axial-vector model due to the DM Yukawa coupling becoming non-perturbative, even for

perturbative values of gq and g

DM

, if m
DM

is significantly larger than M

med

. It was argued

that this consideration implies m2

DM

g

2

DM

/(⇡M2

med

) < 1/2, which yields m
DM

<

p
⇡/2M

med

for the recommended value g

DM

= 1. It is therefore proposed to indicate the line corre-

sponding to m

DM

=
p
⇡/2M

med

in the mass-mass plot for the axial-vector case in a similar

style as for the relic density constraint (i.e. just a line, no shading).

Another potential problem of the vector and axial-vector model is that they are not

anomaly free if the Z

0 boson couples only to quarks but not to leptons. This implies that

the full theory that ultraviolet completes (2.1) and (2.2) must include new fermions to

cancel the anomalies. While these fermions can be vector-like with respect to the SM,

they will need to be chiral with respect to the new gauge group that gives rise to the Z

0.

In consequence, the additional fermions must have masses of the order of the symmetry-

breaking scale, which is at most a factor of a few above M

med

[38]. While the existence of

additional fermions will lead to new signatures, the precise impact on LHC phenomenology

depends on the specific way the anomalies are cancelled. The resulting model dependence

is di�cult to quantify and we thus propose to ignore the issue of anomalies until it has

been studied in detail by theorists.

The interactions between the spin-0 mediator and the quarks present in the simplified

scalar model are not SU(2)L invariant. As a result, these interactions will violate pertur-
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Vector, Dirac, gq = 0.25, gDM = 1
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Uncertainties
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Figure 1: 95% CL exclusion contours in the mass-mass plane for a simplified model with a

vector mediator, Dirac DM and couplings gq = 0.25 and g

DM

= 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and

the excluded parameter space is to the bottom-left of all contours. The dotted magenta

curve corresponds to the parameters where the correct DM relic abundance is obtained

from standard thermal freeze-out for the chosen couplings. DM is overproduced to the

bottom-right of the curve. The shown LHC results are intended for illustration only and

are not based on real data.

when interpreting supersymmetry searches at the LHC. The parameter space shown in the

mass-mass plots can be divided into three regions:

On-shell region: The on-shell region, M
med

> 2m
DM

, is the region where LHC searches

for MET signatures provide the most stringent constraints. The production rate

of the mediator decreases with increasing M

med

and so does the signal strength in

mono-jet searches. In this region the experimental limits and the signal cross sections

depend in a complex way on all parameters of the simplified model, and it is therefore

in general not possible to translate the CL limit obtained for one fixed set of couplings

gq and g

DM

to another by a simple rescaling procedure.

O↵-shell region: In the o↵-shell region, M
med

< 2m
DM

, pair-production of DM parti-

cles turns o↵ and the constraints from MET searches rapidly lose power. The cross

sections become proportional to the combination g

2

q g
2

DM

of couplings, so that in prin-

ciple the LHC exclusions corresponding to di↵erent coupling choices can be derived by

simple rescalings. Deviations from this scaling are observed on the interface between

on-shell and o↵-shell regions M

med

' 2m
DM

[32]. Note that for M

med

< 2m
DM

an

– 5 –

the partial widths are given by

���̄
vector

=
g

2

DM

M

med

12⇡
(1� 4z

DM

)1/2 (1 + 2z
DM

) , (2.3)

�qq̄
vector

=
g

2

qMmed

4⇡
(1� 4zq)

1/2 (1 + 2zq) , (2.4)

where z
DM,q = m

2

DM,q/M
2

med

and the two di↵erent types of contribution to the width vanish

for M
med

< 2m
DM,q. The corresponding expressions for the axial-vector mediator are

���̄
axial-vector

=
g

2

DM

M

med

12⇡
(1� 4z

DM

)3/2 , (2.5)

�qq̄
axial-vector

=
g

2

q Mmed

4⇡
(1� 4zq)

3/2
. (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator � are described by

L
scalar

= �g

DM

��̄�� gq
�p
2

X

q=u,d,s,c,b,t

yq q̄q , (2.7)

L
pseudo-scalar

= �ig

DM

��̄�

5

�� igq
�p
2

X

q=u,d,s,c,b,t

yq q̄�5q , (2.8)

where yq =
p
2mq/v are the SM quark Yukawa couplings with v ' 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

���̄
scalar

=
g

2

DM

M

med

8⇡

�
1� 4z2

DM

�
3/2

, (2.9)

�qq̄
scalar

=
3g2q y

2

q Mmed

16⇡

�
1� 4z2q

�
3/2

, (2.10)

�gg
scalar

=
↵

2

s g
2

qM
3

med

32⇡3

v

2

��
f

scalar

(4zt)
��2
, (2.11)

while the corresponding expressions in the pseudo-scalar case read

���̄
pseudo-scalar

=
g

2

DM

M

med

8⇡

�
1� 4z2

DM

�
1/2

, (2.12)

�qq̄
pseudo-scalar

=
3g2q y

2

q Mmed

16⇡

�
1� 4z2q

�
1/2

, (2.13)

�gg
pseudo-scalar

=
↵

2

s g
2

qM
3

med

32⇡3

v

2

��
f

pseudo-scalar

(4zt)
��2
. (2.14)

Here the form factors take the form

f

scalar

(⌧) = ⌧


1 + (1� ⌧)arctan2

✓
1p
⌧ � 1

◆�
, (2.15)

f

pseudo-scalar

(⌧) = ⌧ arctan2
✓

1p
⌧ � 1

◆
. (2.16)
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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion � and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass m

DM

, the mediator

mass M

med

, the universal mediator coupling to quarks gq and the mediator coupling to

DM g

DM

. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeM
med

, these (and all) models

converge to a universal set of operators in an e↵ective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z 0, have the following interaction Lagrangians

L
vector

= �g

DM

Z

0
µ�̄�

µ
�� gq

X

q=u,d,s,c,b,t

Z

0
µq̄�

µ
q , (2.1)

L
axial-vector

= �g

DM

Z

0
µ�̄�

µ
�

5

�� gq

X

q=u,d,s,c,b,t

Z

0
µq̄�

µ
�

5

q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.
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Monojet-like models

q̄

q χ (mDM)

χ̄ (mDM)

Z ′ (Mmed)

gq gDM

g

Motivation generic, some of these models velocity suppressed in DD, 
collider searches exploring unprobed region

Model details
DM : Dirac fermion
Mediator:  s-channel vector(axialvector)/scalar (pseudoscalar) 
t-channel, colored mediator

Technical ME implementation in POWHEG, Madgraph, MCFM

Signature jets +MET

➡ Monojet-like models (jets+MET)

→ see the talk by Felix Kahlhoefer

http://arxiv.org/abs/1510.02110
http://arxiv.org/abs/1603.04156
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Interpretation

• In addition, auxiliary plot showing the limit on the signal strength μ may be shown.

• However, it should be made clear that μ must not be confused with a cross section 
rescaling factor.

• Usefulness of such bound on μ is limited to scenarios where kinematic distributions 
remain unaltered for different realisation of the simplified model.

• Narrow width approximation → σ(pp→χχ+j) = σ(pp→Z’+j) BR(Z→χχ)
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Comparison to non-collider results

• Direct detection

• Indirect detection

• These interpretations are valid within the context 
of these particular models only!
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All limits at 95% CL
Pseudo-scalar, Dirac, gq = 1, gDM = 1
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Figure 3: A comparison of the LHC result to the Fermi-LAT limit in the m

DM

–h�v
rel

i
plane. Both limits are at 95% CL. The Fermi-LAT limit is for Dirac DM and assumes that

the only annihilation channel is to uū quarks. The Fermi-LAT limits to other quark-anti-

quark annihilation channels will be similar. The LHC exclusion contour is for a pseudo-

scalar mediator, Dirac DM and couplings gq = 1 and g

DM

= 1. The shown LHC results

are intended for illustration only and are not based on real data.

where f

pseudo-scalar

(⌧) has been defined in (2.16) and ↵s is the strong coupling constant,

which we recommend to evaluate at the scale µ = 2m
DM

. The total cross section is

then given by the sum of the quark and gluon channels (4.11) and (4.12) as well as any

annihilation channels into on-shell mediators which are kinematically allowed and are not

suppressed by the small relative velocities of DM in the galactic halo.

Figure 3 depicts the translation of LHC bounds for a pseudo-scalar mediator to the

m

DM

–h�v
rel

i plane. As with the other plots, we recommend to specify explicitly details

including the mediator and DM type, the choices of couplings and the CL of the exclusion

limits. It is also important to emphasise that the ID limit is for Dirac DM instead of

Majorana DM as assumed in the Fermi-LAT publication. Since the LHC exclusion contour

in the mass-mass plane passes through two values of M
med

, the LHC limit shows a similar

turnover behaviour in the m
DM

–h�v
rel

i plane. In Figure 3 we have depicted both branches

of the exclusion contour that are obtained for fixed DM massm
DM

. It may also be desirable

to show the values of h�v
rel

i in Figure 3 that produce the observed relic density. A standard

reference providing the values of h�v
rel

i as a function of m
DM

is [62]. We reemphasise the

point made in [62] that their displayed values of h�v
rel

i should be multiplied by a factor of

two for Dirac DM.
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(a) (b)

Figure 2: A comparison of LHC results to the m

DM

–�
SI

(a) and m

DM

–�
SD

(b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and g

DM

= 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG

= 1�P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

f

n,p
d ) and [49] (for fn,p

s ) and read f

n
u = 0.019, fn

d = 0.045 and f

n
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3

gq , (4.5)

and therefore the size of a typical cross section is

�

SI

' 6.9⇥ 10�43 cm2 ·
⇣
gqgDM

1

⌘
2

✓
125GeV

M

med

◆
4 ⇣

µn�

1GeV

⌘
2

. (4.6)

4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�

SD

=
3f2(gq)g2

DM

µ

2

n�

⇡M

4

med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

f

p,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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where �(p)
u = �(n)

d = 0.84, �(p)
d = �(n)

u = �0.43 and �s = �0.09 are the values rec-

ommended by the Particle Data Group [50]. Other values are also used in the literature

(see e.g. [51]) and di↵er by up to O(5%).

Under the assumption that the coupling gq is equal for all quarks, one finds

f(gq) = 0.32gq , (4.9)

and thus

�

SD ' 2.4⇥ 10�42 cm2 ·
⇣
gqgDM

0.25

⌘
2

✓
1TeV

M

med

◆
4 ⇣

µn�

1GeV

⌘
2

. (4.10)

We emphasise that the same result is obtained both for the SD DM-proton scattering

cross section �

p
SD

and the SD DM-neutron scattering cross section �

n
SD

. Using (4.10) it is

therefore possible to map collider results on both parameter planes conventionally shown

by DD experiments. Should only one plot be required, we recommend comparing the LHC

results to the DD bounds on �

p
SD

, which is typically more di�cult to constrain.

In the future, it is desirable to consider not only the case gu = gd = gs, but also the

case gu = �gd = �gs, which is well-motivated from embedding the simplified model in the

SM gauge group and can be included without much additional e↵ort. For gu = �gd = �gs

one obtains approximately f

p(gq) = 1.36 gu and f

n(gq) = �1.18 gu, i.e. the DM-neutron

cross section is slightly smaller than the DM-proton cross section.4

4.1.3 Neutrino observatories: IceCube and Super-Kamiokande

The IceCube [53] and Super-Kamiokande [54] neutrino observatories are also able to con-

strain the SI and SD cross sections. When DM particles elastically scatter with elements in

the Sun, they can lose enough energy to become gravitationally bound. Self-annihilation of

the DM particles produces neutrinos (either directly or in showering) that can be searched

for in a neutrino observatory. When the DM capture and annihilation rates are in equilib-

rium, the neutrino flux depends only on the initial capture rate, which is determined by

the SI or SD cross section [55].

The IceCube and Super-Kamiokande limits on �

p
SD

are of particular interest as they

can be stronger than the corresponding bounds from DD experiments. The former bounds

are however more model dependent, since they depend on the particular DM annihilation

channel. For annihilation only into light quarks, the limits are weaker than DD experiments.

For mb < m

DM

< mt, on the other hand, the dominant annihilation channel of the axial-

vector model is to bb̄ and Super-Kamiokande sets more stringent constraints than DD

experiments for m

DM

< 10GeV. For m

DM

> mt, the dominant annihilation channel is

to tt̄ and the resulting constraints from IceCube are stronger than DD experiments. Both

the Super-Kamiokande and IceCube limits can be shown together with other bounds on

the SD DM-proton scattering cross section.

4LHC searches are only sensitive to the relative sign between gu and gd if both types of quarks are present

in a single process (e.g. ud̄ ! ud̄+��̄ or uū ! dd̄+��̄). Such processes give a subleading e↵ect in mono-jet

searches and are presently not included in the signal computation. As a result, the signal prediction for

mono-jets turns out to be independent of the relative sign between the individual quark couplings [52].
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While strong bounds are obtained for annihilation into bosons or leptons, these cou-

plings are not present in the simplified models considered here. Therefore, we do not

recommend showing the IceCube or Super-Kamiokande limits for annihilation into bosons

or leptons. Note also that the IceCube bounds may be further modified if the DM particles

can directly annihilate into the mediator (see the discussion in [56]). Form
DM

. 4 GeV, the

e↵ects of DM evaporation from the Sun are important, so placing limits on �

p
SD

and �

SI

from

neutrinos coming from the Sun becomes very di�cult in this low-mass regime (see e.g. [57]).

4.2 ID experiments

For a pseudo-scalar mediator, the rate at DD experiments is suppressed by additional

velocity-dependent terms entering the cross section. As a result, DD experiments have very

little sensitivity for this scenario and it is not worthwhile to compare LHC results to the

usual bounds on SI and SD cross sections. Instead, LHC bounds can be compared against

the limits from ID experiments. For example, Fermi-LAT places 95% CL constraints on the

self-annihilation cross section from observations of dwarf spheroidal galaxies [58].5 Limits

are set on the cross section h�v
rel

i to annihilate to a single particle-anti-particle final state.

There are a number of subtleties when dealing with these limits. Firstly, all of the

bounds shown in [58] are for a Majorana fermion. ID annihilation cross section limits for

a Dirac fermion are larger by a factor of two and therefore need to be rescaled before they

can be compared to the Dirac DM simplified model considered here. Secondly, the limits

are for single particle-anti-particle final states while models typically include more than one

final state. For the pseudo-scalar model, for example, DM annihilates to all quarks with

branching ratios approximately proportional to m

2

q . In practice, however, the gamma-

ray flux that is observed from annihilating to di↵erent quarks (or gluons) is small [60].

The Fermi-LAT limits [58] also demonstrate that there is a negligible di↵erence between

the limits on h�v
rel

i in uū and bb̄ final states. We therefore suggest to only show the bound

on uū from Fermi-LAT in comparison with the calculated bound on the total annihilation

cross section, as representative of the limits to final states involving linear combinations of

di↵erent quarks or gluons.

The annihilation cross section into a qq̄ final state is (see e.g. [61] for a recent example)

h�v
rel

iq =
3m2

q

2⇡v2
g

2

q g
2

DM

m

2

DM

(M2

med

� 4m2

DM

)2 +M

2

med

�2

med

s

1� m

2

q

m

2

DM

, (4.11)

where �
med

is the total width of the mediator (see Section 2.2). Similarly, the annihilation

cross section into a pair of gluons is given by

h�v
rel

ig =
↵

2

s

2⇡3

v

2

g

2

q g
2

DM

(M2

med

� 4m2

DM

)2 +M

2

med

�2

med

�����
X

q

m

2

q fpseudo-scalar

 
m

2

q

m

2

�

!�����

2

, (4.12)

5The galactic center is also potentially a promising DM target. Current observations show an excess

of gamma rays which are roughly consistent with a DM signal, but cannot be conclusively identified as

such due to poorly understood astrophysical backgrounds [59]. The regions of simplified models capable of

reproducing this excess are currently regions of particular interest for collider and direct searches.
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While strong bounds are obtained for annihilation into bosons or leptons, these cou-

plings are not present in the simplified models considered here. Therefore, we do not

recommend showing the IceCube or Super-Kamiokande limits for annihilation into bosons

or leptons. Note also that the IceCube bounds may be further modified if the DM particles

can directly annihilate into the mediator (see the discussion in [56]). Form
DM

. 4 GeV, the

e↵ects of DM evaporation from the Sun are important, so placing limits on �

p
SD

and �

SI

from

neutrinos coming from the Sun becomes very di�cult in this low-mass regime (see e.g. [57]).

4.2 ID experiments

For a pseudo-scalar mediator, the rate at DD experiments is suppressed by additional

velocity-dependent terms entering the cross section. As a result, DD experiments have very

little sensitivity for this scenario and it is not worthwhile to compare LHC results to the

usual bounds on SI and SD cross sections. Instead, LHC bounds can be compared against

the limits from ID experiments. For example, Fermi-LAT places 95% CL constraints on the

self-annihilation cross section from observations of dwarf spheroidal galaxies [58].5 Limits

are set on the cross section h�v
rel

i to annihilate to a single particle-anti-particle final state.

There are a number of subtleties when dealing with these limits. Firstly, all of the

bounds shown in [58] are for a Majorana fermion. ID annihilation cross section limits for

a Dirac fermion are larger by a factor of two and therefore need to be rescaled before they

can be compared to the Dirac DM simplified model considered here. Secondly, the limits

are for single particle-anti-particle final states while models typically include more than one

final state. For the pseudo-scalar model, for example, DM annihilates to all quarks with

branching ratios approximately proportional to m

2

q . In practice, however, the gamma-

ray flux that is observed from annihilating to di↵erent quarks (or gluons) is small [60].

The Fermi-LAT limits [58] also demonstrate that there is a negligible di↵erence between

the limits on h�v
rel

i in uū and bb̄ final states. We therefore suggest to only show the bound

on uū from Fermi-LAT in comparison with the calculated bound on the total annihilation

cross section, as representative of the limits to final states involving linear combinations of

di↵erent quarks or gluons.

The annihilation cross section into a qq̄ final state is (see e.g. [61] for a recent example)

h�v
rel

iq =
3m2

q

2⇡v2
g

2

q g
2

DM

m

2

DM

(M2

med

� 4m2

DM

)2 +M

2

med

�2

med

s

1� m

2

q

m

2

DM

, (4.11)

where �
med

is the total width of the mediator (see Section 2.2). Similarly, the annihilation

cross section into a pair of gluons is given by

h�v
rel

ig =
↵

2

s

2⇡3

v

2

g

2

q g
2

DM

(M2

med

� 4m2

DM

)2 +M

2

med

�2

med

�����
X

q

m

2

q fpseudo-scalar

 
m

2

q

m

2

�

!�����

2

, (4.12)

5The galactic center is also potentially a promising DM target. Current observations show an excess

of gamma rays which are roughly consistent with a DM signal, but cannot be conclusively identified as

such due to poorly understood astrophysical backgrounds [59]. The regions of simplified models capable of

reproducing this excess are currently regions of particular interest for collider and direct searches.
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Figure 2: A comparison of LHC results to the m

DM

–�
SI

(a) and m

DM

–�
SD

(b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and g

DM

= 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG

= 1�P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

f

n,p
d ) and [49] (for fn,p

s ) and read f

n
u = 0.019, fn

d = 0.045 and f

n
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3

gq , (4.5)

and therefore the size of a typical cross section is

�

SI

' 6.9⇥ 10�43 cm2 ·
⇣
gqgDM

1

⌘
2

✓
125GeV

M

med

◆
4 ⇣

µn�

1GeV

⌘
2

. (4.6)

4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�

SD

=
3f2(gq)g2

DM

µ

2

n�

⇡M

4

med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

f

p,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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Monojet searches

• The mono-jet analysis is taken as the most sensitive generic DM search…

• … Is it really the case?

14

EXO-15-003EXOT-2015-03

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
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Jet multiplicity

• jet multiplicity in the monojet 
searches:

• ATLAS 7 TeV: exactly 1 jet

• CMS 7 and 8 TeV: up to 2 jets

• ATLAS 8 TeV: monojet-like          
(pT/MET > 0.5)

• ATLAS 13 TeV: up to 4 jets

• CMS 13 TeV: fully inclusive search

• The jet multiplicity selection is driven 
by two factors:

• orthogonality to other searches   
(e.g. SUSY starts with 2 jets)

• sensitivity to DM models

• Large portion of the signal cross 
section comes from higher jet 
multiplicity final states.

• It is important to model the QCD 
effects precisely                       
(NLO implementation)

15

monojets and multijets

I large centre-of-mass energy: soft QCD radiation can easily generate additional jets with
pT,j > 30 GeV (cut used at Run I and so far(?) at Run II)

I 3 (or more) jet events are not that rare, hence jet-veto has large impact; particularly so for
gluon-induced processes

I for discovery, in general one looks to mono-X processes (typically monojet/monophoton)

I simple observation: make use of all the information encoded in multijets+MET events

5 / 15
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Jet multiplicity

• Production of pseudo-scalar or scalar mediators is dominated by gluon fusion which 
in general leads to higher jet multiplicities.

• Multijet searches, such as MT2 search, may have stronger sensitivity to pseudo-scalar 
mediators than monojets.

16
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FIG. 1. Comparison of the expected 90% CL exclusion con-
tours from our mono-jet (blue line) and MT2 (red line) anal-
yses. Regions below and above the lines are excluded in the
upper and lower panels, respectively. The expected MT2 lim-
its are significantly better than the expected mono-jet limits
over the entire parameter space.

find that the low and medium HT categories for two jets
provide a large fraction of the sensitivity for our pseu-
doscalar model. However, significant additional sensitiv-
ity is gained by the inclusion of low and medium HT cat-
egories with 3-5 jets. The higher-jet bins are particularly
important for our model since ⇠ 60% and ⇠ 30% of the
events in the low and medium HT categories have gluon-
fusion (gg) and quark-gluon (qg) production, which typi-
cally produce more jets in the final state. The remaining
⇠ 10% of events are from quark anti-quark (qq̄) or gluon
heavy-quark initial states. Having demonstrated the en-
hanced sensitivity ofMT2 over the mono-jet search, in the
following we will show only limits from the MT2 analysis.

CONSTRAINING THE FERMI-LAT EXCESS

The Fermi-LAT observation of a spatially extended
gamma-ray excess around the Galactic Centre has gener-

ated great interest since it may be explained by annihilat-
ing DM. Unfortunately, many indirect detection signals,
including the Fermi-LAT excess, do not give irrefutable
evidence for DM because of large astrophysical uncertain-
ties [31]. For instance, Ref. [32] suggests that the excess
could be explained by point sources (PS) that lie just be-
low the current Fermi-LAT threshold. While detecting
members of the PS population would corroborate an as-
trophysical origin for the excess, a complementary signal
in direct detection or collider experiments is required to
corroborate a DM origin.
A plethora of models involving a pseudoscalar me-

diator have been proposed to explain the Fermi-LAT
excess [6, 33]. As pseudoscalar-mediated interactions
are suppressed at direct detection experiments, collid-
ers are the most promising way to independently test
a pseudoscalar-mediated explanation for the gamma-ray
excess. We therefore investigate the implications of the
MT2 limits on the model defined by Eq. (1), which can
explain the Fermi-LAT excess.
We fit to the Fermi-LAT excess energy spectrum in [3],

assuming the DM halo follows a generalised NFW pro-
file with � = 1.26, rs = 20 kpc, r

�

= 8.5 kpc and
⇢
�

= 0.4 GeV cm�3. We shower the annihilation prod-
ucts with Pythia 8.186 [29]. For this model, we ob-
tain mDM = 44.9+5.3

�4.6 GeV. As in [3], we find that
values up to mDM ' 65 GeV provide a reasonable fit
(p-value > 0.05). For mDM = 45 GeV and the halo
parameters mentioned, the preferred annihilation cross-
section is h�vi = 3.2 ± 0.4 ⇥ 10�26 cm3 s�1. This is a
factor of two larger than values in Ref. [3] because we
assume � is a Dirac fermion while Ref. [3] assumed a
Majorana fermion.
The annihilation cross-section for ��̄ ! A ! qq̄ is

h�viq =
3m2

q

2⇡v2
g2DMg2SMm2

DM

(M2
A � 4m2

DM)2 +M2
A�

2
A

s

1� m2
q

m2
DM

.

(2)
This equation allows us to map h�vi = P

qh�viq to the
parameters in our model. The shaded blue bands in
Fig. 2 show the region consistent with the Fermi-LAT
excess. In all panels, we assumed mDM = 45 GeV and
h�vi = 1.4 to 3.3⇥10�26 cm3 s�1. The lower value follows
from variations in the halo parameters, principally ⇢

�

which may be as large as 0.56 GeV cm�3 [34] (the anni-
hilation flux � scales as � / ⇢2DMh�vi). The upper value
follows from the Fermi-LAT 95% CL upper limit on h�vi
from dwarf spheroidal galaxies [35].
To compare the region consistent with the Fermi-LAT

excess with the MT2 search, we establish both expected
and observed 90% CL limits. These are given by the
dotted black and solid red lines, respectively in Fig. 2.
To quantify the compatibility of the expected and ob-
served limits we also determine the expected ±1� and
±2� bands (shaded green and yellow respectively) with a
toy experiment technique using the reported background

hep-ph/9906349
1502.04358

1505.07826

the (probably massive) νl4 going unobserved, while the W bosons could be detected in their
decays to either lν or to jets.

We now look specifically at the process given in equation 4, although the variable which
we define would work identically in any process where a particle is pair produced and decays
to one visible and one invisible particle.

The variable that we wish to introduce is closely related to mT , however the standard
definition of mT , given in equation 2, assumes that the unobserved particle is massless, so
we return to the derivation of this variable. For the decay,

l̃ → lχ̃ (6)

for arbitrary momenta we can write,

m2

l̃
= m2

l + m2
χ̃ + 2(ET lET χ̃ cosh(∆η) − pT l · pT χ̃) (7)

where ET =
√

p2
T + m2 and ∆η is the difference in rapidity, η = 1

2
ln[(E + pz)/(E − pz)],

between between the l and χ̃.

Now as cosh η ≥ 1 we have,

m2

l̃
≥ m2

T (pT l,pT χ̃) ≡ m2
l + m2

χ̃ + 2(ET lET χ̃ − pT l · pT χ̃). (8)

This gives a version of transverse mass valid for arbitrary masses, with equality when the l
and χ̃ are produced with the same rapidity. Notice that ET l and ET χ̃ depend on m2

l and m2
χ̃

respectively.

The transverse mass can’t be formed directly from the process in equation (4), as both
the neutralinos give rise to missing momentum, however we can experimentally measure the
sum of their transverse momenta as the missing transverse momenta in the event,

/pT = pT χ̃a
+ pT χ̃b

. (9)

If pT χ̃a
and pT χ̃b

were obtainable, then one could form two transverse masses, and using the
relationship (8) obtain,

m2

l̃
≥ max{m2

T (pT l−,pT χ̃a
), m2

T (pT l+,pT χ̃b
)} (10)

However, not knowing the form of the splitting (9), the best we can say is that:

m2

l̃
≥ M2

T2 ≡ min
/p1+/p2=/pT

[

max {m2
T (pT l−, /p1), m

2
T (pT l+ , /p2)}

]

(11)

With the minimization over all possible 2-momenta, /p1,2, such that their sum gives the
observed missing transverse momentum, /pT . This is the variable, called MT2, that we wish
to introduce. This bound we can obtain directly from experimentally measured parameters.
Although not totally transparent, for particular momenta, MT2 can be equal to ml̃; the
requirement being that for both slepton decays the lepton and neutralino are produced at

3

http://arxiv.org/pdf/hep-ph/9906349v1.pdf
http://arxiv.org/pdf/1502.04358v2.pdf
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Supersymmetry

• SUSY searches usually involve 2 or more visible final 
state particles and missing transverse momentum 
(due to LSP dark matter).

• Compressed spectra may lead to monojet final states 
(soft jets due to small mass splitting).

➡ complementarity between mono-X and SUSY

17

SUSY and DM complementarity

SUSY searches æ Stu� + MET (assuming LSP DM)

• Stu� generally (but not always)
means Ø 2 particles

• Vast majority of searches are NOT
SUSY specific

• Simply looking for a heavy state
that decays to MET + ....

• Majority of searches target decay
products

p

p q̃

g̃

�̃02

q̃

�̃01

˜̀
`

`

q

q

q

�̃01

SUSY searches æ General DM searches

DRAFT

A

q
g

�

q̄ �̄

gq g�

Figure 1: (Left) A generic diagram for the pair production of squarks with the decay mode q̃ ! q + �̃0
1. (Right)

Diagram for the pair production of weakly interacting massive particles, with a leptophobic Z0-like mediator A with
axial-vector couplings exchanged in the s-channel. The presence of a jet from initial-state radiation is also indicated
for illustration purposes.

to other SM particles are not allowed and the miminal mediator width is taken, defined in accord with96

Ref. [41] as97

�min =
g2
�mA

12⇡
�3
�✓(mA � 2m�) +

X

q

3g2
qmA

12⇡
�3

q✓(mA � 2mq) , (1)

where ✓(x) denotes the Heaviside step function and � f =

r
1 � 4m2

f

m2
A

is the velocity of the fermion f with98

mass m f in the mediator rest frame. The sum runs over all quark flavors. The monojet-like signature in99

this model emerges from initial-state radiation of a gluon as shown in Fig 1.100

The paper is organized as follows. The ATLAS detector is described in the next section. Section 3101

provides details of the simulations used in the analysis for background and signal processes. Section 4102

discusses the reconstruction of jets, leptons, and missing transverse momentum, while Section 5 describes103

the event selection. The estimation of background contributions and the study of systematic uncertainties104

are discussed in Sections 6 and 7. The results are presented in Section 8 and are interpreted in terms of105

limits in models for ADD LED, SUSY in compressed scenarios, and WIMP pair production. Finally,106

Section 9 is devoted to the conclusions.107

2 Experimental setup108

The ATLAS detector [44] covers almost the whole solid angle2 around the collision point with layers of109

tracking detectors, calorimeters, and muon chambers. The ATLAS inner detector covers the pseudorapid-110

ity range |⌘| < 2.5. It consists of a silicon pixel detector, a silicon microstrip detector, and a straw tube111

2 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
center of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and
the y-axis points upward. The azimuthal angle � is measured around the beam axis, and the polar angle ✓ is measured with
respect to the z-axis. The transverse energy is defined as ET = E sin✓, the transverse momentum as pT = p sin✓, and the
pseudorapidity as ⌘ = �ln[tan(✓/2)]. The rapidity is defined as y = 0.5 ⇥ ln[(E + pz)/(E � pz)], where E denotes the energy
and pz is the component of the momentum along the beam direction.

22nd March 2016 – 18:35 4
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Examples from Run-2

• CMS inclusive 0L, MT2           
bottom squark NLSP                
1603.04053

• ATLAS monojet                           
top squark NLSP                        
EXOT-2015-03

18

http://arxiv.org/abs/1603.04053
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
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Mono-W/Z(qq)

• jet final states

• Mono-W/Z(qq) signal may also 
pass the monojet selection.

• CMS accounts for this by 
performing a combined search for 
new physics in the  V/jet + MET 
final states.                                
EXO-12-055

• gauge invariance

• Constructive interference          
(u = -d) leads to enhanced LHC 
sensitivity.

• However, such extreme 
interference violates gauge 
invariance.                     
1503.07874

19

 [GeV]χm
1 10 210

3
10

-4610

-4410

-4210

-4010

-3810

-3610

SIMPLE 2011
-

W+IceCube W

bIceCube b

COUPP 2012

PICASSO 2012

D9:obs

)χχD9: ATLAS 7TeV j(

 = 8 TeVs  
-1

        20.3 fb

spin-dependent

ATLAS

 [GeV]χm
1 10 210

3
10

]
2

-N
 c

ro
ss

-s
e
ct

io
n
 [
cm

χ

-4610

-4410

-4210

-4010

-3810

-3610
D5(u=-d):obs

D5(u=d):obs

)χχD5:ATLAS 7TeV j(

COUPP 2012

CoGeNT 2010

XENON100 2012

CDMS low-energy

spin-independent

90% CL

PRL 112, 041802 (2014)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-12-055/index.html
http://arxiv.org/pdf/1503.07874v1.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-27/


David Šálek: Dark Matter at 13 TeV13/04/2016

Searching for new mediators

• s-channel simplified models: 4 free parameters: mχ, MR, gq, gχ

• Simplified models allow for a richer phenomenology and more complex 
interpretations → complementarity among various search channels at the LHC,      
e.g. mono-jets and di-jets 1503.05916
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Felix Kahlhoefer  |  Constraining Dark Sectors with Monojets and Dijets |  13 August 2015  |  Page 7

Motivation: New mediators

> If the DM particle and the mediator of the DM interactions are 
comparable in mass, the phenomenology can become much more 
interesting:

indirect detection direct detection mono-jets di-jets

Felix Kahlhoefer  |  Constraining Dark Sectors with Monojets and Dijets |  13 August 2015  |  Page 14

Motivation: Axial-vector mediators

> For  the mediator 
decays dominantly into quarks 
(even if M

R
 >> m

χ
).

> We expect dijet searches to 
give the strongest constraints 
on the entire parameter space.

> For  the mediator 
decays dominantly into DM as 
soon as the phase space for 
this decay channel opens up.

> For light DM, the strongest 
constraints are expected to 
result from monojet searches.
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
by DSP overproduction (red) and perturbativity (grey). For the left (right) column, we have fixed
g ⌘ (gA

� gA
q )1/2 = 1 (g = 0.5), while the di↵erent rows show di↵erent coupling ratios gA
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Dijet resonances

• Selection:

• pT > 440 GeV

• |y*| = 1/2 |y1-y2| < 0.6

• Background obtained from a fit 
p1 (1-x)p2 xp3 + p4 ln x

• BumpHunter most discrepant 
interval

21

EXOT-2015-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-02/
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Dijet event

22

two central high-pT jets with invariant mass of 7.9 TeV observed in the ATLAS 13 TeV data
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Summary plot
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Associated dijet production

• For large couplings, the usual searches for narrow resonances no longer apply.

• The multijet background limits the LHC searches for Z’ below 1 TeV.

• Searching for associated dijet production may increase the sensitivity to lower 
masses.
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Figure 2: Comparison between the combined constraint of different channels shown in Fig. 1 and the
constraints from dijet and monojet searches. We have assumed r ≡ gD/g′Z = 1. The thick black curves
shows the combined constraint as in Fig. 1. The red curve corresponds to the 95% C.L. ATLAS monojet
upper limit. The green and blue curves correspond to 95% C.L. upper limits from CDF and ATLAS dijet
searches, respectively. The purple curve corresponds to 90% C.L. upper limits from UA2 dijet search.

comparison between the associated dijet constraint and the monojet constraint, a large amount of the
background events can be removed with the help of the invariant mass window cut, so the associated
dijet constraint can be stronger than the monojet constraint. On the other hand, as discussed before,
in the very light Z ′ region (M ′

Z ! 80 GeV), the two jets from the decay of Z ′ are either highly boosted
and cannot be distinguished from a single jet, or probably cut by the pTJ > 50 GeV threshold which is
roughly half of the resonance mass, whereas the invisible decay of Z ′ is only characterized by large missing
transverse energy. Therefore, in this region the monojet constraints can be stronger than the associated
dijet constraint.

Before the end of this section, we briefly mention some existing results in the W±+ dijet resonance
channel. Mainly motivated by checking the CDF W±+ dijet anomaly, the ATLAS [51] and more recently
CMS group [52] have performed searches in the same channel. In [51] based on 5 fb−1 integrated luminosity
a leptophobic Z ′ of 150 GeV and gZ′ ≃ 0.2 [53] is excluded. This is in broad agreement with our results
shown in Fig. 1. Possible strategies to enhance the LHC reach in the W±+ dijet has also been studied
in [54]. However, the kinematics of this model in which the djiet resonance and W are decay products of
a heavier new resonance, is very different from the scenario considered in this paper.

4 Z ′ as a Portal between the SM and Dark Matter

The Z ′ can mediate interaction between dark matter and SM particles, forming the so called dark portal.
In this case, the constraint on gZ′ can be mapped onto the constraints on DM direct detection cross
section. The direct detection cross section for a nucleon (proton or neutron) is

σSI ≃
9g2Z′g2DM

2
NM2

D

πM4
Z′(MD +MN )2

≃ 7.7× 10−40
(gZ′

0.1

)2 ( gD
0.1

)2
(

100GeV

MZ′

)4

cm2, (18)

where MN is the mass of the nucleons, and MD = 5 GeV is assumed.
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Figure 1: Reach plots for S/
√
B for the Z ′ + jet (red), the Z ′ + γ (green), the Z ′ + W± (blue) and

the Z ′ + Z0 (purple) channels, for 15 fb−1 integrated luminosity and S/
√
B = 2 which corresponds to

95% confidence level. All the channel is assuming gZ′L = gZ′R = gZ′ , and in the Z ′ + Z0 channel the
reach from two charged leptons decay product and from two neutrinos are combined. Eventually their
combination for exclusion is shown as the black thick line.

trigger is still considerable. Taking this into consideration, the background will increase by about 20%.
The Z ′ + W± channel has comparable S/

√
B ratio with the Z ′ + γ channel over all the Z ′ mass

region, which is just a coincidence of various physical reasons contributing in different directions. For
example, the weak coupling is larger than the electromagnetic coupling, the W± is massive so that the
production is relatively suppressed. W± → ℓ± has further suppression from the leptonic decay branching
ratio. At the same time, the γs are concentrated in the collinear region and hard to pass the pTγ > 50
GeV selection cut, while the acceptance of a W± → ℓ± is higher.

For the Z ′ + Z0 channel, we have to combine its two decay channels. The neutrino channel has a
larger branching ratio (∼20%) than the chagerd lepton channel (∼6.7%), and the former has a slightly
better S/

√
B. However, even the combined signal significance is much smaller than other channels, so

this channel is less interesting.
We have also checked the Z ′ + Z ′ pair production channel. The S/

√
B ratio is always much less than

1 in the region of mass and coupling we focus on. One reason is that the couplings are all relatively small,
which leads to small production cross section. At the same time, the signal is in a pure 4-jet final state,
which is overwhelmed by the dominant QCD background. For a similar background rate with the 3-jet
case we have to use nearly the same jet pTJ thresholds, but the signal cross section is further suppressed
by a small factor of g2Z′ . Therefore, the reach in this channel would be much weaker, and we will not
provide the full analysis here.

Fig. 2 shows the comparison between the constraints from dijet search with associated products,
monojet search and direct dijet searches. To make connection with dark matter detection, we will now
consider gD ̸= 0 and introduce r ≡ gD/gZ′ to parameterize its size. As an illustration, we assume
r ≡ gD/gZ′ = 1 in Fig. 2 . The red curve is the 95% C.L. upper limit from ATLAS monojet searches [47],
the green and blue curves are the 95% C.L. upper limit from the CDF [48] and ATLAS [49] dijet resonance
searches, and the purple curve shows the 90%C.L. upper limit from UA2 dijet resonance search [50],
respectively. For dijet searches, colliders with smaller centre-of-mass energy give stronger constraints,
since when MZ′ is much smaller than the centre-of-mass energy of the collider, the constraint suffers
from large QCD background due to the peak of the gluon parton distribution function at low x. For the

7
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Trigger-level analysis

• The dijet rate is too high to record at low masses                                                  
→ online data scouting (trigger level analysis)
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DM + heavy flavour

• search for DM in association with top or bottom quarks

• Many theoretically motivated scenarios (e.g. 2HDM, pMSSM) privilege the coupling of 
spin-0 mediators to down generation quarks.

• Monojet is suppressed for Yukawa-like couplings.
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Reinterpretation
• It would be good if every analysis provided sufficient information in electronic format 

to reinterpret the results in the context of different models:

• signal region definitions, cutflow, cross section, acceptance, efficiency,   
experimental uncertainties

• likelihood from each signal region, correlations among signal regions

• Les Houches accord 1203.2489 (also appendix B in the DM Forum report 1507.00966)

• Are ATLAS and CMS giving sufficient information for reinterpretation?

• Examples worth following:

• ATLAS 13 TeV monojet search EXOT-2015-03

• simplified shape fit is used to in order to enhance sensitivity to various models

• yields from exclusive signal regions are given for reinterpretation

• CMS 8 TeV direct top squark search in the single lepton final state SUS-13-011

• code to calculate observables is given at the analysis webpage

• CMS 8 TeV SUSY search with boosted W bosons and b jets SUS-14-007

• gives detailed likelihood description
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BSM Higgs searches

• 2HDM

• simplest possible extension of the Standard Model

• 2HDM and nMSSM

• two Higgs doublets and an additional complex singlet

• hMSSM

• simple parameterisation of the CP-conserving MSSM Higgs sector                  
using mH = 125 GeV

• high mass Higgs search

• diphoton excess

• 750 GeV with 3.6 local significance by ATLAS ATLAS-CONF-2016-018

• 760 GeV with 2.6 local significance by CMS EXO-16-018

• invisibly decaying Higgs bosons
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    Indirect searches

• ATLAS and CMS provide impressive 
measurements of the Higgs boson                    
(e.g. mass measured within 0.2%)

• A lot of parameters are still relatively 
unconstrained                                              
(e.g. the indirect limit on the width is ~4 ΓSM)

➡ room for Higgs boson couplings to DM

• ATLAS+CMS combination gives indirect 
observed (expected) limit on BRBSM of 0.34 
(0.35).
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Direct searches

• Dedicated searches for invisibly decaying Higgs bosons are performed for the 
following Higgs production mechanisms:

• gluon fusion: needs ISR, high signal (and background) rate

• vector boson fusion: second highest rate and district topology, most sensitivity

• associated production: clean final states, low rate

30

How to search for invisibly decaying Higgs bosons

Direct searches

I Look for associated Higgs boson products plus Emiss
T

Production channels

I VBF mode is most sensitive

- Second highest rate and
distinctive topology

I Gluon fusion has no visible
products, needs ISR

- High rate, di�cult final state

I VH has clean final states but
low rate
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ATLAS combination

• combination of direct searches

• VBF

• associated production, Z→ll

• associated production,  W/Z→jj

• observed (expected) limit at 95% CL 
on BRinv of 0.25 (0.27)

• Combining with indirect searches 
adds assumption on the Higgs total 
width.

• observed (expected) limit at 95% CL 
on BRinv of 0.23 (0.24)
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CMS combination

• Combination of direct searches from Run-1 and Run-2

• observed (expected) limit at 95% CL on BRinv of 0.32 (0.26)
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Future projections

• projection of the CMS VBF analysis

• BRBSM ~ 5% may be reached with the full LHC data set with the systematic 
uncertainty improving as √L
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FIG. 7: Expected limits on BR(H125 ! inv.) for the 125 GeV Higgs boson, as a function of integrated luminosity. Projections
were made both assuming that the systematic uncertainties remain constant (red), and assuming that they scale with the
square root of the collected luminosity (blue). In the latter case, the systematic error is assumed have the same values as those
seen in the 8 TeV VBF produced invisible Higgs boson decay search [77] after a luminosity of 19.2 fb�1. This level of systematic
uncertainty is taken as the initial value for the constant-systematic assumption.
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FIG. 8: Expected limits on g� for the 125 GeV Higgs boson, for three integrated luminosity scenarios, assuming that systematic
uncertainties scale with the square root of the collected luminosity.

from on-shell to o↵-shell dark matter, as the production cross section scales as g2v = g2� for the former and g2vg
2
� = g4�

for the latter, under our simplifying assumption that gv = g�.
Figure 9 shows the expected 95% CL exclusion sensitivity on the coupling g� for heavy scalar bosons H and heavy

pseudoscalars A, for three integrated luminosity scenarios, as a function of mediator mass mH/A and dark matter mass
m�, assuming gv = g�. In the absence of couplings to W or Z bosons the e�ciency of these mediator to fulfill the
VBF selection requirements is low, as can be seen in the right panel of Fig. 4, and large luminosities are required to
set any meaningful bounds. Note that the limits on scalar mediators are significantly weaker than for pseudoscalars,
due to a slightly smaller production cross section and a softer /ET spectrum, making for a lower e�ciency to pass
selection.

In both the scalar and pseudoscalar case, there is a notable drop in sensitivity as we cross from on-shell to o↵-shell
production, as was seen in Fig. 8 when we considered the H125-mediated production. As we move to the o↵-shell case,
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Inelastic Dark Matter

• two dark states that couple inelastically

• experimental signature:

• jet + MET + soft collimated particles

• long-lived decays 

• proposed search:

• dark photon model

• monojet + MET + displaced muon jet
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Discovering Inelastic Thermal-Relic Dark Matter at Colliders

Eder Izaguirre,1 Gordan Krnjaic,1 and Brian Shuve1

1Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

Dark Matter particles with inelastic interactions are ubiquitous in extensions of the Standard
Model, yet remain challenging to fully probe with existing strategies. We propose a series of powerful
searches at hadron and lepton colliders that are sensitive to inelastic dark matter dynamics. In
representative models featuring either a massive dark photon or a magnetic dipole interaction,
we find that the LHC and BaBar could o↵er strong sensitivity to the thermal-relic dark matter
parameter space for dark matter masses between ⇠ 100 MeV–100 GeV and fractional mass-splittings
above the percent level; future searches at Belle II with a dedicated monophoton trigger could also
o↵er sensitivity to thermal-relic scenarios with masses below a few GeV. Thermal scenarios with
either larger masses or splittings are largely ruled out; lower masses remain viable yet may be
accessible with other search strategies.

I. INTRODUCTION

The observed cosmic abundance of dark matter (DM)
[1, 2] is clear evidence of physics beyond the Standard
Model (SM). While the non-gravitational dynamics of
DM are not currently known, additional interactions with
the SM are well-motivated and arise in many theories. In
thermal DM scenarios - a compelling paradigm for DM
physics - these possible interactions account for the ob-
served cosmological abundance via DM annihilation into
the SM. This framework motivates DM physics with both
mass scales and interaction strengths potentially accessi-
ble at current experiments. It is therefore imperative to
robustly test the thermal DM paradigm with broad and
complementary experimental approaches.

In the most commonly studied weakly interacting mas-
sive particle (WIMP) DM scenario, there is only one DM
particle which interacts with the SM via a single type
of interaction. In this case, obtaining the observed DM
abundance through thermal freeze-out fixes a minimum
coupling between SM and DM states, and a variety of
experiments can be used to test the possibility of ther-
mal DM. These constraints are strongest for DM with
masses above a few GeV, and a combination of direct-
detection, indirect-detection, collider, beam-dump, as-
trophysical, and cosmological probes can dramatically
narrow the window for thermal DM [3–6].

However, the dark side of particle physics could exhibit
a richer structure, especially given the complexity of the
SM, and DM could even live in a dark sector (DS) with
additional particles and forces [7–11]. This presents both
new challenges and new opportunities: some probes of
DM can be dramatically less sensitive in even the sim-
plest DS scenarios, relaxing the constraints on thermal
DM, while at the same time new prospects for the dis-
covery of DM emerge.

In this paper, we explore some of the striking signa-
tures at colliders that can appear in a generic DS. A
representative example of a DS consists of a dark mat-
ter particle which is charged under a hidden gauge or
global symmetry. The DM can have both a symmetry-
preserving mass and, if the symmetry is spontaneously

broken, also a symmetry-violating mass, which splits
the mass eigenstates. In the limit that the symmetry-
breaking mass is much smaller than the symmetry-
preserving mass, the DM interactions are o↵-diagonal
(between di↵erent mass eigenstates). This is a straight-
forward realization of the inelastic DM (iDM) scenario
proposed by Tucker-Smith and Weiner [12], with pro-
found implications for experimental probes of DM. In
particular, the abundance of the heavier eigenstate can
be large in the early universe, facilitating e�cient co-
annihilation of DM, whereas the heavier eigenstate is de-
pleted today, suppressing indirect- and direct-detection
signatures. The small DM halo velocities imply that
DM has insu�cient energy to up-scatter into the heavier
state, and so interactions through the o↵-diagonal cou-
pling are ine↵ective today.

By contrast, the energies of colliders such as the LHC
and B-factories are typically large enough to produce
both the lighter and heavier DM mass eigenstates. In the
iDM scenario, the dominant DM coupling to SM states is
through the o↵-diagonal interaction, and so both eigen-
states are produced simultaneously. When the heavier,
“excited” dark state (denoted with an asterisk) decays to
the lighter, “ground” dark state, some visible SM states
are emitted. Thus, in addition to the standard DM miss-
ing transverse energy (�ET

) collider signature [13–39],
where the DM system recoils o↵ of a jet, photon, vec-
tor boson, or Higgs boson, iDM models typically feature
the emission of associated soft SM states [21, 40]. The
characteristic iDM collider signature is the production of
DM + DM⇤ in association with a hard SM object X, fol-
lowed by the subsequent decay of DM⇤ ! DM + Y for
some potentially di↵erent SM states Y . The production
is summarized as

pp ! X + DM + DM⇤

! X + DM +

✓
DM⇤ ! DM + Y

◆
⌘ X + /E

T

+ Y ,

and is depicted schematically in Fig. 1. X is any state
that can be used to trigger on the event and reconstruct
/E
T

; throughout this study, we consider the case where X
is a jet for hadron colliders, and X is a photon for lepton
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colliders. Y depends on the mode by which DM couples
inelastically to the SM. As we elaborate in Sec. II, the
representative models we consider lead to two promising
modes of DM⇤ decay, namely Y = � and Y = `+`�.

In this study, we propose a suite of collider searches
for inelastic DM signatures. In particular, we focus on
DM and DM⇤ masses in the 100 MeV-tens of GeV range,
and splittings of order ⇠ 1 � 10% of the DM mass, one
of the blind spots of the current search program due to
the suppression of indirect and direct detection signa-
tures. For such light masses, when the DM and DM⇤

states recoil against a comparatively hard jet or photon,
the soft SM decay products of the excited state are typ-
ically aligned with the missing momentum. We show
that this feature allows for the e↵ective suppression of
the electroweak backgrounds for conventional monojet
and monophoton searches. Moreover, for thermal-relic
DM-SM couplings and O(10%) mass splittings between
the ground and excited states, the decay of DM⇤ can also
occur on macroscopic distances, leading to displaced ver-
tices and other non-prompt phenomena. This results in
the possibility of a low-background search over much of
the DM parameter space; indeed, the distinctive kine-
matics of iDM production at colliders allows for sensi-
tivity to the interactions responsible for the cosmological
DM abundance. This is in contrast with traditional col-
lider probes of many elastic DM models, where the large
SM backgrounds strongly limit the sensitivity to thermal
relic scenarios where the dominant DM-SM interaction
is mediated by a new particle with mass at or below the
weak scale. We illustrate the sensitivity to iDM in two
concrete representative models: a model where DM in-
teracts with the SM via a kinetically mixed dark photon
[41], and a model where DM couples inelastically to the
SM via a magnetic dipole moment [42, 43]. We summa-
rize our results in Figs. 2 – 5.

In addition to the iDM signatures considered here,
there are many other manifestations of dark sector states
at colliders, which can give taggable objects such as hard
final-state radiation of new gauge bosons, energetic SM
states from excited DM decay, and dark showers [44–50]
that are complementary to our studies. Inelastic DM
decays with monojet + soft hadronic displaced signa-
tures were considered in the contact interaction limit in
Ref. [21]. Finally, monojet + soft object searches are also
useful for compressed supersymmetric spectra (for recent
examples, see Ref. [51–60]), although our work examines
parametrically di↵erent masses and splittings and di↵er-
ent final states, focusing particularly on long-lived decays
and exploiting di↵erent kinematic features.

The rest of this paper is organized as follows: in Sec. II,
we present the two classes of representative models that
this paper studies. We then propose a series of poten-
tially powerful collider searches at both B-factories and
the LHC in Sec. III. The cosmology of these models is de-
scribed in Sec. IV. Finally, we discuss existing constraints
on the simplified models in Sec. V.
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FIG. 1: Schematic diagram depicting a characteristic iDM
production event at the LHC: pp ! j +DM DM⇤, where DM
is the dominant DM component in our halo and DM⇤ is a
heavier, unstable DS state. The final state contains visible SM
particles (� or `

+
`

�) and missing transverse energy produced
in association with a QCD jet. At lepton colliders, a similar
process of interest is e

+
e

� ! � DM DM⇤.

II. REPRESENTATIVE MODELS

The classes of models we consider in this paper all fea-
ture dark matter currents that couple inelastically to the
SM. Some of the simplest realizations of DM-SM interac-
tions involve an additional massive mediator particle that
connects SM and DM currents – e.g. a kinetically mixed
dark photon or a Z 0. We also consider the possibility that
DM couples to SM gauge bosons via higher-dimensional
operators. In the simplest such example, fermionic DM
couples to �/Z via a magnetic dipole moment: if DM is
Majorana, this coupling must be inelastic.

We now discuss in turn each of the two models in
our study: a dark photon and magnetic inelastic DM
(MiDM).

A. Dark Photon Model

A simple, well-motivated candidate mediator between
the dark and visible sector is a massive dark-sector gauge
boson A0, whose most general renormalizable Lagrangian
contains

✏Y
2
F 0
µ⌫B

µ⌫ +
m2

A0

2
A0

µA
0µ + gBµJ µ

Y + gDA0
µJ µ

D. (1)

Here, ✏Y is the kinetic mixing parameter, A0 is the mas-
sive “dark photon” of a broken U(1)D symmetry, B is
the hypercharge gauge boson, F 0

µ⌫ and Bµ⌫ are the dark-
photon and hypercharge field strength tensors, JY is the
SM hypercharge current, JD is the dark current, and mA0

is the dark photon’s mass.
After electroweak symmetry breaking, A0 mixes with

both � and Z, so in the SM mass eigenbasis the La-
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FIG. 4: Same as Fig. 2 but for scalar iDM in the dark photon model.

annihilation process DM + DM ! A0 + A0 sets the relic
abundance, which is independent of the A0 coupling
to SM states. Thus, there is no robust experimental
target for this scenario1. It’s possible, however, to still
produce DM + DM⇤ through a virtual A0 at colliders,
with subsequent decay DM⇤ ! DM + A0. The A0

subsequently decays into SM final states. This kind
of topology would fall under the scenarios studied by
Refs. [48, 49]. Furthermore, the direct production of the
DM states may not be the discovery channel of this class
of models, as now the A0 could be produced directly and
observed through its decays into `+`� or into dijets (see
Refs. [66, 69] for recent studies). Because mA0 & 2m

1

o↵ers a clear, experimentally promising target for the

1 For a discussion of the interpolating regime m1 < mA0 < 2m1,
see Refs. [67, 68].

parameters giving the observed relic abundance, we
focus on that scenario.

Returning to iDM, the y necessary for freeze-out grows
with increasing mass splittings, �, but is still a useful
variable to characterize the parameter space for fixed �.
For a purely inelastic coupling, the � ⇠> m

1

regime is ex-
cluded by a combination of collider and precision-QED
probes (see Figs. 2–4). Similarly, for su�ciently small
DM parameters m

1

/mA0 or ↵D ⌧ 1, these same con-
straints rule out the thermal freeze-out hypothesis (see
Fig. 3). Thus, the viable parameter space for thermal
iDM coupled to an A0 requires � ⇠< O(10%), comparable
DM/mediator masses, and sizeable ↵D ⇠< 1, so our search
strategy in this paper primarily targets this regime.

1508.03050
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Dark radiation

• more dark radiation

• lepton jets
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FIG. 8: 95% CL constraints on the dark photon mass mA0 and the kinetic mixing parameter ✏, with all other
model parameters fixed at the first (second) set of benchmark values from table I in the left hand (right
hand) panel. We show exclusion limits from the ATLAS search for prompt lepton jets in 5 fb�1 of 7 TeV
data [15] (blue shaded region) and from their displaced lepton jet search in 20.3 fb�1 of 8 TeV data [16] (red
shaded region), as well as projected sensitivities for 100 fb�1 of 13 TeV data (blue/red unshaded regions).
Black stars correspond to the nominal values of mA0 and ✏ from table I. The lighter colored region around
mA0 = 2 GeV corresponds to the transition region between the analysis in terms of hadron final states and
the analysis in terms of quark final states and is based on interpolation. We also show the existing 90%
CL exclusion limits from the electron and muon anomalous magnetic moment [66–68], HADES [69], KLOE
2013 [70] and 2014 [71], the test run results from APEX [72], BaBar 2009 [73] and 2014 [74], beam dump
experiments E137, E141, and E774 [75–77], A1 [78], Orsay [79], U70 [80], CHARM [81], LSND [82], as well
as constraints from astrophysical observations [83, 84] and ⇡

0 decays [85].

production of the Z

0 becomes impossible and the sensitivity decreases again.
Finally, fig. 6 (f) shows that the sensitivity goes down when � is made heavier because less

boosted � particles radiate less.
Let us now turn to a comparison of the two benchmark models from table I and compare figs. 6

and 7. The general features of the two figures are very similar, but in general benchmark point B
is more easily detectable in prompt lepton jet searches due to the smaller c⌧ . Benchmark point B
o↵ers somewhat better sensitivity than benchmark point A also because the smaller values of m

�

and m

A

0 imply that the average number of A

0 radiated in each event is larger. This e↵ect is
especially pronounced in the displaced searches excluding type 2–2 events, which are limited by
backgrounds. Note that in fig. 7 (c) the region with m

A

0

> 2m
�

is not considered because it would
lead to a very large branching ratio for A0 ! �̄�, making the A

0 invisible to the detector.
To put our results in the context of other constraints on dark photons, we show in fig. 8 the dark

photon parameter space spanned by ✏ and m

A

0 . For both of our benchmark points, we compare
the limits we derived from the prompt and displaced ATLAS lepton jet searches (blue shaded/red
shaded) and the predictions for 13 TeV (blue/red unshaded) to the exclusion limits from various
low energy experiments. For the 8 TeV displaced analysis, we decide for each parameter space
point individually whether or not to exclude type 2–2 events (events with two calorimeter lepton
jets), depending on which analysis leads to the better expected limit.

We see that the parameter region probed by LHC lepton jet searches is complementary to the
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q̄

q

Z 0

�

�̄

A0
A0

A0
A0

FIG. 1: Feynman diagram for dark matter pair production at the LHC through an s-channel Z 0 resonance,
followed by “dark radiation”, i.e. emission of several— mostly soft or collinear—dark photons.

where m

A

0 and m

�

are the masses of A0 and �, respectively. We denote by F

µ⌫ and F

0µ⌫ the
field strength tensors of the SM photon and the dark photon A

0, respectively. The dimensionless
coupling constant ✏ describes the strength of the kinetic mixing between the A

0 and the photon.
Due to SU(2) invariance, the A

0 should also mix kinetically with the Z, but e↵ects of this mixing
are suppressed by factors of m2

A

0

/M

2

Z

and are therefore neglected in the following.
Since the kinetic mixing between A

0 and the photon is too small to lead to significant DM
production at the LHC, we assume an additional DM–SM coupling. For definiteness, we take this
coupling to be through a heavy s-channel vector resonance Z

0 with couplings to all quark flavors
and to dark matter. Since the dynamics of dark radiation does not depend on the primary DM
production mechanism but only on the production cross section and to some extent on the DM
energy spectrum, our results will apply to any model in which DM particles can be produced in
significant numbers at the LHC, including for instance models with contact interactions, t-channel
mediators, or Higgs portal interactions. The relevant terms in the Lagrangian of our toy model are

L
Z

0 ⌘ g

q

X

f

q̄

f

/

Z

0

q

f

+ g

�

�̄

/

Z

0

� , (2)

where q
f

is the SM quark field of flavor f and g

q

, g
�

are the Z 0 couplings to quarks and DM particles,
respectively. For simplicity, we have assumed the coupling to quarks to be flavor universal.

Fig. 1 illustrates DM pair production at the LHC via s-channel Z 0 exchange, followed by radi-
ation of several dark photons. Due to the assumed lightness of � and A

0, the emission is enhanced
in the collinear direction. Due to this enhancement, with a moderate dark fine structure constant
↵

A

0 ⇠ O(0.1), we typically expect a few dark photons to be radiated in each DM pair produc-
tion process. We will discuss the dynamics of this “dark radiation” in sec. III using a formalism
analogous to parton showers in QCD.

B. Benchmark points

We define two benchmark points in the parameter space of our toy model, which we will use
to illustrate our main points in secs. III and IV. In sec. IV, we will also discuss in detail how
departing from these benchmark points a↵ects our results. The two benchmark points A and B
are summarized in table I, together with several phenomenological observables derived from them.

In both cases, we assume a Z

0 mass of 1 TeV. We choose g

q

and g

�

such that the resonant Z 0

production cross section is about 1 pb at the 8 TeV LHC for benchmark point A, and about a
factor of 10 smaller for benchmark point B. In both cases, the Z

0 has a branching ratio ⇠ 85%
for the decay Z

0 ! �̄�. We choose both m

�

and m

A

0 to be of order GeV or below. Together
with a moderately large dark fine structure constant ↵

A

0 = 0.2, this leads to the radiation of
a significant number of A0 bosons when DM is produced at the LHC. Note that the number of

3
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1409.0746
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HCAL#
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Figure 2. Schematic picture of the LJ classification according to the �d decay final states: left
TYPE0 LJ (only muons), centre TYPE1 LJ (muons and jets), right TYPE2 LJ (only jets). LJs
containing only one �d contribute only to TYPE0 and TYPE2.

SA) has to be used. The search is limited to the pseudorapidity interval �2.5 to 2.5 corre-
sponding to the ID coverage.
An anti-kt calorimetric jet search algorithm [44, 45] with the radius parameter R = 0.4, is
used to select �d decaying into an electron or pion pair. Jets must satisfy the standard AT-
LAS quality selection criteria [46] with the cut pT � 20 GeV. The jet energy scale correction
as defined in ref. [47] is applied. In the simulated LJ gun MC samples, LJs produced by
one or two dark photons decaying to electron/pion pairs, are mostly reconstructed by the
anti-kt algorithm as a single jet.
LJs are reconstructed using a simple clustering algorithm that combines all the muons and
jets lying within a cone of fixed size in (⌘, �) space. The algorithm is seeded by the highest-
pT muon. If at least two muons and no jets are found in the cone, the LJ is classified as
TYPE0. Otherwise, if there are at least two muons and only one jet in the cone, the LJ
found is of TYPE1. The search is then repeated with any unassociated muon until no muon
seed is left. The remaining jets with electromagnetic (EM) fraction less than 0.4 and no
muons in the cone are defined as TYPE2 LJ.5 The LJ line of flight is obtained from the
vector sum over all muon and jet momenta in the LJ. Figure 2 schematically shows the LJ
classification according to the final state.
The size of the search cone for the various LJ types is optimized using the LJ gun MC
samples. The cone size �R =

p
(�⌘)2 + (��)2 around the LJ line of flight is chosen as

the �R that contains almost all the decay products (muons and jets) of the dark photons.
Figure 3 shows the opening angle

p
(⌘1 � ⌘2)2 + (�1 � �2)2 between the two muons for �d

! µµ, with both muons reconstructed in the MS, for the three �d masses. Figure 4 shows
the maximum opening

p
(⌘i � ⌘k)2 + (�i � �k)2 between the reconstructed objects in the

TYPE0 and TYPE1 LJs, produced by the decay of two �d ! µµ or one �d ! µµ and one
�d ! ee/⇡⇡, for various masses of the hidden scalar and of the dark photon. All these
distributions show that a �R = 0.5 is adequate to contain almost all the decay products.
In summary the LJs are classified as:

5EM fraction is defined as the ratio of the energy deposited in the EMCAL to the total jet energy. From
the LJ gun MC results, �d decaying inside the HCAL has EM fraction always below 0.4.

– 6 –
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Composite dark sector

• asymmetric dark matter, dark QCD

• DM is composite dark photon

• long-lived, unstable dark pions

• experimental signature: 

• two emerging jets (two QCD jets)

• different compared to displaced jet 
searches
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Figure 2: Graphical representation of
the dark QCD model. Baryon and
dark matter asymmetries are shared
via a mediator X

d

resulting in an
asymmetry in the stable dark baryons
p
d

, n
d

. The symmetric relic density
is annihilated e�ciently into dark pi-
ons, which eventually decay into SM
particles. The DM number density is
naturally of the same order as that of
baryons, so the correct DM relic den-
sity is obtained when the dark baryon
masses are in the 10 GeV range.

we take to have a common mass m
⇡

d

with m
⇡

d

< ⇤
d

. Motivated by asymmetric dark matter, we

take the dimensionful parameters of the dark sector ⇤
d

and m
⇡

d

to be O(1 � 10) GeV.

The dark baryons carry a conserved charge, dark baryon number, such that the lightest one

is stable and constitutes the dark matter candidate of our model. On the other hand, the dark

mesons do not carry such a conserved charge and can therefore decay to SM particles.

The dark sector is connected to the visible sector by a heavy mediator, making this similar

in spirit to hidden valley models [38]. Inspired by [12], we focus on a scalar mediator which is a

bifundamental under both QCD and dark color. The bifundamental, X
d

, can be pair produced

and each one will decay to an SM quark and a dark quark. Another possibility for a mediator is

a neutral vector Z
d

which couples to both quark pairs and dark quark pairs. The Z
d

is a nice toy

model for studying dark sector properties, but we leave detailed studies of its phenomenology at

the LHC to future work. The full particle content is summarized in Tab. 1.

For the scalar mediator with the hypercharge assignment in Tab. 1, the only allowed Yukawa

type coupling is of the form [12]

L


= 
ij

Q̄
d

i

q
j

X
d

+ h.c. (2)

where q
j

are the right-handed down-type SM quarks and  is a n
f

⇥3 matrix of Yukawa couplings.

Such couplings could in general lead to large flavor violating processes, but can be brought into

agreement with experimental bounds if dark flavor originates from the same dynamics as the SM

flavor structure or certainly if flavor symmetries are imposed on the dark sector [45–47]. For

definiteness, the fundamental Lagrangian which defines the model at high scales is given by

L � Q̄
d

i

(D/ � m
d

i

)Q
d

i

+ (D
µ

X
d

)(DµX
d

)† � M2

X

d

X
d

X†
d

� 1

4
Gµ⌫

d

G
µ⌫,d

+ L


+ L
SM

, (3)

where Gµ⌫

d

is the dark gluon field strength tensor, and the covariant derivatives contain the

couplings to the gauge fields.

For the vector mediator, we assume that it couples vectorially to SM and dark quarks with

couplings g
q

and g
d

. While here we assume that Z
d

originates from a U(1) symmetry broken at

5

1502.05409

1

Displaced Di-Jet Emerging Jet

Figure 5: Di↵erence between a displaced dijet signature from the decay of a heavy long-lived
particle and the emerging jet signature.

algorithm within the jet cone. It also requires a muon inside that cone with p
T

> 10 GeV, and

neither of these requirements are generic in emerging jet scenarios. There are also triggers for

long-lived particles decaying in the calorimeters or muon system, but we do not focus on that

region of parameter space here.

ATLAS long lived neutral particle search: ATLAS has also published a search of long

lived neutral particles [67] and one for lepton jets [68]. In our case, we generically have pair

production of a long lived object which then decays to two or four states, so as with the CMS

search, the models considered only has one displaced vertex for each exotic object. Both searches

require the EM fraction, the fraction of energy in the electromagnetic calorimeter relative to

the hadronic calorimeter, to be smaller than 0.1.6 This requirement is designed to select objects

decaying in the hadronic calorimeter and thus leaving very little energy in the electromagnetic

one. Because of the emerging nature of the signal considered here, there will be energy in all

segments of the calorimeter and this cut would generally cut out the majority of our signal. It

could be sensitive to regions of parameter space with longer lifetimes, but then there will be

quite a few dark decays in the muon system and it is not clear how they will be reconstructed.

In the region of parameter space we are most interested in, the EM fraction cut will make the

signal e�ciency extremely low for emerging jets.

LHCb displaced dijet search: LHCb has a search [69] which is based on a similar model

as the aforementioned CMS search. They also require reconstruction of a single vertex and

force the majority of particles to pass through (or near to catch b and c hadrons) this vertex.

Therefore, if there are many hard vertices displaced from one another by a few millimeters then

this search will have low e�ciency for the emerging phenomenology considered. Because of the

relatively small geometric acceptance, there will be events where only one dark pion falls into

LHCb, and the analysis could be sensitive in this regime. All the limits described in the analysis,

however, are for dark pion mass above 25 GeV, so it is a somewhat di↵erent regime of the model

than we consider. More details will be given about the LHCb potential in Sec. 5. It should also

be noted that the searches discussed above constrain models with mediators in the 100 GeV

range and with pico barn cross sections, while we are aiming at TeV scale mediators.

6The lepton jet search only requires this for their hadronic category, but the categories that require muons will
also not be sensitive.
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb�1 (top
row) and 3000 fb�1 (bottom row) at the 14 TeV LHC. For each model we show 2� (dashed)
and 5� contours (solid) in the M

X

� c⌧
0

plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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Summary

• Rich DM search programme has developed in ATLAS and CMS during Run-1.

• mono-X

• SUSY

• BSM Higgs

• long-lived particles

• Common set of benchmark models is used by ATLAS and CMS.

• Are these models well motivated? (e.g. gauge invariance implies Z’ couplings to 
leptons → stringent constraints from electroweak precision measurements)

• Are there experimental signatures that ATLAS and CMS are not covering? 

• future models and reinterpretations…
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Summary

• This is only a beginning…

• … Stay tuned for new results!
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extra material
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DM + bottom quarks

• single b-tag and double b-tag region

• interpreted in terms of scalar and pseudo-scalar mediators

40

CMS DM+bb
B2G-15-007

New search at 13 TeV, targets DM+b(b) processes

Based on simplified models following DMF
guidelines [arXiv:1507.00966]

Sensitive to scalar and pseudoscalar mediators

Final state: /ET , b-jets (but also light ISR jets)

Consider also b-quarks from DM+tt (same model)

Signal region: large /ET (> 200 GeV), 1 or 2
b-tagged jet(s), njets ≤ 3, no iso leptons
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Mono-top

• FCNC interaction with an invisible 
vector/scalar DM particle

• resonant production through coloured 
mediator to invisible exotic state
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