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•  more complicated detector

•  know when to produce DM

•  don’t know whether it is 
the dark matter

Collider vs. Direct Detection

•  limited for very heavy mass

•  less complicated detector
•  wait for DM collision

•  search for the dark matter

•  limited for very light mass
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•  Standard Model processes

Different Backgrounds

•  cosmic rays

•  backgrounds for detectors

•  background-rich environment

•  small background 
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•  Parton distribution function 

Different Interpretation Uncertainties

•  Nuclear form factor

•  Validity of the model 
description

•  Astrophysical: density and 
velocity distributions

Collider Direct Detection
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Standard Signature: monojet+MET
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Fermi-theory for Dark Matter
10 7 Interpretation
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.

Mediator Mass M [GeV]
210 310 410

 [G
eV

]
qg χg

90
%

 C
L 

lim
it 

on
 M

/

0

1000

2000

3000

4000
 = M/3Γ = 50 GeV, χM
 = M/10Γ = 50 GeV, χM

π = M/8Γ = 50 GeV, χM
 = M/3Γ = 500 GeV, χM
 = M/10Γ = 500 GeV, χM

π = M/8Γ = 500 GeV, χM
 contours
q
g
χ
g

CMS
 (8 TeV)-119.7 fb

Spin Independent, Vector

2Λ

q)µγq)(χ
µ
γχ(

0.1
0.2 0.5 1 2 5 10

Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling pgcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
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K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the Emiss

T threshold of 500 GeV. The shaded bands in the lower panel represent
the statistical uncertainty. Overflow events are included in the last bin.

ciency of the selection, which has the additional requirement that there be at least one isolated
muon in the event, is also estimated from simulation. It is corrected to account for differences
in the measured muon reconstruction efficiencies in data and simulation. The uncertainty in
the Z(nn) prediction includes both statistical and systematic components. The sources of un-
certainty are: (1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2)
uncertainty due to backgrounds, (3) uncertainties in the acceptance associated with the PDFs
and the size of the simulation samples, (4) the uncertainty in the selection efficiency as deter-
mined from the difference in measured efficiencies in data and simulation and the size of the
simulation samples, and (5) the theoretical uncertainty on the ratio of branching fractions [49].
The dominant source of uncertainty in the high Emiss

T regions is the statistical uncertainty in the
number of Z(µµ) events, which is 11% for Emiss

T > 500 GeV. Table 1 summarizes the statistical
and systematic uncertainties.

Table 1: Summary of the statistical and systematic contributions to the total uncertainty on the
Z(nn) background.

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

(1) Z(µµ)+jets statistical unc. 1.7 2.7 4.0 5.6 7.8 11 16
(2) Background 1.4 1.7 2.1 2.4 2.7 3.2 3.9
(3) Acceptance 2.0 2.1 2.1 2.2 2.3 2.6 2.8
(4) Selection efficiency 2.1 2.2 2.2 2.4 2.7 3.1 3.7
(5) RBF 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total uncertainty (%) 5.1 5.6 6.6 7.9 9.9 13 18

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with

Standard Signature: monojet+MET
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Z(nn)g events are included in the estimation of W+jets and Z(nn)+jets from data, as photons
are not explicitly vetoed in the estimation of the W+jets and Z(nn)+jets backgrounds. Single
top and Z(``)+jets (including Z(``)g production) are predicted to contribute ⇠0.3% of the to-
tal background, and are determined from simulation. A 50% uncertainty is assigned to these
backgrounds. In addition to this 50% uncertainty, the uncertainty on the QCD background also
receives a contribution of 30% arising from the uncertainty on the data/MC scale factor.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds and
the data is shown in Table 3 for different values of the Emiss

T selection. The observed number
of events is consistent with the background expectation, given the statistical and systematic
uncertainties. The CLs method [53–55] is employed for calculating the upper limits on the sig-
nal cross section using a profile likelihood ratio as the test-statistic and systematic uncertain-
ties modeled by log-normal distributions. The expected and observed 95% confidence level
(CL) upper limits on the contribution of events from new physics are also shown. The model-
independent upper limits on the visible cross section for non-SM production of events (denoted
sBSM

vis ) are shown in Fig. 4.

Table 3: SM background predictions for the numbers of events passing the selection require-
ments, for various Emiss

T thresholds, compared with the observed numbers of events. The un-
certainties include both statistical and systematic components. The last two rows give the
expected and observed upper limits, at 95% CL, for the contribution of events from non-SM
sources passing the selection requirements.

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

Z(nn)+jets 32100 ± 1600 12700 ± 720 5450 ± 360 2740 ± 220 1460 ± 140 747 ± 96 362 ± 64
W+jets 17600 ± 900 6060 ± 320 2380 ± 130 1030 ± 65 501 ± 36 249 ± 22 123 ± 13
tt 446 ± 220 167 ± 84 69 ± 35 31 ± 16 15 ± 7.7 6.6 ± 3.3 2.8 ± 1.4
Z(``)+jets 139 ± 70 44 ± 22 18 ± 9.0 8.9 ± 4.4 5.2 ± 2.6 2.3 ± 1.2 1.0 ± 0.5
Single t 155 ± 77 53 ± 26 18 ± 9.1 6.1 ± 3.1 0.9 ± 0.4 — —
QCD multijets 443 ± 270 94 ± 57 29 ± 18 4.9 ± 3.0 2.0 ± 1.2 1.0 ± 0.6 0.5 ± 0.3
Diboson 980 ± 490 440 ± 220 220 ± 110 118 ± 59 65 ± 33 36 ± 18 20 ± 10
Total SM 51800 ± 2000 19600 ± 830 8190 ± 400 3930 ± 230 2050 ± 150 1040 ± 100 509 ± 66
Data 52200 19800 8320 3830 1830 934 519
Exp. upper limit+1s 5940 2470 1200 639 410 221 187
Exp. upper limit �1s 2870 1270 638 357 168 123 104
Exp. upper limit 4250 1800 910 452 266 173 137
Obs. upper limit 4510 1940 961 397 154 120 142

The total systematic uncertainty in the signal yield is found to be approximately 20% for dark
matter, ADD extra dimensions, and unparticles. The sources of systematic uncertainties con-
sidered are: jet energy scale; PDFs; renormalization/factorization scales; modeling of the ISR;
simulation of event pileup; and the luminosity measurement. The dominant uncertainties are
from the modeling of the ISR, which contributes at the level of 5% for the dark matter models
and 12% for ADD/unparticle models, and the choice of renormalization/factorization scale,
which leads to an uncertainty of around 10% for ADD/unparticle models and 15% for the dark
matter models. The ISR uncertainty is estimated by varying the matching scales between MAD-
GRAPH and PYTHIA up and down for the dark matter models, and by varying parton shower
parameters within PYTHIA for the ADD and unparticle models.

For each signal point, limits are derived from the signal region expected to give the best limit
on the cross section. For dark matter and ADD models, the most stringent limits are obtained
for Emiss

T > 500 GeV, whereas for unparticles the optimal selection varies from Emiss
T > 300 GeV
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systematic errors
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Historical “Discovery” of SUSY in Monojet

Volume 139B, number 1,2 PHYSICS LETTERS 3 May 1984 
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physical phenomenon. The spectacular values of the 
transverse energies are apparent in fig. 8 and the trans- 
verse masses given in table 2 appear to exceed the cor- 
responding values for W and Z 0 decays. 

At the present time we can only speculate about 
the origin of this new effect. The missing transverse 
energy can be due either to: 

(i) One or more prompt neutrinos. 
(ii) Any invisible Z 0, such as Z 0 ~ uF decay, which 

is expected to have a large (18%) branching ratio. Note 
that the corresponding decays into charged lepton 
pairs Z 0 ~ e+e - , Z 0 ~ ju+# - have lower branching 
ratios (~3%) and may not have yet been produced 
within the present statistics. 

(iii) New, non-interacting neutral particles. 
The jets appear somewhat narrower and with lower 

multiplicities than the corresponding QCD jets, al- 
though it might be premature to draw conclusions on 
such limited statistics. 

A number of theoretical speculations [9] may be 
relevant to these results. We mention briefly the pos- 
sibilities of excited quarks or leptons and of compo- 
site or coloured or supersymmetric W's and Higgs. A re- 
cent calculation [ 10] * 8 has been made in the context of 

• 8 We are very grateful to both authors of ref. [10] for their 
precious help in this matter. 

the present collider experiment, on the rate of events 
with large missing transverse energy from gluino pair 
production with each gluino decaying into a quark, 
antiquark, and photino. The non-interacting photinos 
may produce large apparent missing energy. For in- 
stance, the calculation gives an expectation of about 
100 single-jet events with AE M > 20 GeV for a gluino 
mass of 20 GeV/c 2. Taking our excess of 5 events above 
background as an upper limit for such a process, we 
deduce that the gluino mass must be greater than about 
40 GeV/c 2. 

This result has only been made possible by the 
magnificent performance of the whole CERN Ac- 
celerator Group complex. We have received enthu- 
siastic support from H. Schopper and from I. Butter- 
worth, for results emerging from the collider pro- 
gramme. 

We are thankful to the management and staff of 
CERN and of all participating Institutes who have vig- 
orously supported the experiment. 

The following funding Agencies have contributed 
to this programme: 
Fonds zur F6rderung der Wissenschaftlichen For- 
schung, Austria. 
Valtion luonnontieteellinen toimikunta, Finland. 
Institut National de Physique Nucl~aire et de Physique 
des Particules and Institut de Recherche Fondamentale 
(CEA), France. 
Bundesministerium ffir Forschung and Technologie, 
Germany. 
Istituto di Fisica Nucleare, Italy. 
Science and Engineering Research Council, United 
Kingdom. 
Department of Energy, USA. 

Thanks are also due to the following people who 
have worked with the Collaboration in the prepara- 
tion of and data collection on the runs described here: 
F. Bernasconi, F. Cataneo, R. Del Fabbro, L. Dumps, 
D. Gregel, J.-J. Malosse, H. Muirhead, G. Salvi, 
G. Stefanini, R. Wilson, Y.G. Xie and E. Zurfluh. 

The help of Mrs. M. Keller and Mrs. C. Rigoni in the 
editing of this paper is also gratefully acknowledged. 

References 
[1] UA1 Collab., G. Arnison et al., Phys. Lett.  122B (1983) 

103. 
[2] UA2 Collah., G. Banner et al., Phys. Lett. 122B (1983) 

476. 

124 

UA1, PLB, 139, 115 (1984)



11

Historical “Discovery” of SUSY in Monojet

J. Ellis and H. Kowalski, NPB, 246, 189 (1984)

J Ell, s, H Kowalskt / Supersymmemcpartlcles 197 

pb 

104 

103 

10 z 

Vs : s~o GeV p~---"~1~ 
Lq~ 

-To ta l  pTmiss > /+0 - 

UA 1 frlggec condfflons: 

~.- \ \ \  
2 je~ \ \  \ -\,-,,, 

\ - 
\ 

\ 

10 20 30 /+0 50 60 70 

m~ [ GeV ] 

Fig 4 The total'and topological cross section for flq production followed by q -~ q~ decay giving one- or 
two-jet final states with p~SS > 40, and fulfllhng the UA1 tngger condlt,ons as m fig 1 

10 3 

3.  
10 z 

MISSING PT 

UA 1 - monojets 
UA 1 - trigger and /, a cut 

/ ' x  

I \ 

I ~ ' \  \ 
I \ , N , \  

1000 2000 3000 
(pTmms) 2 [GeV2l 

m~ = 20 GeV 
m~ = 30 GeV 
m~ = 40 GeV 
m~ = ~5 GeV 

A 

~000 5000 

Fig 5 Comparison of the observed p~SS dlstnbutzon for the one-jet events taken from fig 2b of ref [4] 
w~th expectauons from qq production Note the events below 1000 GeV 2 are compatible w~th the 

est,mated background [4] 

SUSY SM

S. Ellis, R. Kleiss and W. Stirling, 	


PLB, 158, 341 (1985)



12

Cleaner Signatures for Dark Matter

EFT Framework Simplified Models

other radiated particles 	


from proton can be 	


better measured 

UV-complete the EFT 	


operators may lead 	


to cleaner signatures 
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EFT Framework
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Limits from Mono-lepton
9.4 Dark matter interpretation 27
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Figure 15: Exclusion plane in L–M
c

, for the combination of the electron and muon channels.
Vector-like (left) and axial-vector-like (right) couplings are shown. The two gray lines indicate
where the coupling becomes non-perturbative and (gDM) is equal to 1, as described in Sec-
tion 3.3. The green line shows the limit in the monojet final state [50], which is independent of
x for the limit on L.
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(right) couplings, for the combination of the electron and muon channels. For comparison the
result from the monojet DM search [50] is also shown.
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.
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Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

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

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

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

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

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

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

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

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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so far, we have considered 
only initial state radiation of 
visible particle

Dark sector could be more interesting:

• It may has its own dark U(1)’

• It may also have some nearby states
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Probing Dark U(1)’ at the LHC

1 Introduction

2 Elastic Dark Matter

If dark matter has its own gauge interaction, it may radiate a dark Z ′ after they are produced in

pairs at the LHC. The cartoon process can be illustrated in Fig. 1. The Z ′ from final state radiation

will decay back to SM particles and behave as visible particles at colliders. How the dark matter are

P P

χ

χ̄

Z ′

Figure 1: An illustrative Feynman diagram for the mono-Z ′ signature at hadron colliders. The Z ′ is
mainly produced from dark matter final state radiation.

produced at colliders depend on different models. In general, there are two possibilities. The first

possibility, named the “public dark Z ′ model”, is to have the SM particles also charged under the dark

U(1)′ gauge symmetry. The other possibility, named the “secluded dark Z ′ model”, is that the SM

particles are charge-neutral under dark U(1)′, but have additional interactions with two dark matter

particles. In the following parts of this section, we will discuss both models in detail.

2.1 “Public” Dark Z ′ Model

For a dark matter particle with elastic scattering off a nucleus in direct detection experiments, we

have a Z ′ coupling to two dark matter particles with the same mass. For this class of models, the

relevant couplings contain gq and gχ, of the Z ′ couplings to quarks and dark matter. For a heavy Z ′,

the current mono-jet constrains the effective cut-off Λ ≡ MZ′/
√
gqgχ to be above around 900 GeV for

a dark matter mass below 400 GeV [1, 2]. For couplings of order of unity, the Z ′ mass is constrained to

1

Dark matter final state radiated a Z’, the signature 
depends on how Z’ decay

be described by effective higher dimensional operators. For simplicity, we choose dark matter to be

vector-like under U(1)′ with a unit charge and an interaction as gχZ ′
µχγ

µχ. Concentrating on the up

quark, we consider two effective operators for dark matter

OV =
χγµχuγµu

Λ2
, OA =

χγµγ5χuγµγ5u

Λ2
. (6)

For this secluded dark Z ′ model, the main production of mono-Z ′ signature events is from dark

matter final state radiation. In Fig. 3, we show the production cross sections at the 14 TeV LHC for

a light Z ′ with MZ′ = 1 GeV and a large cutoff Λ = 5 TeV to have an approximately valid effective

operator description. As a comparison, we also show the mono-jet production cross section for the

same operator. As one can see, for a light dark matter below around 500 GeV, the mono-Z ′ production

cross section is larger than the mono-jet one for the same dark matter mass.
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Figure 3: Production cross sections of mono-Z ′ and mono-jet events at the 14 TeV LHC, generated
from MadGraph [8]. The band is to show the uncertainties by changing the renormalization and
factorization scale by a factor of two.

The mono-Z ′ cross section in Fig. 3 decreases as the dark matter mass increases. This can be

understood by looking at the off-shell dark matter propagator. For the final state radiation, χ∗ →
χ + Z ′, we can consider the kinematics case with χ and Z ′ along the same direction in the central

direction. So, one has p(χ) =

(

√

pχ 2

T +m2
χ, p

χ
T , 0, 0

)

and p(Z ′) =

(

√

pZ
′ 2

T +M2
Z′ , pZ

′

T , 0, 0

)

. The

denominator of the off-shell dark matter propagator is

[p(χ) + p(Z ′)]2 −m2
χ ≈

pZ
′

T

pχT
m2
χ +

pχT
pZ

′

T

M2
Z′ +M2

Z′ , (7)

in the limit of pZ
′

T , pχT ≫ mχ,MZ′ . So, increasing the dark matter mass will decrease the production

cross section.
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Dark Z’ Decay

If the dark Z ′ mass is above twice of the dark matter mass, it will mainly decay into two dark

matter particles, which are invisible at colliders. One should rely on the standard mono-jet events

to discover this scenario. On the other hand, for MZ′ ≤ 2mχ the Z ′ can only decay back to the SM

particles via the higher-dimensional operators. For a modest large cutoff, the lifetime of Z ′ could be

sufficient long to have an exotic collider signatures. So, we calculate next the dark Z ′ lifetime for the

two different higher-dimensional operators.

For the vector-like coupling operator OV , the effective coupling between Z ′ and up quark can be

described by the following operator

c̃

Λ2
(φ′ †Dµφ

′ − φ′Dµφ
′ †) (uγµu) , (8)

in the unbroken U(1)′ theory. Here, the parameter c̃ is introduced to indicate the unknown UV

parameter and φ′ is the scalar field to develop a VEV φ′ = v′/
√
2 to spontaneously break the U(1)′

symmetry. One example of having c̃ = O(1) is to introduce another massive Z ′′ for generating the

effective operatorOV . If the scalar φ′ is also charged under Z ′′, the operator in Eq. (8) can be generated

at tree-level by integrating out Z ′′. Another example is to have the kinetic mixing parameter between

U(1)′ and U(1)′′, which could be loop-factor-suppressed if it just comes from the dark matter loop.

If the VEV of the U(1)′-charged scalar field φ′ is zero or the U(1)′ is unbroken, the effective charge

coupling of Z ′
µ uγ

µu is zero. This is a manifestation of well-known fact in the literature that particles

charged under a massive gauge boson (the heavy mediator Z ′′ to generate the effective operator) will

not have a millicharge under the unbroken massless gauge boson [9]. On the other hand, for a nonzero

VEV ⟨φ′⟩ = v′ and a massive Z ′, the effective coupling becomes

c
M2

Z′

Λ2
Z ′
µ uγ

µu , (9)

with c as an order-one number.

For the interesting parameter space with MZ′ = O(1) GeV, Z ′ will decay into a few hadrons and

is different from an ordinary QCD jet. We use the chiral Lagrangian to convert the operators in terms

of quark fields to the operators in terms pions: uγµu → π+∂µπ− − π−∂µπ+ +K+∂µK− −K−∂µK+.

The decay widths for Z ′ → π−π+ is calculated to be

Γ(Z ′ → π−π+) =
MZ′

48π

(

cM2
Z′

Λ2

)2 (

1−
4m2

π

M2
Z′

)3/2

. (10)

A similar formula can be obtained for Z ′ → K−K+ from replacing mπ by mK and with a more

suppressed phase space factor. For c = 1, MZ′ = 1 GeV and Λ = 1 TeV, the travel distance of Z ′
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For a heavy Z’, the signature is just like mono-QCD-jet 
+ MET, except the production cross section is increased. 

For a light Z’ at O(1 GeV), the signature is more 
interesting
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is different from an ordinary QCD jet. We use the chiral Lagrangian to convert the operators in terms

of quark fields to the operators in terms pions: uγµu → π+∂µπ− − π−∂µπ+ +K+∂µK− −K−∂µK+.

The decay widths for Z ′ → π−π+ is calculated to be

Γ(Z ′ → π−π+) =
MZ′

48π

(

cM2
Z′

Λ2

)2 (

1−
4m2

π

M2
Z′

)3/2

. (10)

A similar formula can be obtained for Z ′ → K−K+ from replacing mπ by mK and with a more

suppressed phase space factor. For c = 1, MZ′ = 1 GeV and Λ = 1 TeV, the travel distance of Z ′

5

before it decays is

cτ0 ≈ 3 cm , (11)

which can be a displaced Z ′ at the LHC. In our following sensitivity study, we will treat the Z ′ decay

length as a free parameter.

For the other axi-vector operator, a similar UV completion model can lead to the following operator

for Z ′ decay

d
M2

Z′

Λ2
Z ′
µ uγ

µγ5u , (12)

with d as a dimensionless and model-dependent number. Using the chiral Lagrangian and treating

the ρ meson as hidden local gauge symmetry [10], we have the operator translation: uγµγ5u →
2gρππfπ(ρ+µ π

− − ρ−µ π
+) with fπ ≈ 92 MeV and the ρππ coupling g2ρππ/4π ≈ 3.0. The decay width of

Z ′ → ρπ is

Γ(Z ′ → ρπ) =
d2 g2ρππ f

2
π M

2
Z′ p

3πΛ4

(

3 +
p2

m2
ρ

)

, (13)

with p2 = [M2
Z′ − (mρ +mπ)2][M2

Z′ − (mρ −mπ)2]/4M2
Z′ . For d = 1, MZ′ = 1 GeV and Λ = 1 TeV,

the travel distance of Z ′ before it decays is

cτ0 ≈ 1.2 cm , (14)

comparable to the the vector-like coupling case. The charged ρ-meson will subsequently decay into

π±π0. So, we also anticipate two charged hadrons from both vector and axi-vector cases.

There could exist other ways to provide Z ′ decays and different collider signatures. One of the

common ones is through the kinetic mixing with the hyper-charge gauge group, 1
2
Z ′
µνB

µν [9]. The Z ′

can have a substantial decay width into leptons and is easier to be searched at the LHC (see Ref. [11]

for the CMS searches for displaced dileptons at 8 TeV with 20 fb−1). In our later collider analysis, we

will concentrate on hadronic decays of Z ′ or the mono-Z ′ signature.

2.2.1 Jet Substructure for the Mono-Z ′

The mono-Z ′ jet has different characters compared to an ordinary QCD jets. In our analysis, we will

use the number of subjets, the pT fraction of the leading subjet and the jet mass to distinguish the

mono-Z ′ jet from a QCD jet.

more descriptions here .......

We will simply take the signal tag efficiency to be 50% and the background mistag efficiency to be

2%.

6

If the dark Z ′ mass is above twice of the dark matter mass, it will mainly decay into two dark

matter particles, which are invisible at colliders. One should rely on the standard mono-jet events

to discover this scenario. On the other hand, for MZ′ ≤ 2mχ the Z ′ can only decay back to the SM

particles via the higher-dimensional operators. For a modest large cutoff, the lifetime of Z ′ could be

sufficient long to have an exotic collider signatures. So, we calculate next the dark Z ′ lifetime for the

two different higher-dimensional operators.

For the vector-like coupling operator OV , the effective coupling between Z ′ and up quark can be

described by the following operator

c̃

Λ2
(φ′ †Dµφ

′ − φ′Dµφ
′ †) (uγµu) , (8)

in the unbroken U(1)′ theory. Here, the parameter c̃ is introduced to indicate the unknown UV

parameter and φ′ is the scalar field to develop a VEV φ′ = v′/
√
2 to spontaneously break the U(1)′

symmetry. One example of having c̃ = O(1) is to introduce another massive Z ′′ for generating the

effective operatorOV . If the scalar φ′ is also charged under Z ′′, the operator in Eq. (8) can be generated

at tree-level by integrating out Z ′′. Another example is to have the kinetic mixing parameter between

U(1)′ and U(1)′′, which could be loop-factor-suppressed if it just comes from the dark matter loop.

If the VEV of the U(1)′-charged scalar field φ′ is zero or the U(1)′ is unbroken, the effective charge

coupling of Z ′
µ uγ

µu is zero. This is a manifestation of well-known fact in the literature that particles

charged under a massive gauge boson (the heavy mediator Z ′′ to generate the effective operator) will

not have a millicharge under the unbroken massless gauge boson [9]. On the other hand, for a nonzero

VEV ⟨φ′⟩ = v′ and a massive Z ′, the effective coupling becomes

c
M2

Z′

Λ2
Z ′
µ uγ

µu , (9)

with c as an order-one number.

For the interesting parameter space with MZ′ = O(1) GeV, Z ′ will decay into a few hadrons and

is different from an ordinary QCD jet. We use the chiral Lagrangian to convert the operators in terms

of quark fields to the operators in terms pions: uγµu → π+∂µπ− − π−∂µπ+ +K+∂µK− −K−∂µK+.

The decay widths for Z ′ → π−π+ is calculated to be

Γ(Z ′ → π−π+) =
MZ′

48π

(

cM2
Z′

Λ2

)2 (

1−
4m2

π

M2
Z′

)3/2

. (10)

A similar formula can be obtained for Z ′ → K−K+ from replacing mπ by mK and with a more

suppressed phase space factor. For c = 1, MZ′ = 1 GeV and Λ = 1 TeV, the travel distance of Z ′

5Mono-Z’ jet: fewer particles and could be long-lived
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Production Cross Sections

be described by effective higher dimensional operators. For simplicity, we choose dark matter to be

vector-like under U(1)′ with a unit charge and an interaction as gχZ ′
µχγ

µχ. Concentrating on the up

quark, we consider two effective operators for dark matter

OV =
χγµχuγµu

Λ2
, OA =

χγµγ5χuγµγ5u

Λ2
. (6)

For this secluded dark Z ′ model, the main production of mono-Z ′ signature events is from dark

matter final state radiation. In Fig. 3, we show the production cross sections at the 14 TeV LHC for

a light Z ′ with MZ′ = 1 GeV and a large cutoff Λ = 5 TeV to have an approximately valid effective

operator description. As a comparison, we also show the mono-jet production cross section for the

same operator. As one can see, for a light dark matter below around 500 GeV, the mono-Z ′ production

cross section is larger than the mono-jet one for the same dark matter mass.
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Figure 3: Production cross sections of mono-Z ′ and mono-jet events at the 14 TeV LHC, generated
from MadGraph [8]. The band is to show the uncertainties by changing the renormalization and
factorization scale by a factor of two.

The mono-Z ′ cross section in Fig. 3 decreases as the dark matter mass increases. This can be

understood by looking at the off-shell dark matter propagator. For the final state radiation, χ∗ →
χ + Z ′, we can consider the kinematics case with χ and Z ′ along the same direction in the central

direction. So, one has p(χ) =

(

√

pχ 2

T +m2
χ, p

χ
T , 0, 0

)

and p(Z ′) =

(

√

pZ
′ 2

T +M2
Z′ , pZ

′

T , 0, 0

)

. The

denominator of the off-shell dark matter propagator is

[p(χ) + p(Z ′)]2 −m2
χ ≈

pZ
′

T

pχT
m2
χ +

pχT
pZ

′

T

M2
Z′ +M2

Z′ , (7)

in the limit of pZ
′

T , pχT ≫ mχ,MZ′ . So, increasing the dark matter mass will decrease the production

cross section.

4
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Jet Substructure Analysis6
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FIG. 5: Comparison of CDF vs. LHC for some of the jet substructure variables. Would 5-10 tracks within
an R = 0.1 subjet be distinguishable?
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Jet Substructure Analysis 7
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FIG. 6: Signal vs background efficiency for cuts. Results at the low end of jet mass for QCD jets have
lower statistics and should be trusted even less. However, there could be some hope of achieving background
rejection of 10 or 100. Comparison of CDF and LHC8, no pileup.
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One can dramatically reduce the QCD backgrounds
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Discovery Potential
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Figure 5: Left panel: the 90% C.L. constraints on the cutoff for the vector-vector interaction. The
systematic error is assumed to be 10% (5%) for the solid (dashed) line. The black and lower lines are
using the traditional mono-jet analysis, while the red and upper lines are based on a jet-substructure
analysis for the mono-Z ′ jet. The signal tag efficiency is chosen to be 50% and the background mistag
efficiency is 2%. Right panel: the same as the left one but for the axi-vector interaction operator.

mono-jet analysis can improve the limits significantly. On the other hand, if one performs a dedicated

analysis for the mono-Z ′ signature, the constraints on cutoffs can be dramatically improved by a factor

of two. This is because the current mono-jet searches are limited by the systematical errors and the

interesting characters of the mono-Z ′ jet can dramatically reduce the background events.

For a long-lived Z ′, the signature is so peculiar such that the SM background is negligibly small.

The existing search on displaced dijets has be focused on heavier particle masses above 50 GeV [15, 16].

The light Z ′ should behave more like a τ -lepton with a less vertex track multiplicity and a smaller jet

mass. We don’t perform a complicated analysis for the long-lived Z ′ case in this paper, although we

anticipate that a much better limit could be easily obtained from a dedicated analysis.

3 Inelastic Dark Matter

For the dark matter inelastic scattering with the nucleus, we perform a similar analysis as the elastic

dark matter case. We will consider two effective operators

OV =
χ∗γ

µχuγµu

Λ2
, OA =

χ∗γ
µγ5χuγµγ5u

Λ2
. (15)

where χ∗ is excited state of the dark matter χ. Furthermore, the two dark matter states can only

have an off-diagonal coupling to Z ′

gχχ∗γ
µγ5χZ ′

µ . (16)

8

YB, James Bourbeau, Tongyan Lin; in progress

Tag-efficiency: 50% for signal, 2% for QCD
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Cleaner Signatures for Dark Matter

Simplified ModelsEFT Framework

other radiated particles 	


from proton can be 	
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UV-complete the EFT 	
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Simplified Dark Matter Models
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Higgs Portal Dark Matter
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Figure 11: Upper limits on the spin-independent DM-nucleon cross section s
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portal models, derived for mH = 125 GeV and B(H ! inv) < 0.51 at 90% CL, as a function
of the DM mass. Limits are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which enters as a parameter,
and is taken from a lattice calculation, while the dashed and dot-dashed lines represent lower
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Fermion Portal Dark Matter 
Conserving the Lorentz symmetry, at least two 
particles in the dark matter sector are required

�

�

one boson and one fermion

X

 

a Majorana or Dirac Fermion or a scalar dark matter

m



26

Quark Portal Dark Matter 

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

Majorana case, including the co-annihilation effects.

4 Dark matter direct detection

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

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

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

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

calculation.

χ

q

φ

χ

q

χ

q

φ

χ

q

(a) (b)

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

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

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

given by

σNq
SI (Dirac) =

|λu|4 f2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (18)

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

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

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

σNq
SD (Dirac,Majorana) =

3 |λu|4 ∆2
Nq µ

2

64π[(m2
χ −m2

φ)
2 + Γ2

φm
2
φ]

, (19)

with ∆p
u = ∆n

d = 0.842± 0.012 and ∆p
d = ∆n

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

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

case.

7

QCD triplet

at the LHC

ū

χ

χ

u

φu

φ†
u

g

g

u

χ

χ

φ†
u

g

u

u

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

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

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

LHC collider searches and conclude in Section 6.

2 Simplified dark matter model: fermion portal

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

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

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

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

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

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

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

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

section if the quark masses are neglected.

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

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

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

The renormalizable operators are

Lfermion ⊃ λui
φui

χLu
i
R + λdiφdiχLd

i
R + h.c. , (1)

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

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

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

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

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

the width of φu particle is calculated to be

Γ(φ→ χ+ u) =
λ2u
16π

(m2
φ −m2

χ)
2

m3
φ

, (2)

for both Dirac and Majorana cases.

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

we have the interactions

Lscalar ⊃ λui
Xψ

ui

L uiR + λdiXψ
di
L diR + h.c. . (3)

3
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Quark-portal Dark Matter

Chang, Edezhath, Hutchinson, Luty,  1307.8120An, Wang, Zhang,  1308.0592

Papucci, Vichi, Zurek, 1402.2285DiFranzo, Nagao, Rajaraman, Tait,  1308.2679

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

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

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

95% CL.

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

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

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

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

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

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

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

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

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

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

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

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

11

Majorana fermion dark matter

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

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

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

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

as they cover different parts of parameter space.

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

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

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

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

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

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

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

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

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

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

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

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

models, the SI direct detection constraints dominate up to very low dark matter masses, independent

12

up-quark

YB, Joshua Berger, 1308.0612



28

Quark-portal Dark Matter

Chang, Edezhath, Hutchinson, Luty,  1307.8120An, Wang, Zhang,  1308.0592

Papucci, Vichi, Zurek, 1402.2285DiFranzo, Nagao, Rajaraman, Tait,  1308.2679

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

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

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

95% CL.

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

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

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

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

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

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

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

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

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

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

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

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

11

Majorana fermion dark matter

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

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

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

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

as they cover different parts of parameter space.

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

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

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

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

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

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

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

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

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

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

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

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

models, the SI direct detection constraints dominate up to very low dark matter masses, independent
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Figure 7: The same as Fig. 6 but for the complex scalar case. Because of the p-wave suppression of
the dark matter annihilation cross section, the indirect detection constraints become very weak and
are not shown here.

cases are not different significantly from each other. The electron case has a larger acceptance and

hence a better limit.

The collider constraints for the Majorana fermion dark matter case are identical to the Dirac

fermion case, since the mediator production cross section determines the sensitivity. As discussed in

Eq. (14), the direct detection cross section is very small for the Majorana fermion case. The indirect

detection is p-wave suppressed or suppressed by O(v2/c2 ≈ 10−6). The collider search is the most

relevant one and can probe a large region of unexplored parameter space.

14

Figure 2: A representative Feynman diagram for dark matter scattering off nucleus via exchanging
photon at loop level. Other diagrams can have the charged lepton connect to a photon.

dark matter intercts with photons. They are

ODirac
1 =

[

χγµ(1− γ5)∂νχ+ h.c.
]

Fµν , ODirac
2 =

[

iχγµ(1− γ5)∂νχ+ h.c.
]

Fαβϵµναβ , (6)

which yield charge-charge interactions as the leading interactions between dark matter and nuclei [25].

These operators contain the charge radius, electromagnetic anapole, and magnetic dipole moments of

the Dirac dark matter. For the Majorana fermion case, only one chiral structure of the bi-fermion

part exists. It seems that one has two dimension-six operators at one-loop with the forms

OMajorana
1 =

[

−χγµγ5∂νχ+ h.c.
]

Fµν , OMajorana
2 = [iχγµ∂νχ+ h.c.]Fαβϵµναβ . (7)

However, one can use the Chisholm identity to prove that OMajorana
2 = −2OMajorana

1 (see Appendix A

for further details) 2. Therefore, we only have a single dimension-six operator for the Majorana fermion

case. This operator can be matched to the electromagnetic anapole moment of dark matter coupling

to the current from the target in the non-relativistic limit (for general discussion about anapole dark

matter see Refs. [26, 27] and especially Ref. [28] for clarifying a mistake in Ref. [27].).

In the Lepton Portal model, the single-flavor contribution to the effective operator in the La-

grangian is calculated and is given by

L ⊃ c1O1 + c2O2 , with c1 ≡
−λ2 e

64π2 m2
φ

[

1

2
+

2

3
ln

(

m2
ei

m2
φ

)]

, c2 ≡
−λ2 e

64π2 m2
φ

1

4
, (8)

for both Dirac and Majorana cases 3. For muon and tau cases, we use the masses for mei . For the

electron case, for which the lepton mass is below the exchange momentum of the scattering process,

2We thank Wai-Yee Keung for cross checking this point.
3We have checked our formulas against Ref. [25] and agree with their calculation.
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Majorana fermion DM has suppressed direct detection 
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FIG. 1. Feynman diagrams of the most important processes that contribute to dilepton production in our model. The tree-level
s-channel photon-mediated and Z-mediated diagrams in the SM (left) interfere with the standard box diagrams (center) and
the crossed box diagrams (right). The indices on the dark fermions are i = 1, 2 and j = 1, 2, thus making four combinations
each of standard and crossed box diagram.

for
p

s > M

�i + M

�j and Eq. (6) becomes

2 ImM(qq̄ ! `

+
`

�) =
X

�

Z

d⇧
��

M⇤(`+`

� ! ��)M(qq̄ ! ��) . (7)

In addition to the turn-on of ImM,4 the real part of the
amplitude, ReM, undergoes a continuous but sharp rise
as well, a consequence of the dispersion relations that
follow from the unitarity of the S-matrix [41].

Since the couplings of our model are only to right-
handed SM fermions, the new physics amplitude inter-
feres only with that part of the SM amplitude involving
right-handed external fermions. That is, if we denote the
Standard Model amplitude by,

MSM = MLL
SM + MLR

SM + MRL
SM + MRR

SM , (8)

where the first (second) letter of each superscript denotes
the chirality of the initial state quark (final state lepton),
then only MRR

SM interferes with the new physics contribu-
tions given our assumptions about how the new fermions
couple in the model. Including the corresponding “left-
handed” mediators would allow interference with all of
the terms above.

B. Dilepton Rates: Dirac Case

We now discuss the role of interferences and threshold
e↵ects in generating the various signatures of our model.
We first consider the simple case of a dark matter candi-
date that is a Dirac fermion.

The only box diagram that contributes in this case is
shown in the center of Fig. 1. We can then write the total
amplitude at the parton level as

Mtotal = MSM + Mbox , (9)

4

Note that even if we allowed the masses �M,�M 0,Md and cou-

plings �q̃ , �
˜` in Eq. (2) to be complex, no extra phase would

appear in M
box

, as only absolute values of these quantities en-

ter: M
box

/ |�q̃ |2|�˜`|
2

.

where the Standard Model amplitude MSM corresponds
to the sum of the s-channel photon- and Z-mediated tree-
level amplitudes with all polarizations shown in the left
diagram of Fig. 1,

MSM = Mphoton + MZ . (10)

Neglecting the masses of the quarks and leptons, we can
write the double di↵erential parton level qq̄ ! `

+
`

� cross
section as

d�total ⌘ d

2
�total

d cos ✓dm

``

= d�SM + d�int + d�

Re
box + d�

Im
box . (11)

Here, ✓ is the angle between the outgoing dilepton axis
and incoming diquark axis in the center-of momentum
frame. The terms in Eq. (11) are given by

d�SM =
1

32⇡s

|MSM|2 , (12)

d�int =
1

32⇡s

2Re(MRR
SMM⇤

box), (13)

d�

Re
box =

1

32⇡s

|ReMbox|2 , (14)

d�

Im
box =

1

32⇡s

|ImMbox|2 , (15)

where MRR
SM is defined in Eq. (8). Our analytic results

for the box contributions to the parton level cross section
are collected in Appendix A.

As we vary the dilepton invariant mass m

``

, we ex-
pect, for m

``

⌧ 2M

�

, d�total to mimic the behavior of a
non-resonant process generated by a higher-dimensional
contact operator. The e↵ects of such contact operators in
dilepton production are being searched for by CMS [28]
and ATLAS [25]. As we approach the kinematic thresh-
old, m

``

= 2M

�

, the contact operator description breaks
down and a “monocline” feature arises from the contri-
butions to:

(i) d�int, due to threshold e↵ects in ReMbox,

(ii) d�

Re
box, which for sizeable couplings � can dominate

over d�int due to its containing eight powers of the
coupling against four, and

(iii) d�

Im
box, which turns on at m

``

� 2M

�

.
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FIG. 2. The di↵erential pp ! `+`� cross sections as a func-
tion of the dilepton invariant mass in Model U with �M = 0
(pure Dirac limit), � = 1.8 and M� = M� = 500 GeV. Here,
blue: d�

SM

, brown: d�Re

box

, green: d�Im

box

, magenta: d�
int

,
red: d�

total

, where these quantities are defined in Eqs. (11)
and (12) - (15).

We illustrate this behavior with an example in Fig. 2,
which shows the di↵erential pp ! `

+
`

� cross section
integrated over cos ✓ for Model U at the LHC with
8 TeV center of mass energy. To obtain the proton level
pp ! `

+
`

� cross section, throughout this work, we con-
volute the parton level results from Appendix A with
MSTW2008NNLO parton distribution functions [42]. In
the plot we set the mass splitting of the dark fermions to
�M = 0, corresponding to the pure Dirac limit. The
mediator couplings are set to � = 1.8 and we chose
the masses of the dark fermions and the mediators as
M

�

= M

�

= 500 GeV. The various curves correspond
to �SM (blue); �

Re
box (brown); �

Im
box (green); �int (ma-

genta); �total (red); where these quantities are defined
in Eqs. (11) and (12) - (15).

Note that the example point shown in Fig. 2 falls in a
region of parameter space where the new physics signal
is dominated by d�box / |Mbox|2. At lower couplings,
the dominant contribution to the signal becomes the in-
terference term d�int as defined in Eqs. (13). Numeri-
cally, we find that these two regimes are separated by
� ' 1.4 in the presence of a pure Dirac fermion. This
comes into consideration when we deal with constraints
on our model from dilepton spectrum measurements and
in projecting results for future colliders.

The blue, magenta and brown curves in Fig. 2 (corre-
sponding to d�SM, d�int, and d�

Re
box respectively) appear

to intersect at m

``

⇠ 950 GeV and m

``

⇠ 1150 GeV. This
intersection is a coincidence for the parameters presented
and not a physical e↵ect of our model. It arises from the
di↵erence in which initial states contribute to MSM and
Mbox. Since both up and down quarks contribute to
MSM, both these PDFs are convolved with the partonic
level rates to obtain d�SM. In Model U, only the up quark
contributes to Mbox, hence its PDF alone is convolved

with the partonic rates to obtain d�int and d�

Re
box. There-

fore, the apparent intersection seen here would be absent
if we had presented partonic level rates, or used Model
D or Model UD for illustration in Fig. 2. Furthermore,
with model U if the coupling is increased (decreased) the
point where magenta and brown curves intersect moves
up (down), and will not lie on the SM curve. Similarly,
if M

�

is altered the triple intersection would go away.

C. Dilepton Rates: Mixed (Pseudo-Dirac) Case

Since a mixed dark matter candidate can be written
as two Majorana eigenstates, we first begin with a brief
discussion of the Majorana limit, that will be useful in
understanding the pseudo-Dirac case. In addition to
the standard box diagram, Majorana fermions have a
“crossed box” diagram (with clashing fermion flow ar-
rows) contributing at one-loop order, as shown by the
right diagram in Fig. 1. The total amplitude becomes
the sum

Mtotal = MSM + Mbox + Mxbox , (16)

where Mxbox is the amplitude for the crossed box dia-
gram. Importantly, Mxbox comes with a minus sign rela-
tive to Mbox due to the di↵erent ordering of the external
spinors. Thus, the direct and crossed box diagrams inter-
fere destructively, and we expect the new physics e↵ects
in the cross section to be much less pronounced in the Ma-
jorana case than in the Dirac case. In particular, we find
that over large parts of the parameter space the “mono-
cline” feature noticed in the Dirac scenario is washed out
by the destructive interference. Even for sizeable cou-
plings � & 1.4, the largest contribution to the deviation
from the Standard Model cross section comes typically
from the interference term between the tree and box am-
plitudes, which carries only four powers of the coupling �.

We now turn to the most general case of mixed
(pseudo-Dirac) dark matter. Four contributions arise
from direct box diagrams and four additional contribu-
tions from the crossed box diagrams, corresponding to
the four combinations of �1 and �2 in the loop, as shown
in Fig. 1. The total amplitude is now given by

Mtotal = MSM +
X

i=1,2

X

j=1,2

(Mij

box + Mij

xbox) , (17)

where Mij

(x)box is the (crossed) box amplitude with �

i

in
the upper fermion propagator and �

j

in the lower fermion
propagator. It is illustrative to inspect the analytical
form of the direct and crossed box amplitudes:

Mij

box / [ū(p4)�µP

R

u(p1)][v̄(p2)�⌫PR

v(p3)]

⇥
Z

d

4
q

(2⇡)4
q

µ(q + p1 + p2)⌫

D

ij

, (18a)

Mij

xbox / [ū(p3)PR

u(p1)][v̄(p2)PL

v(p4)]
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Chromo-Rayleigh Interaction of DM

1 Introduction

Mention also the case for dark matter directly charge under the QCD interaction. Provide existing

models having two dark matter particles couple to Ga
µνG

a µν like SUSY, composite dark matter models

and so on.

Understand the Rayleigh interaction of the molecular in the effective operator language (why the

sky is blue?).

[1][2][3]

2 Contact Interaction

We first perform an effective operator analysis for dark matter interacting with gluons via the chromo-

Rayleigh interaction. For a complex scalar dark matter, X, we have the following the CP -conserving

and dimension-six operator for two dark matter particles interacting with the gluon field

OcRayleigh
1 =

αs

4π Λ2
1

X†XGa
µνG

a µν , (1)

OcRayleigh
2 =

iαs

4π Λ2
2

(XX −X†X†)Ga
µνG̃

a µν , (2)

where Λi is the cutoff; G̃a µν = 1
2 ϵ

µναβGa
αβ ; the overall factor has taken into account of a loop factor.

In order for X to be stable we impose a Z2 symmetry, under which X is odd. We will calculate the

thermal relic abundance, direct detection cross section and collider constraints for those two operators.

2.1 Thermal Relic Abundance

Depending on the UV physics, the dark matter sector could be more complicated than just one state.

Therefore, the dark matter thermal relic abundance calculation based just on the operators in Eq. (2)

can only provide a guidance for the potential parameter space inMX and Λi for a thermal dark matter.

For the first operator, we have the dark matter self-annihilation rate from the process X†X → gg as

1

2

[
⟨σv⟩(X†X → gg)

]
=

1

2

[
α2
s

π3
M2

X

Λ4
1

]
≡ s , (3)

in leading order of the dark matter relative velocity v expansion. Here, the overall factor of 1/2 is due

to the relic density being comprised of particles and antiparticles. For the second operator, we have

annihilation rate from the process of XX[X†X†] → gg as

1

2
[⟨σv⟩(XRXI → gg)] =

1

2

[
α2
s

π3
M2

X

Λ4
2

]
≡ s . (4)
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Figure 1: Left panel: the constraints on the dark matter spin-independent scattering cross sections
from the LHC monojet search [13] and LUX direct detection [19]. Right panel: the same as the
left one but for spin-dependent dark matter-proton scattering cross sections from the LHC and from
SIMPLE [9] and COUPP [10]. The scattering cross section is suppressed by both the spin-dependent
scattering and the exchanging momenta.

like XX†HH†. With the effective coupling of a Higgs boson with two gluons in the Standard Model,

one generates the coupling of two dark matter particles to two gluons. For the second operator O2,

the two-Higgs-doublet-portal dark matter models have a pseudo-scalar as a mediator to generate the

dark matter chromo-Rayleigh interactions (see Ref. [20] for an example). The existing search strategy

for the Higgs-portal dark matter should cover this class of UV-completion models [21]. Therefore, we

do not discuss this case in great detail. Instead, we consider other two ways to UV-complete the two

operators.

3.1 QCD-charged Particle Mediation

In this subsection, we study the class of models with additional QCD-charged particles to generate

the effective chromo-Rayleigh interactions and study their collider consequences.

For the first operator, we introduce a real color-octet and electroweak-singlet scalar, 1 Ga
H with a =

1, · · · , 8, which could be the real scalar particle in the Renormalizable Coloron Model (ReCoM) [22] [?].

At the renormalizable level, one have following the quartic interaction to couple GH to two dark matter

particles

L ⊃ −
λ

2
Ga

H Ga
H X†X . (12)

1A similar analysis can be performed for other QCD representations.
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Chromo-Rayleigh Interaction of DM

MX (GeV) Λ1 (GeV) Λ2 (GeV)

1 130 170

10 120 180

100 120 180

200 110 160

400 90 130

Table 1: The collider constraints on the cutoff of the effective operators for different dark matter
masses at 90% CL. The analysis with Emiss

T > 500 GeV from the CMS collaboration in Ref. [13] has
been used.

To compare with the constraints from direct detection experiments, we show the interpreted dark

matter-nucleon scattering cross section from the LHC monojet searches in Fig. 1. In the left panel, we

show the spin-independent scattering cross section including the constraints from the LUX collabora-

tion [13]. Compared to the direct detection limits, the constraints from the LHC are not as stringent

as strong for heavier dark matter masses, but are better for a light dark matter mass below around

5 GeV. In the right panel, we show the interpreted collider constrains for the second operator. Here,

we only show the dark matter-proton scattering cross section, since it has a larger value than dark

matter-neutron one for the same dark matter mass. Because of the additional momentum suppression

with q ≈ µχAv, we fix the dark matter velocity to be v = 10−3 and choose a typical target nucleus

mass mA = 100 GeV in Eq. (11). Compared to the constrains from SIMPLE [9] and COUPP [10],

the collider bounds from the LHC are much stringent than from direct detection.

3 Simplified UV-completion Models

As already can be seen from Table 1, the constraints on the cutoffs of operators from the monojet

searches are not that stringent. For a 100 GeV dark matter particle, the constrained cutoff is just

comparable to the dark matter mass. This calls for UV-completion models [?] to reduce the uncer-

tainties from an effective field theory description. In this section, we consider several classes of models

to illustrate that collider signatures beyond the monojet may provide a more sensitive probe of the

dark matter chromo-Rayleigh interactions.

One of the simplest ways to UV-complete the two operators in Eq. (2) is to introduce a color-

neutral scalar or pseudo-scalar, which can couple to two gluons either from the top quark or new heavy

fermion loops. For the operator O1, one can simply introduce the Higgs-portal dark matter coupling

4

1 Introduction

Mention also the case for dark matter directly charge under the QCD interaction. Provide existing

models having two dark matter particles couple to Ga
µνG

a µν like SUSY, composite dark matter models

and so on.

Understand the Rayleigh interaction of the molecular in the effective operator language (why the

sky is blue?).

[1][2][3]

2 Contact Interaction

We first perform an effective operator analysis for dark matter interacting with gluons via the chromo-

Rayleigh interaction. For a complex scalar dark matter, X, we have the following the CP -conserving

and dimension-six operator for two dark matter particles interacting with the gluon field

OcRayleigh
1 =

αs

4π Λ2
1

X†XGa
µνG

a µν , (1)

OcRayleigh
2 =

iαs

4π Λ2
2

(XX −X†X†)Ga
µνG̃

a µν , (2)

where Λi is the cutoff; G̃a µν = 1
2 ϵ

µναβGa
αβ ; the overall factor has taken into account of a loop factor.

In order for X to be stable we impose a Z2 symmetry, under which X is odd. We will calculate the

thermal relic abundance, direct detection cross section and collider constraints for those two operators.

2.1 Thermal Relic Abundance

Depending on the UV physics, the dark matter sector could be more complicated than just one state.

Therefore, the dark matter thermal relic abundance calculation based just on the operators in Eq. (2)

can only provide a guidance for the potential parameter space inMX and Λi for a thermal dark matter.

For the first operator, we have the dark matter self-annihilation rate from the process X†X → gg as

1

2

[
⟨σv⟩(X†X → gg)

]
=

1

2

[
α2
s

π3
M2

X

Λ4
1

]
≡ s , (3)

in leading order of the dark matter relative velocity v expansion. Here, the overall factor of 1/2 is due

to the relic density being comprised of particles and antiparticles. For the second operator, we have

annihilation rate from the process of XX[X†X†] → gg as

1

2
[⟨σv⟩(XRXI → gg)] =

1

2

[
α2
s

π3
M2

X

Λ4
2

]
≡ s . (4)
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1

current collider bound	


 from mono-jet:

The constraints are pretty weak.	


The EFT description breaks down for a mass above 100 GeV.
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UV Completion of the cRayleigh Interaction
Depending on whether the color-octet is odd or even under the dark matter Z2, one has different

decay channels for φa. If it is Z2-even, one could also have the following GH cubic self-interaction

µG dabc G
a
HGb

HGc
H , (13)

with dabc as the totally-symmetric SU(3)c tensor. This can introduce a decay of GH into two gluons

at one loop with a width of [23, 22]

Γ(GH → gg) =
15α2

s µ
2
G

128π3 MGH

(
π2

9
− 1

)2

. (14)

The GH can be produced at the LHC in pairs and have the collider signature as a pair of di-jet

resonances. Following the same reinterpretation of the experimental data as in Ref. [24], we have

found that the current searches for the scalar color-octet at the 7 TeV LHC have set a constraint on

its mass [25, 26]

MGH
! 420 GeV , for Z2-even GH , (15)

Here, we have only included the QCD productions.

For the case of a Z2-odd GH , the dark matter particle X has to appear in the GH decay products.

The operators mediating GH decaying to X first happen at the dimension-6 level and contain the

following two parity-conserving operators

DµG
a
H∂νX Ga µν , Ga

HXH̃QLt
atR . (16)

................................................

For the second operator, we introduce two color-triplet vector-like fermions, ψ1 and ψ2, to UV-

complete it. The additional parity-conserving renormalizable interactions are

L ⊃ −(X +X†)(ψ̄1ψ2 + ψ̄2ψ1)− i (X −X†)(ψ̄1γ5ψ2 − ψ̄2γ5ψ1) , (17)

3.2 Composite Dark Matter Models

4 Discussion and Conclusions
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The pair-produced dijet resonances can be used to 
constrain this UV model
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Conclusions
★ There are more collider signatures for discovering 

dark matter particles

★ One class of simplified fermion-portal dark matter 
models can lead to dijet+MET, dilepton+MET and even 
just a dilepton bump

★ Dark matter can radiate its own charged Z’ and have 
a mono-z’ jet 

★ A UV completed dark matter model can usually have a 
higher chance to be discovered at the LHC
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