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• Evidence of dark matter

Outline

• Methods to probe these interactions

• Simplified dark matter models

• Quark and lepton portal dark matter models

• Conclusion
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Image Credit: NASA/Swift 
Science Team/Stefan Immler
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Using the Doppler shift, we can measure the galaxy 
‘rotation curve’ 

R

v

From Kepler’s law, we expect

v(R)

Assuming all the mass of galaxies 
come from the region where 
stars are visible   

v ⇠ 1p
R



Galaxy Rotation Curve
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Missing matter exists beyond the visible star region 
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Here are rotation curves for more galaxies

Sofue and Rubin
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Gravitational Lensing

More Evidence
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More Evidence

Image Credit: Chandra X-ray 
observatory
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Quantitatively, we have the energy pie of our universe

from PLANCK
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and the matter pie of our universe

Ordinary Matter 
15.5%

Dark Matter 84.5%
from PLANCK



Dark Matter Sector ???

84.5%

15.5%

Standard Model

molecular, atom, electron, nucleus, proton, neutron, quarks

Higgs

electroweak symmetry breaking
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All evidence only requires the gravitational interaction 
between dark matter and ordinary matter 

Why we care about its additional interactions?

• We don’t know its properties. For ordinary 
matter, we understand their particle properties

• It is non-trivial to have

Dark Matter   (84.5%)

Ordinary Matter (15.5%)
= 5.45
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Ordinary Matter

electromagnetic weak strong
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Matter and anti-matter asymmetry

Matter and Anti-Matter
Early Universe

1,000,000,001 1,000,000,000

matter anti-matter
53

Matter and Anti-Matter
Current Universe

1

The Great Annihilation

us

54

matter anti-matter

Image Credit: 	

Hitoshi Murayama
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Dark Matter   (84.5%)

Ordinary Matter (15.5%)
= 5.45

a deeper reason for relating the two kinds of matter?

simple and elegant: add other interactions

�̄

� quarks 
leptons

quarks 
leptons

We can then calculate the relic density of  dark matter
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Quantitatively, solving the Boltzmann equation for the 
WIMP density, we have

This points to the length scale of weak interactions 

Putting in the numbers:

h⇤vi ⇡ 1 pb ⇡ ⇥�2

8m2
�

for m� = 100 GeV

�� =
s0
⇥c

✓
45

�g⇤

◆1/2 xf

mpl

1

h⇤vi
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Is this a coincidence?

We know that in order to explain the electroweak 
symmetry breaking, new interactions and new particles 
generically exist in many models

We should then ask, do those models contain WIMPs ?

Most of those models contain new neutral particles, 
which have weak-interaction cross sections

Our next question is whether there is a new stable 
neutral particle ?
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Almost in every model of EWSB, there exists an 
unbroken discrete symmetry to protect one neutral 
particle from decaying. Usually, such discrete symmetry is 
required for other reasons, e.g., to prevent rapid proton 
decay 

One example is the supersymmetry - the idea that all 
bosons and fermions in Nature have partners with 
opposite statistics. The fermionic photon, photino, is a 
plausible candidate of dark matter

In the past few years, many new models based on extra 
dimension have been constructed.  All of them also have 
WIMP candidates
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As an elementary particle physicist, this is a fantastic 
news. We can then use the methods of particle physics to 
search for dark matter particles

We need a better search strategy especially when the 
experimental probing energy is below or not too far 
above the dark matter mass

However, without a specific 
mechanism to generate 
superparticle masses, there 
are hundreds of thousands of 
different spectra



One lesson we can learn from the 
Fermi’s theory of beta-decay

n ! p+ + e� + �̄e

Sudarshan and Marshak, Feynman 
and Gell-Mann further deduced its V-
A structure



Now, we know that the beta decay is mediated by the 
weak interaction through exchanging of a W gauge boson

n

⌫̄e

W

p

e n

⌫̄ep

e

E ⌧ MW

The coefficients have been measured from the angular 
correlations of decay products of various beta decays

GFp
2
p̄�µ(gV � gA�

5)n ē�µ(1� �5)⇥e
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Similarly, for dark matter interactions

�

�

u�

�

u

ū

ũ

We can write down a few operators to describe the 
effective interactions

1

�2
q̄q�̄�

1

�2
q̄�µq ⇥̄�

µ⇥
1

�2
q̄�µ�5q ⇥̄�

µ�5⇥

......

ū

m� ⌧ mũ
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�
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�

�
�

�̄

Type I

Type II

Type III

Having described the interactions of dark matter 
particles, we can test them from different experiments
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�

�̄

Dark matter in the Universe can annihilate into ordinary 
matter and change the generic features of cosmic ray 
energy spectra

Positrons	


Anti-protons	


Gamma rays	


Neutrinos	


......

Type I -- Indirect Detection
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Supplementary Methods and Tables – S4

SUPPL. FIG. 2. Arrival directions of the events (+ for shower
events, ⇥ for track events) and test statistic (colors) in equa-
torial coordinates (J2000). The gray line denotes the galactic
plane. This is an equatorial version of Fig. 5.

SUPPL. FIG. 3. Pre-trials p-value vs. width of galactic plane
hypothesis. The width of the galactic plane is varied from
±2.5� to ±30� in steps of 2.5�. For each width, the pre-trials
p-value is calculated by comparing the maximized likelihood
to that from scrambled datasets. All results are consistent
with the background-only hypothesis.

⇡/K decay, atmospheric neutrinos from charm decay,
and an isotropic E�2 astrophysical test flux. The muon
background was constrained by a Gaussian prior match-
ing our veto e�ciency measurement. To ensure maxi-
mum robustness, all neutrino rates were completely un-
constrained beyond a non-negativity requirement.

To test the null hypothesis of no astrophysical flux, we
compared the best global fit, with all components free,
to the best fit when the astrophysical test flux was con-
strained to zero using the di↵erence in likelihood as a
test statistic. This rejected with a significance of 5.7�
the no-astrophysical case when compared to the best-fit
alternative, which had a prompt flux (the hardest non-
astrophysical component available to the fitter) 3.6 times
above existing 90% CL limits [9] (Suppl. Fig. 4), which
themselves are well above most common prompt flux pre-
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SUPPL. FIG. 4. Profile likelihood scan of the normalization
of the E�2 test flux for the unconstrained fit. The red line rep-
resents the likelihood di↵erence (left axis) to the best-fit point
(marked with ⇥). Nuisance parameters (right axis, blue and
green lines) are fractions of, respectively, the 90% CL upper
limit on prompt and best-fit conventional (⇡/K) atmospheric
neutrino fluxes from [9] and show the best-fit values, without
uncertainties, of the atmospheric flux for each choice of astro-
physical flux. For very low astrophysical fluxes, large prompt
atmospheric neutrino fluxes are required to explain the data
(blue line) but even large values are in strong tension with the
data (red line). Note that significances given on the left axis
are approximate, although they coincide with results of Monte
Carlo ensembles for the null hypothesis rejection (5.7�).

dictions (e.g. [24]). Using the previous limits directly in
the fit, through a Gaussian penalty function, would have
increased the significance of the result to 6.8�, tested
against a best-fit prompt flux 1.6 times larger than the
existing 90% CL limit.
In the first part of this study [11], we performed an

additional test that does not include information on the
spectrum or angular distribution of the penetrating muon
background and has correspondingly much lower sensi-
tivity. The construction of the test also does not allow
incorporation of any non-statistical uncertainties in the
atmospheric neutrino fluxes, in order to match the treat-
ment and charm background model in [10]; it is presented
here only for consistency with the previous result. Re-
moving the two ⇠ 1 PeV events from the sample and
incorporating them with the significance from [10] gives
4.8�. Including all events directly in the test yields 5.2�.
Comparisons of the properties of the events to

model expectations are given in Suppl. Tab. IV and
Suppl. Fig. 5.

Time Clustering Analysis

We performed two tests for clustering of events in time,
following an identical procedure to that in [11]. The

4

FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.

IceCube: 1405.5303Supplementary Methods and Tables – S14

EVENT 35

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

2004+236

�262

56265.1338659 �55.8 208.4 15.9 Shower
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We can also wait for dark matter particles hitting the 
earth 

�

�

The deposited energy is typically tens of keV

We need a quiet place to measure such small energy

Type II -- Direct Detection

A
ZN

� �

�v

� �
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SNOLAB
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LUX
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LUX
A Liquid Xenon TPC

• 365 kg/300 kg active

• Dual-phase TPC

• 122 PMTs

Over 200 sensors
temperatures
heater powers
liquid levels
flow rates
pmt currents
grid currents

Patrick Phelps 3/11
Monday, April 15, 13
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

< 0.1 events/kg/yearcurrent limits:
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Direct detection probes the dark matter coupling to 
nucleons

33

In high energy physics, we build colliders and use proton 
or anti-proton collision to produce heavy particles

�

p (p̄)

p

�̄

Type III -- Collider Searches

36



LHC at CERN Proton-proton	

7, 8, 13,14 TeV     27 km

37

they discovered	

the Higgs boson
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A dark matter particle produced at the LHC will 
penetrate the detectors and escape, leaving no trace
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If the collision final state only contains dark matter 
particles, we don’t know when we should record the 
events 

From QCD, the quarks inside the proton can radiate 
additional gluons

At least, we have one (visible) jet in the final state

�

�̄

q

q̄

g
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Monojet event

Pt(jet)=175 GeV	

MET=170 GeV
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Monojet plus MET events also appear from other ways

Z

⌫

⌫̄

q

q̄

g

Before we can make a claim for the discovery of extra 
dimension or dark matter particles at colliders,

we need to check whether the observables can be 
explained by the standard model first
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)-1CDF II Preliminary (1.0 fb

Here is what CDF observed

expect: 8663± 332

observe: 8449

Consistent with the standard model prediction so far
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Come back to our effective operator:
1

�2
q̄�µ�5q ⇥̄�

µ�5⇥

The monojet+MET production cross section is

The “null result” sets a lower bound on the cutoff

Recall the formula for the direct detection scattering 
cross section

⇥SD
p =

3µ2
�p

�⇥4

�
�p

q

�2

⇥1j = c�s
p2T (1j)

�4

So, we can set an upper bound on the scattering cross 
section from monojet searches
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World’s best spin-dependent limit up to 100 GeV

Bai, Fox, Harnik, JHEP, 1012, 048 (2010)
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Bai, Fox, Harnik, JHEP, 1012, 048 (2010)
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Searches with Mono-Leptons

Yang Baia,b and Tim M.P. Taitc

aDepartment of Physics, University of Wisconsin, Madison, WI 53706, USA
bSLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA

cDepartment of Physics and Astronomy, University of California, Irvine, CA 92697, USA

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.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

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)

Introduction Theory CMS Detector Analysis Limits Summary

Analysis Selection
The main value to identify signal
events is M

T

:

M

T

=
q

2 · p

`
T

· E/
T

· (1 � cos��`,⌫)

To reduce the background two
kinematic selections are used:

⌥
⌃

⌅
⇧��(l,E/

T

)> 2.5

⌥
⌃

⌅
⇧0.4 < p

T

/E/
T

< 1.5

13

Bai and Tait, 1208.4361
Mono-lepton

Mono-X: mono-photon, mono-higgs, mono-top ……
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CMS Exotica Physics Group Summary – March, 2014
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What is next for LHC Run2 ?
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ū

ũ
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The above description does not work well if the collider 
energy is far about the cutoff

1

�2
q̄q�̄�
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�2
q̄�µ�5q ⇥̄�

µ�5⇥

E > ⇤

A UV model is necessary for a robust description

12 7 Interpretation

Table 10: ADD Model observed and expected limits on MD in TeV/c2 as a function of d at LO
and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c2 and 500 GeV/c2. The width (G) of the
mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared
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Mediators

Standard Model

Dark Matter Sector
★ Graviton
★ Z boson
★ Higgs boson
★ Z’, dilaton, radion ...



53

Simplified Dark Matter Models
★ Boson portal: Higgs  

portal
Dark Matter 
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e, µ, ⌧

★ Fermion  portal
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Higgs Portal Dark Matter

26 10 Summary
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Figure 11: Upper limits on the spin-independent DM-nucleon cross section s

SI
c�N in Higgs-

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
and upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [70], XENON10 [71], XENON100 [72], DAMA/LIBRA [73, 74], CoGeNT [75],
CDMS II [76], COUPP [77], LUX [78] Collaborations.
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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

Fermion Portal DM at the LHC has “signatures” 
beyond the simplified SUSY DM

m
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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 
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This extra contribution is significant for λu = 1 and leads to a much higher sensitivity. We also

note that there is destructive interference for a small value of λu, as shown in Fig. 4 for different values

of mφ. We therefore anticipate that the experimental limits from jets plus Emiss
T could become weaker

at some intermediate values of λu.
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Figure 4: The pair-production cross sections of the φ field as a function of λu.

To estimate the current bounds on this model, as well as the case of scalar dark matter, we calculate

LO cross-sections for the full process using MadGraph [68] with a model constructed by FeynRules [69].

NLO K-factors calculated using Prospino [70] are applied to the pure QCD contribution to the cross-

section for the cases of fermionic dark matter. The limits provided in [65] are then applied to the

calculated cross-section to obtain an estimate of the current 95% CL exclusion limit. The results of

this analysis are presented below, in Section 5.3.

5.3 Limits from monojet on single φ productions

The dominant production channel for monojets is process (b) in Fig. 3 at a small value of λu. The

resulting cross-section at LO for u+ g → φ+ χ is given by

σ(u+ g → φ+ χ) =
λ2u g

2
s

768π s3
(3s + 2m2

χ − 2m2
φ)
√

(s+m2
χ −m2

φ)
2 − 4m2

χs , (23)

where
√
s is the center-of-mass energy. In order to estimate the current reach of monojet searches,

we generate events for all tree-level diagrams with one quark plus dark matter particles in the final

state using MadGraph [68] with the models defined in FeynRules [69]. The events are showered and

hadronized using Pythia [71], then the hadrons are clustered into jets using FastJet [72]. The cuts

described in Ref. [25] are then applied to the events in order to estimate the acceptance times efficiency

10

interesting deconstructive interference region

QCD and Yukawa Interference
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Compare to Direct Detection

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
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Dirac Fermion Dark Matter

up-quark
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Figure 7: 95% exclusion limits from the most sensitive searches for Majorana dark matter with coupling
to the down quark.

of mφ. For λu = 1, the exclusion curves are shown in Figs. 8 and 9. These cases are highly constrained
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Figure 8: 95% exclusion limits from the most sensitive searches for Dirac dark matter with coupling
to the up quark.
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Figure 7: 95% exclusion limits from the most sensitive searches for Majorana dark matter with coupling
to the down quark.
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Figure 8: 95% exclusion limits from the most sensitive searches for Dirac dark matter with coupling
to the up quark.
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Figure 9: 95% exclusion limits from the most sensitive searches for complex scalar dark matter with
coupling to the up quark.

by searches for spin-independent scattering, which is unsuppressed. Since dark matter interactions

generally violate isospin in our models, the different couplings to protons and neutrons should be

taken into account in calculating the bounds. The SI cross-section bounds per nucleon are generally

calculated under the assumption of isospin, such that the proton and neutron cross-sections are the

same. In order to take into account isospin violation, we calculate the cross-section for interaction

with a proton and rescale by

σDM,nucleon =
[fpZ + fn(A− Z)]2

f2
pA

2
σDM,p , (24)

where A and Z are the mass number and atomic number of the target nucleus respectively. The

dominant SI bounds come from Xe targets, so that A = 131, neglecting small effects from other

comparable or subdominant isotopes, and Z = 54. All scattering cross sections presented in Figs. 8

and 9 are the averaged one, σDM,nucleon.

It is interesting to note that collider bounds take over for light dark matter, below the threshold

of direct detection experiments. In the case of a complex scalar, the low mass bound flattens out in

the cross-section plane since it is not sensitive to the reduced mass of the dark matter-nucleon system,

but rather the nucleon mass itself, as can be seen from Eq. (20).
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Figure 9: 95% exclusion limits from the most sensitive searches for complex scalar dark matter with
coupling to the up quark.

by searches for spin-independent scattering, which is unsuppressed. Since dark matter interactions

generally violate isospin in our models, the different couplings to protons and neutrons should be

taken into account in calculating the bounds. The SI cross-section bounds per nucleon are generally

calculated under the assumption of isospin, such that the proton and neutron cross-sections are the

same. In order to take into account isospin violation, we calculate the cross-section for interaction

with a proton and rescale by

σDM,nucleon =
[fpZ + fn(A− Z)]2

f2
pA

2
σDM,p , (24)

where A and Z are the mass number and atomic number of the target nucleus respectively. The

dominant SI bounds come from Xe targets, so that A = 131, neglecting small effects from other

comparable or subdominant isotopes, and Z = 54. All scattering cross sections presented in Figs. 8

and 9 are the averaged one, σDM,nucleon.

It is interesting to note that collider bounds take over for light dark matter, below the threshold

of direct detection experiments. In the case of a complex scalar, the low mass bound flattens out in

the cross-section plane since it is not sensitive to the reduced mass of the dark matter-nucleon system,

but rather the nucleon mass itself, as can be seen from Eq. (20).
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Lepton 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
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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

electric charged

dark matter case, we only consider the complex scalar case, ignoring the real scalar case, which has

suppressed direct detection rates [17]. In this paper, we only consider the right-handed leptons as the

portal particles. The left-handed lepton case requires the dark matter partner to be a weak doublet

for renormalizable couplings and hence more degrees of freedom.

For fermonic (Dirac or Majorana) dark matter, χ, the partner is a scalar, φ, with an electric charge

+1. The renormalizable operators for the dark matter coupling to the right-handed leptons are

Lfermion ⊃ λiφiχLe
i
R + h.c. , (1)

where ei = e, µ, τ are the charged leptons. The dark matter mass mχ is smaller than its partner mass

mφ such that φi has a decay branching ratio Br(φi → χ + ēi) = 100%. For a complex scalar dark

matter particle, X, the partner is a Dirac fermion, ψ, with electric charge −1 and the interactions

Lscalar ⊃ λiXψi
Le

i
R + h.c. . (2)

Again, we have Br(ψi → X + ei) = 100%.

To simplify our discussion, we define the Yukawa couplings in Eqs. (1) and (2) to be in the

charged-lepton mass eigenstates, so there are no new contributions to the flavor violating processes

from the dark matter sector. This assumption can easily be arranged by implementing Minimal Flavor

Violation in the lepton sector [18]. In the following study, we will consider one flavor at one time.

This assumption can easily be arranged for electron and tau coupling. For the muon case, it is trickier

to arrange such a setup. The results in that case give conservative, phenomenology-based sensitivity.

Combinations of two or three flavors can be worked out based on the results for an individual flavor.

For each flavor, we have only three parameters: the dark matter mass, its partner mass and the

coupling strength. We will work out the standard dark matter phenomenology including thermal relic

abundance, direct detection, indirect detection and collider searches, in sequence.

3 Relic Abundance

Starting with the fermonic dark matter case, the main annihilation channel is χχ → eiei for Dirac

fermion dark matter. The dominant contribution to the annihilation cross-section is

1

2
(σv)χχ̄Dirac =

1

2

[

λ4m2
χ

32π (m2
χ +m2

φ)
2
+ v2

λ4m2
χ (− 5m4

χ − 18m2
χm

2
φ + 11m4

φ)

768π (m2
χ +m2

φ)
4

]

≡ s+ p v2 , (3)

where v is the relative velocity of two dark matter particles and is typically 0.3 c at the freeze-out

temperature and 10−3 c at present. We have neglected lepton masses and use λ to represent λe,λµ,λτ

3

�

ei = e, µ, ⌧

★ we will consider flavors one by one for Dirac 
fermion, Majorana fermion and complex scalar 
dark matter
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Thermal Relic Abundance

for different flavors. Throughout our calculation, we consider only coupling to one flavor at a time.

The factor of 1/2 in Eq. (3) accounts for the fact that Dirac dark matter is composed of both a particle

and an anti-particle. For Majorana fermion dark matter, the annihilation rate only contains a p-wave

contribution at leading order in the limit of zero lepton masses

(σv)χχMajorana = v2
λ4 m2

χ (m
4
χ +m4

φ)

48π (m2
χ +m2

φ)
4

≡ p v2 . (4)

For complex scalar dark matter, the annihilation rate of XX† → eiei is also p-wave suppressed and

given by

1

2
(σv)XX†

complex scalar =
1

2

[

v2
λ4m2

X

48π (m2
X +m2

ψ)
2

]

≡ p v2 . (5)

Following the same relic abundance calculation in Ref. [8], we show the parameter space for a relic

abundant dark matter for Dirac fermion, Majorana fermion and complex scalar cases in Fig. 1. We

have neglected the co-annihilation effects when the mediator and dark matter masses are degenerate

(see Refs. [19,20] for studies on the co-annihilation region in supersymmetry models). As one can see
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Figure 1: Parameter space of a thermal dark matter for (a) Dirac fermion, (b) Majorana fermion and
(c) complex scalar.

from Fig. 1, the Dirac fermion case has heavier allowed dark matter masses compared to the other

two cases for a fixed value of λ.

4 Dark Matter Direct Detection

Since the dark matter particle only interacts with leptons at tree-level, direct detection of dark matter

in underground experiments requires either that dark matter scatter off electrons in the target at

tree level [21] or off nucleons at one-loop level. Because of the electron wave-function suppression,

4

for different flavors. Throughout our calculation, we consider only coupling to one flavor at a time.

The factor of 1/2 in Eq. (3) accounts for the fact that Dirac dark matter is composed of both a particle

and an anti-particle. For Majorana fermion dark matter, the annihilation rate only contains a p-wave

contribution at leading order in the limit of zero lepton masses

(σv)χχMajorana = v2
λ4 m2

χ (m
4
χ +m4

φ)

48π (m2
χ +m2

φ)
4

≡ p v2 . (4)

For complex scalar dark matter, the annihilation rate of XX† → eiei is also p-wave suppressed and

given by

1

2
(σv)XX†

complex scalar =
1

2

[

v2
λ4m2

X

48π (m2
X +m2

ψ)
2

]

≡ p v2 . (5)

Following the same relic abundance calculation in Ref. [8], we show the parameter space for a relic

abundant dark matter for Dirac fermion, Majorana fermion and complex scalar cases in Fig. 1. We

have neglected the co-annihilation effects when the mediator and dark matter masses are degenerate

(see Refs. [19,20] for studies on the co-annihilation region in supersymmetry models). As one can see

0 200 400 600 800 1000
0

200

400

600

800

1000

mΦ !GeV"

m
Χ
!G
eV
"

Dirac Fermion

Λ $ 1

0.5
0.75

1.2

0 100 200 300 400
0

100

200

300

400

mΦ !GeV"

m
Χ
!G
eV
"

Majorana Fermion

Λ $ 1

0.75

1.2

0 100 200 300 400
0

100

200

300

400

mΨ !GeV"

m
X
!G
eV
"

Complex Scalar

Λ $ 1

0.75

1.2

2.5

(a) (b) (c)

Figure 1: Parameter space of a thermal dark matter for (a) Dirac fermion, (b) Majorana fermion and
(c) complex scalar.

from Fig. 1, the Dirac fermion case has heavier allowed dark matter masses compared to the other

two cases for a fixed value of λ.

4 Dark Matter Direct Detection

Since the dark matter particle only interacts with leptons at tree-level, direct detection of dark matter

in underground experiments requires either that dark matter scatter off electrons in the target at

tree level [21] or off nucleons at one-loop level. Because of the electron wave-function suppression,

4

★ the degenerate region (the diagonal line) requires 
more a careful co-annihilation calculation, which 
has been ignored here
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Dark Matter Direct Detection
★ scattering off electrons at the target is 

suppressed by the electron wave function

★ scattering off nucleons requires one-loop process

the dominant contribution in Lepton Portal models still comes from one-loop process with a virtual

photon coupling to nucleus. A representative Feynman diagram is shown in Fig. 2.

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.

Since dark matter couples to photons at one-loop level, we will first identify the relevant effective

operators and then perform an explicit calculation to match the coefficients of the effective opera-

tors. To understand the physical meanings of those operators, we will also identify the dark matter

electromagnetic moments for different operators in Appendix A.

For the Dirac fermion case, there are two dimension-six operators generated at one loop by which

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 [22].

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) 1. 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

1We thank Wai-Yee Keung for cross checking this point.
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Production at the LHC

constraints under the conservative set of assumptions are shown in Fig. 3. One can see that our

conservative constraints require the mediator masses to be above 100-300 GeV for different flavor

and propagation model assumptions. For the electron coupling case, the limits for the three different

propagation models are similar to each other. This is because the electron/positron propagation

difference decreases at an energy close to the dark matter mass and the constraints from AMS-02

mainly come from high energy bins.

6 Collider Constraints and Searches

At hadron colliders, the signature of Lepton Portal models comes from pair productions of the mediator

via the Drell-Yan process. The produced mediator particles then decay into the dark matter particles

plus leptons. The signature at hadron colliders is thus same-flavor, opposite-sign dilepton plus missing

transverse energy, which is also the standard signature for searching for sleptons in the MSSM at

colliders. We show the production and decay processes in the left panel of Fig. 4 for a complex scalar

mediator. In the right-panel of Fig. 4, we show the production cross sections of mediators, φ and
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Figure 4: Left panel: Feynman diagram for the complex scalar mediator production and decay in the
fermion dark matter models. Right panel: the production cross sections for the complex scalar and
vector-like fermion mediators at the LHC.

ψ, for different masses at the LHC with both 8 TeV and 14 TeV center of mass energy. The φ + φ∗

production cross section is the same as a single-flavor right-handed slepton in MSSM [40, 41]. In the

complex scalar dark matter case, the fermion mediator can be thought as a vector-like fermion with

the same electroweak quantum number as the right-handed electron. Its production cross sections are

much larger than the scalar mediator one with the same mass. We will show later that the discovery

sensitivity for this case is much better than the scalar mediator case.
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★ Fermion DM: the complex scalar mediator 
production (the same as the right-handed 
selectron one in SUSY)

★ Complex scalar DM: vector-like fermion 
mediators with larger cross sections
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Lepton MT2one for searching for higher mediator masses at the 14 TeV. It is defined as

MT2 = min

⎧

⎪

⎨

⎪

⎩

⋃

p⃗T1 +p⃗T2 =E⃗miss
T

max
[

MT (p⃗ℓ1 , p⃗
T
1 ),MT (p⃗ℓ2 , p⃗

T
2 )
]

⎫

⎪

⎬

⎪

⎭

, (27)

with the transverse mass in terms of the lepton momentum p⃗ℓi and the guessed missing particle

(massless) transverse momentum p⃗Ti . As we know from the discovery of the W gauge boson, the

transverse mass of the electron and neutrino is bounded from above by the W gauge boson mass [55–

58]. Imposing a cut on MT2 to be above the W gauge boson mass can therefore dramatically reduce

the dominant diboson backgrounds. The tail of the dilepton MT2 becomes the leading background,

especially for a heavy mediator mass, as can be seen in Fig. 5. To estimate the current bounds on

this model, we calculate LO cross-sections for the full process using MadGraph [59] using a model

constructed by FeynRules [60]. The events are showered and hadronized using Pythia [36], then the

hadrons are clustered into jets using PGS [61].

Motivated by the method of measuring the W gauge boson width using the transverse tail distri-

bution [58,62], we suspect that the tail of MT2 should be generated from off-shell W gauge bosons and

could follow the general Breit-Wigner distribution. We introduce the following parametrical function

to fit the tail distribution

F (MT2) =
N0

[

ηM2
T2 −M2

W

]2
+ η2M4

T2 Γ
2
W/M2

W

. (28)

Here, N0 is the overall normalization and η > 1 is suggested by the fact that the invariant mass of

the W gauge boson propagator is above the corresponding transverse mass. In Fig. 7, one can see

that this Breit-Wigner distribution fits the tail pretty well. With a better understanding of the main

background, the discovery reach of Lepton Portal dark matter can be extended.

We simulate the signal and background events at the 14 TeV LHC and work out the 90% CL

exclusion region on the model parameter space for 100 fb−1 luminosity in the left panel of Fig. 6 and

Fig. 7 for fixed λ = 1. Specifically, for a given mass point, we have calculated the sensitivities for three

different cuts: MT2 ≥ 100, 200, 300 GeV and chosen the most sensitive one as the potential reach.

We also translate the LHC reach into the potential constraints on the dark matter-nucleon scattering

cross section in the right panel of Fig. 6 and Fig. 7. For both Dirac fermion and complex scalar dark

matter cases, the LHC searches have a better sensitivity for a light dark matter with a mass below

10 GeV. For the complex scalar dark matter case, the LHC has a better reach than direct detection

experiments with dark matter masses up to around 500 GeV. This is due to the large production cross

sections of vector-like fermion mediators at the LHC. The LHC reaches for the electron and muon
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Tail of the Leptonic MT2

Both ATLAS and CMS colaborations have searches for new physics in the ℓ+ℓ− +MET channel.

The latest results from ATLAS with 20.3 fb−1 at 8 TeV have constrained the selectron and smuon

masses to be above around 240 GeV [42] for a light neutralino mass by summing the signal events

from both selectron and smuon. For the Lepton Portal model with coupling only to a single flavor

lepton, the signal production cross section is reduced by a factor of two. As a result, the constraint

on the mediator mass is weaker and is around 170 GeV. A similar result has been obtained by the

CMS collaboration [43], although different kinematic variables were used. The CMS collaboration

has used MCT⊥ [44], which is related to the contransverse mass MCT [45] (see also Ref. [46] for the

super-razor variable). On the other hand, the ATLAS collaboration has used the MT2 [47–50] variable

to reduce the SM backgrounds (see also Refs. [51–54] for recent applications on searching for stops).

In our analysis, we concentrate on following the analysis of the ATLAS collaboration and use the MT2

variable to explore the discovery and exclusion sensitivities at both 8 TeV and 14 TeV LHC.
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Figure 5: Left panel: the dilepton MT2 distributions for the diboson background and the signal events.
The missing particle mass is assumed to be zero. The blue and dashed line is from the fitted function
in Eq. (28) with η = 2.0. The vertical and dotted line indicates the reference W gauge boson mass.
Right panel: the same as the left one but for the 14 TeV LHC together with the tt̄ background. The
same value η = 2.0 is used for the fit function of Eq. (28).

Other than the basic cuts on selecting the objects, the ATLAS searches have required two leptons

with opposite signs and either the same or different flavors. They also veto events with a jet above 20

GeV, events with |mℓℓ −mZ | < 10 GeV and events with MT2 < 90(110) GeV. After those cuts, the

main backgrounds are from diboson productions. The dilepton MT2 variable will be the most sensitive
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one for searching for higher mediator masses at the 14 TeV. It is defined as

MT2 = min

⎧

⎪

⎨

⎪

⎩

⋃

p⃗T1 +p⃗T2 =E⃗miss
T

max
[

MT (p⃗ℓ1 , p⃗
T
1 ),MT (p⃗ℓ2 , p⃗

T
2 )
]

⎫

⎪

⎬

⎪

⎭

, (27)

with the transverse mass in terms of the lepton momentum p⃗ℓi and the guessed missing particle

(massless) transverse momentum p⃗Ti . As we know from the discovery of the W gauge boson, the

transverse mass of the electron and neutrino is bounded from above by the W gauge boson mass [55–

58]. Imposing a cut on MT2 to be above the W gauge boson mass can therefore dramatically reduce

the dominant diboson backgrounds. The tail of the dilepton MT2 becomes the leading background,

especially for a heavy mediator mass, as can be seen in Fig. 5. To estimate the current bounds on

this model, we calculate LO cross-sections for the full process using MadGraph [59] using a model

constructed by FeynRules [60]. The events are showered and hadronized using Pythia [36], then the

hadrons are clustered into jets using PGS [61].

Motivated by the method of measuring the W gauge boson width using the transverse tail distri-

bution [58,62], we suspect that the tail of MT2 should be generated from off-shell W gauge bosons and

could follow the general Breit-Wigner distribution. We introduce the following parametrical function

to fit the tail distribution

F (MT2) =
N0

[

ηM2
T2 −M2

W

]2
+ η2M4

T2 Γ
2
W/M2

W

. (28)

Here, N0 is the overall normalization and η > 1 is suggested by the fact that the invariant mass of

the W gauge boson propagator is above the corresponding transverse mass. In Fig. 7, one can see

that this Breit-Wigner distribution fits the tail pretty well. With a better understanding of the main

background, the discovery reach of Lepton Portal dark matter can be extended.

We simulate the signal and background events at the 14 TeV LHC and work out the 90% CL

exclusion region on the model parameter space for 100 fb−1 luminosity in the left panel of Fig. 6 and

Fig. 7 for fixed λ = 1. Specifically, for a given mass point, we have calculated the sensitivities for three

different cuts: MT2 ≥ 100, 200, 300 GeV and chosen the most sensitive one as the potential reach.

We also translate the LHC reach into the potential constraints on the dark matter-nucleon scattering

cross section in the right panel of Fig. 6 and Fig. 7. For both Dirac fermion and complex scalar dark

matter cases, the LHC searches have a better sensitivity for a light dark matter with a mass below

10 GeV. For the complex scalar dark matter case, the LHC has a better reach than direct detection

experiments with dark matter masses up to around 500 GeV. This is due to the large production cross

sections of vector-like fermion mediators at the LHC. The LHC reaches for the electron and muon

13

⌘ = 2.0

★ the tail can be fitted by a Breit-Wigner formula
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Figure 6: Left panel: the constraints on the dark matter and its mediator masses for the Dirac fermion
case. The dotted and black line is the current constraint on the muon case from the 8 TeV LHC with
20 fb−1 [42]. Right panel: the dark matter-nucleon scattering cross section as a function of dark
matter mass from different searches.
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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

Status of Fermion DM

8 TeV, 20/fb

should also be searched for⌧+⌧� +MET
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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

Status of Fermion DM

Majorana fermion DM has suppressed direct detection 
cross sections due to the anapole moment
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Status for Complex Scalar DM
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hence a better limit.

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

★ the indirect detection is also p-wave suppressed

★ much wider range of parameter space to be 
explored by the 14 TeV LHC
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Conclusion

• We know the existence of the dark matter 
gravitational interaction 

• We have not yet proved any additional 
interactions at the current moment

• More searches for simplified dark matter models 
should be performed at the LHC

• The LHC Run2 has a good coverage of fermion 
portal dark matter models
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Discovery History of the Higgs Boson
just one month before the discovery
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