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Motivation I

Standard Model

Dark Matter Sector
★ Graviton
★ Z boson
★ Higgs boson
★ Z’, dilaton, radion ...
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Motivation II
Dark Matter is important by itself and should 
deserve attention as much as SUSY.  

Ordinary Matter 
15.5%

Dark Matter 
84.5% From Planck 2013
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Motivation II
Dark Matter is important by itself and should 
deserve attention as much as SUSY.  

Ordinary Matter 
15.5%

Dark Matter 
84.5% From Planck 2013

Dark Matter@LHC SUSY@LHC 6=
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Motivation III
Weakly-interaction massive particle provides an 
excellent motivation

But, we should not be limited by WIMP’s
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Motivation III
Weakly-interaction massive particle provides an 
excellent motivation

But, we should not be limited by WIMP’s

WIMPZILLAS

Figure 7. Dark matter may be much more massive than usually assumed,
much more massive than wimpy wimps, perhaps in the wimpzilla class.
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Motivation IV - Validation of EFT
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections

R
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⇤

⌘ �

e↵

|
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�

e↵

=

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

����
Qtr<⇤

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�
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. (4.6)

As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and
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4 Validity of the EFT approach

The tree-level di↵erential cross sections for the hard scattering process qq̄ ! ��+gluon, in the UV

(with interaction Lagrangian Eq. (2.2)), and in the EFT (with the operator Eq. (2.3)), are
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respectively, where Q

tr

is given by Eq. (3.4). The corresponding cross sections initiated by the

colliding protons are
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The explicit derivation of the Eqs. (4.1)-(4.2) can be found in Appendix A. Throughout this work

we will identify the emitted gluon with the final jet observed experimentally. For numerical results

at NLO see Ref. [33].

The cross sections for the mono-jet processes are measured with a precision roughly of the order

of 10%, although this number can fluctuate due to many factors (jet energy scale, PDFs, etc.).

However, as we are going to show, the e↵ect of taking into account a cuto↵ scale can be larger

than the precision of the cross section measurement, so the concern about the validity of the EFT

approach is justified.

4.1 The e↵ect of the EFT cuto↵

Let us suppose we know nothing about the UV completion of the EFT. Even so, we know that

adopting only the lowest-dimensional operator of the EFT expansion is accurate only if the transfer

energy is smaller than an energy scale of the order of ⇤, see Eqs. (2.1), (2.5). However, up to what

exact values of Q
tr

/⇤ is the EFT approach justified? Let us consider the ratio of the cross section

obtained in the EFT by imposing the constraint Q
tr

< ⇤ on the PDF integration domain, over the

cross section obtained in the EFT without such a constraint

R

⇤

⌘

d2�
e↵

dp
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����
Qtr<⇤

d2�
e↵

dp
T
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. (4.5)

This ratio quantifies the fraction of the di↵erential cross section for qq̄ ! ��+gluon, for given p

T

, ⌘ of

the radiated object, mediated by the e↵ective operator (2.3), where the momentum transfer is below

the scale ⇤ of the operator. Values of R
⇤

close to unity indicate that the e↵ective cross section is

describing processes with su�ciently low momentum transfers, so the e↵ective approach is accurate.

On the other hand, a very small R
⇤

signals that a significant error is made by extrapolating the
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Busoni et. al. 1307.2253

R⇤a small      
means a large 
uncertainty

Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

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

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

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

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

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

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

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

propagator
1

Q

2

tr

�M

2

= � 1
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2
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2
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2
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✓
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4

tr

M

4

◆◆
, (2.5)

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

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

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

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

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

, g

�

< 4⇡ (see Ref. [31] for an

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

m

DM

, that is M > m

DM

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

⇤ & m

DM

4⇡
, (2.6)

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

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

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

< M , i.e. Q
tr

<

p
g

q

g

�

⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g

q

g

�

>

Q

tr

4⇡
, (2.7)

which depends on m

DM

through Q

tr

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

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)

3
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Motivation V
The SUSY searches are still relevant for many DM 
models

densities. Of course, even for masses up to 1-2 TeV, XENON1T still provides quite decent
model coverage in this parameter plane. As noted already, most of the impact of the LHC is
at present seen to be at lower LSP masses below ⇠ 500 GeV. The LHC coverage is relatively
uniform as far as the value of the relic density is concerned except in the case of very light
LSPs where the coverage is very strong. Of course, we again remind the reader that we
still need to add the additional information coming from the new 8 TeV LHC analyses not
included here as well as the extrapolations to 14 TeV so that the coverage provided by the
LHC should be expected to improve substantially.

Figure 13: Thermal relic density as a function of the LSP mass for all pMSSM models,
surviving after all searches, color-coded by the electroweak properties of the LSP. Compare
with Fig. 2.

Finally, Fig. 13 shows the impact of combining all of the di↵erent searches in this same
⌦h2-LSP mass plane which should be compared with that for the original model set as
generated that is shown in Fig. 2. Here we see that (i) the models that were in the light h

23

1305.6921, Cahill-Rowley, Cotta, Drlica-
Wagner, Funk, Hewett, Ismail, Rizzo, Wood
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Motivation V
The SUSY searches are still relevant for many DM 
models
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Motivation V
The SUSY searches are still relevant for many DM 
models

Figure 3: Bino-squark coannihilation benchmark sparticle spectrum.

Figure 4: A funnel benchmark sparticle spectrum.

6
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Simplified Dark Matter Models
★ Boson portal: Higgs  

portal
Dark Matter 

Sector
H

Dark Matter 
Sector

u, d, s, c, b, t

e, µ, ⌧

★ Fermion  portal
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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
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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

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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QCD triplet

at the LHC
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a d-wave or three-body suppressed annihilation rate and a velocity suppressed direct detection cross
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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
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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.

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100
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Σ
!p
p
#
Φ
Φ
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LHC&8 TeV mΧ(10 GeV

mΦ ( 400 GeV

mΦ ( 500 GeV
mΦ ( 60

0 GeV

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
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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
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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 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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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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MET Distribution in mono-jet

6 Discussion and conclusions

The signal spectrum from the associated production of dark matter and its partner could be dra-

matically different from backgrounds. Particularly when the Yukawa coupling is small, associated

production is the dominant part of the signal. Additional kinematic variables can be used to enhance

the dark matter signal in the fermion-portal scenario. We use MadGraph5 [68] to generate the dark

matter signal events and shower them in PYTHIA [73]. We then use PGS [74] to perform the fast detector

simulation. After utilizing the basic cuts in Ref. [25], where Emiss
T > 200 GeV has been imposed, we

calculate the normalized Emiss
T distributions for several different spectra. In the left panel of Fig. 10,

we show the Emiss
T from the χ+φ associate productions. Because the jet from the decay of φ→ χ+ j

is energetic, the Emiss
T distributions have a peak-structure with the peak at around mφ/2 for a small

mχ. As a comparison, the right panel of the Fig. 10 shows the Emiss
T distribution without on-shell

production of φ. The spectrum is monotonically decreasing in this case, which follows the shape of

the background although with a different slope. For a larger mφ, the signal spectrum becomes slightly

harder at higher masses. In principle, the peak structure in the left panel can be used to discover dark
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Figure 10: Left panel: the fraction of events after basic cuts as a function of Emiss
T for the associated

production of χ+ φ with φ→ χ+ j. Right panel: the same as the left one but for the productions of
2χ+ j with the jet from ISR.

matter, for instance performing a “bump” search in the Emiss
T distribution. In practice, the peaks are

too wide to make it feasible. Improving the jet energy resolution and Emiss
T measurement can yield

significant boosts in sensitivity.

To explore more fermion portal dark matter parameter space, we emphasize the importance of a

dedicated search of the two jets plus MET signature. As can be seen from the left panel in Fig. 6, for
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Figure 3: The three dark matter particle production mechanisms at hadron colliders. Diagram (a)
has two jets in final state, while (b) and (c) provide mono-jet signatures.

5.1 Estimated limits from monojet on t-change φ exchange

For the fermionic dark matter case and in the heavy mφ limit, the Fierz-transformed effective operator

|λu|2

8m2
φ

χγµ (1 + γ5)χuγµ (1− γ5)u (21)

is generated. The existing search at the 8 TeV LHC with around 20 fb−1 constrains the combination of

up quark and down quark operators. For light dark matter masses below analysis cuts on monojet pT

or /ET , the collider production cross section is insensitive to the parity structure of the operators [25].

One can approximately translate the constraints on Λ ∼
√
2mφ/|λu| obtained in Ref. [25] to our model

parameter space. For light dark matter masses, the 90% confidence level (CL) constraints on Λ in

Ref. [25] is around 900 GeV, leading to an estimated constraint of mφ/|λu| ! 640 GeV.

5.2 Limits from 2j + Emiss
T on φ pair production

In the limit of a small dark matter-mediator coupling, λu ≈ 0, the only significant diagram yielding

this final state is (a) in Fig. 3. The production cross-section is identical to that of a single squark in

the MSSM. The present bounds on this process from CMS constrain the colored particle mass to be

above around 500 GeV [67] for a massless neutralino. For λu ̸= 0, there are additional contributions

from t-channel dark matter exchange and the cross-section for the parton level process u+ ū → φ+φ∗

is given by:

σ = −
1

1728πs3

{

2
√

s(s− 4m2
φ)

[

4g4s (4m
2
φ − s) + 12g2sλ

2
u(s+ 2m2

χ − 2m2
φ) + 27λ4us

]

+3λ2u
[

16g2s
(

m2
χs+ (m2

φ −m2
χ)

2
)

+ 9λ2us(s+ 2m2
χ − 2m2

φ)
]

log

⎡

⎣

s−
√

s(s− 4m2
φ) + 2m2

χ − 2m2
φ

s+
√

s(s− 4m2
φ) + 2m2

χ − 2m2
φ

⎤

⎦

⎫

⎬

⎭

.

(22)
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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

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

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
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where v is the relative velocity of two dark matter particles and is typically 0.3 c at the freeze-out
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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
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For complex scalar dark matter, the annihilation rate of XX† → eiei is also p-wave suppressed and

given by
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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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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.
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★ the degenerate region (the diagonal line) requires 
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★ 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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10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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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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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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Current Searches at the LHC
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-
handed (mass degenerate) selectron and smuon production in the m�̃0

1
–m ˜̀ plane. (d) 95% CL exclusion

limits for �̃±1 �̃
⌥
1 pair production in the simplified model with sleptons and sneutrinos with m ˜̀ = m⌫̃ =

(m�̃±1 +m�̃0
1
)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).
The solid band around the expected limit shows the ±1� result where all uncertainties, except those on
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mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the
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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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Figure 1: Distributions of Emiss,rel
T (left) and mT2 (right) in the e+e� (top), µ+µ� (middle) and e±µ⌥

(bottom) event samples satisfying the event selection of Section 4, as well as Emiss,rel
T > 40 GeV, and

the Z veto. The expected distributions from the WW, tt̄ and ZV processes are corrected with data-
driven scale factors obtained in Section 6. The hashed regions represent the total uncertainties on the
background estimates. The right-most bin of each plot includes overflow. Illustrative SUSY benchmark
models are super-imposed.
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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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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
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⌘ = 2.0

★ the tail can be fitted by a Breit-Wigner formula
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Status for Fermion DM
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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.
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Status for Fermion DM
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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.
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for Majorana DM: suppressed signatures for indirect 
detection and direct detection [                    ]; only 
the LHC provides useful constraints

O(10�49 cm2)
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Figure 6: Left panel: the constraints on the dark matter and its mediator masses for the Dirac fermion
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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.
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★ 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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Conclusions

★ More searches for simplified non-SUSY dark 
matter models should be performed at the LHC 

★ The lepton portal dark matter provides a useful 
reference model for comparing collider, direct and 
indirect searches of dark matter

★ The dilepton MT2 tail can be fitted by a simple 
Breit-Wigner formula

★ The 14 TeV LHC could have a large chance to 
discover the lepton portal dark matter



18

Thanks
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Muon (g-2)

1 Introduction

2 Simplified dark matter model: lepton portal

For a fermonic (Dirac or Majorana) dark matter particle, χ, we have its partner to be 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 different charged leptons. The dark matter mass mχ is smaller than its partner

mass mφ such that φi has a decay branching ratio of 100% into χ and ei. For a complex scalar dark

matter particle, X, we have its partner to be a Dirac fermion ψ and the interactions as

Lscalar ⊃ λiXψ
i
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 is no new contributions to the flavor violation processes from the

dark matter sector.

3 Lepton g − 2

The lepton-portal models considered here can also generate additional contributions to the lepton

anomalous magnetic moment. Among different flavors, the one that provides the most stringent

constraint is the aµ = (g − 2)µ/2. On the other hand, there is a disagreement above 3σ between the

theoretical prediction and the experimental measurement on this quantity. The updated analysis on

the hadronic contributions has the SM prediction to be [1]

aSMµ = (11659182.8 ± 4.9) × 10−10 , (3)

while the experimental measured value is [2, 3]

aEXP
µ = (11659208.9 ± 6.3) × 10−10 . (4)

The difference is

aEXP
µ − aSMµ = (26.1 ± 8.0)× 10−10 , (5)
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may need a positive contribution from new physics
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Figure 8: Left panel: the contours of dark matter contributions to δaµ in the fermionic dark matter
case. Right panel: for the complex scalar dark matter model, the solid line indicates parameter space
giving a contribution to (g − 2)µ equal to the central value of the discrepancy. The two dashed lines
are the one sigma boundaries from Eq. (34). The region above the blue line is excluded by the direct
detection results from LUX.

matter, the calculation has been done in the MSSM. The loop diagram from the dark matter and its

partner has a negative contribution to aµ as [67,68]

δa(χ,φ)µ = −
λ2 m2

µ

16π2 m2
φ

[

1− 6x+ 3x2 + 2x3 − 6x2 lnx

6 (1 − x)4

]

, (35)

with x ≡ m2
χ/m

2
φ. In the region with degenerate masses, x = 1, the part in the brackets becomes

1/12. We show a few contours in the mχ −mφ plane in the left panel of Fig. 8 for the fixed Yukawa

coupling λ = 1. Although the fermionic dark matter case cannot explain the (g − 2)µ anomaly, the

dark matter contribution does not dramatically increase the discrepancy for a modest λ.

For the complex scalar dark matter case, the loop diagram from dark matter and its partner gives

a positive contribution to aµ, which is given by

δa(X,ψ)
µ =

λ2m2
µ

16π2 m2
X

[

2 + 3x− 6x2 + x3 + 6x ln x

6 (1 − x)4

]

, (36)

with x ≡ m2
X/m2

ψ. In the limit of x = 1, the value in the bracket becomes 1/12. With a large value of

the coupling λ = 2.5 and a light dark matter partner mass around 150 GeV, we show that the (g−2)µ
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