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DM simpliÞed models

- SimpliÞed models usually means

Taking a large class of models: SUSY, extraD, ...

Summarize its signal in simple topology, ignoring 
model details. 

In this sense, effective operators is the ultimate 
simpliÞed model of DM.
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DM simpliÞed models

- SimpliÞed models usually means

Taking a large class of models: SUSY, extraD, ...

Summarize its signal in simple topology, ignoring 
model details. 

In this sense, effective operators is the ultimate 
simpliÞed model of DM.

- However, it is overdoing it (for LHC purpose)

Put back some model details.

Not so simple simpliÞed models. 
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ÒstandardÓ story.

- WIMP is part of a complete model at weak scale. 

- ItÕs produced as part of the NP signal, shows up as missing energy.

Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM

SUSY, UED, etc. 
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ÒstandardÓ story.

DM

No discovery
 yet

Of course, still plausible at the LHC, will keep looking.
Higher energy <z higher reach

SUSY, UED, etc. 
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Mono+X

- pair production + additional radiation.

- Mono-jet, mono-photon, mono-...

- Have become ÒStandardÓ LHC searches.
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Effective operator approach

DM

DM

SM

momentum exchange 
q∼100 MeV << mΦ 

effectively,  

Use colliders to constrain and probe
the same operator 

Beltran, Hooper, Kolb, Krusberg, Tait,  1002.4137
Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1005.1286
Bai, Fox, Harnik, 1005.3797 .....
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Is this simple approach effective?

- Valid as Þeld theory? 

Already questionable in run 1, will be quite 
problematic at for run 2.

- More over, is this representative of possible UV 
completion? And, representative of possible signals?

- For both reasons, need to consider simple models 
beyond effective operators. In particular for run 2.

DM

DM

SM =

Talks yesterday
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Simple possibilities 

- Singlet dark matter + new mediators between DM 
and SM. 

- Dark matter in a weak multiplet. 

Mediators = W/Z/h

- Special case: Higgs portal

- ÒnightmareÓ scenario.
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1. SimpliÞed mediator models

!  can be scalar or ZÕ 

IIT-CAPP-13-06, ANL-HEP-PR-13-38

Dark matter with t-channel mediator: a simple step beyond contact interaction
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E! ective contact operators provide the simplest parameterization of dark matter searches at
colliders. However, light mediator can signiÞcantly change the sensitivity and search strategies.
Considering simple models of mediators is an important next-step for collider searches. In this
paper, we consider the case of at-channel mediator. Its presence opens up new contributions to the
monojet+ !ET searches and can change the reach signiÞcantly. We also study the complementarity
between searches for processes of monojet+!ET and direct pair production of the mediators. There
is a large region of parameter space in which the monojet+!ET search provides the stronger limit.
Assuming the relic abundance of the dark matter is thermally produced within the framework of
this model, we Þnd that in the Dirac fermion dark matter case, there is no region in the parameter
space that satisÞes the combined constraint of monojet+!ET search and direct detection; whereas
in the Majorana fermion dark matter case, the mass of dark matter must be larger than about 100
GeV. If the relic abundance requirement is not assumed, the discovery of the t-channel mediator
predicts additional new physics.

PACS numbers: 95.35.+d,95.30.Cq

I. INTRODUCTION

The identity of dark matter (DM) is one of the central
questions in particle physics and cosmology. Many exper-
imental e! orts are underway to search for the answer. It
is also one of the main physics opportunities of the Large
Hadron Collider (LHC). In recent years, there have been
signiÞcant progress in using simple e! ective Þeld theory
to combine the results of the LHC searches with limits
from direct detection experiments [1Ð17]. There have also
been earlier studies for similar search channels [18Ð20].

The contact operator approach is based on the sim-
pliÞed assumption that the particles conducting the in-
teraction between DM and the SM particles are heavy,
and therefore can be integrated out. The constraints on
the energy scale of these e! ective operators from the LHC
searches are around several hundred GeV scale. However,
with the ability to probe up to TeV energy scale, the uni-
tarity constraints might be violated at the LHC. As a re-
sult, the constraints from contact operator studies cannot
be applied directly to UV complete models. Therefore,
it is useful to consider the case in which the mediator
is lighter and within its energy reach. This would in-
evitably introduce more model dependence. Therefore,
it is useful to consider the simplest extensions Þrst.

One such simple scenario is the so-called Òs-channelÓ
model, in which the scattering of the DM with nucleus
is mediated by the exchange of a mediator particle! , as
shown in the left panel of Fig. 1. At colliders, it can
be produced as as-channel resonance through theqøq !
! ! " ø" process. Hence, the limit from monojet+"ET
type searches can be a! ected signiÞcantly. At the same
time, direct searches for resonance! , such as in the di-jet
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FIG. 1: Diagrams for direct detection mediated by s-channel
(left panel) and t-channel (mediators).

channel, provides complementary information. This has
been demonstrated in the case that the mediator! is a
massive spin-1 particle [21Ð23].

In this paper, we consider the other simple possibility
in which the DM nucleus interaction is mediated by go-
ing through a intermediate state. We call this t-channel
mediator. We focus on the cases that the DM is ei-
ther a Dirac or Majorana fermion. In this case, the
light mediator also plays an important (and di ! erent)
role in the collider searches. In particular, it contributes
to the monojet+ "ET searches by being directly produced
and decaying into q + " , as shown in (d1-d4) of Fig. 2.
Moreover, in the most monojet+"ET search by the CMS
collaboration [24] , a second hard jet is also allowed to
increase the signal rate. As a result, this search is also
sensitive to the di-jet+ "ET processes, especially in the re-
gion where the mediator can be pair-produced. At the
meanwhile, the process of the pair-production of the me-

!  squark like
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Zprime like simpliÞed model
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Figure 2:

Therefore, we can get

A(Q) ∼ g2(! )

Q2 −M2
pole −

g2(! )
8! [Q2L(! /Q) −M2

poleL(! /Mpole)]
. (4)

When Q # Mpole, the above equation can be further simpliÞed to be

A(Q) ∼ g2(! )

−M2
pole −

g2(! )
8! [−M2

poleL(! /Mpole)]
. (5)

Then, we can set! = Mpole so that the loop factor is small. Then we can get

A(Q) ∼ −
g2(Mpole)
M2

pole
. (6)

Ð 3 Ð

gD=gZÕ,  Þxed σdir

Tevatron rate for 
Monojet + (MET> 80 GeV)

Tevatron rate,  ZÕ vs effective operator
An, Ji, LTW, 1202.2894
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contact-like 

resonance prod.
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Tevatron rate,  ZÕ vs effective operator
An, Ji, LTW, 1202.2894
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- ZÕ like simpliÞed models. 

Large deviations from the effective operator approach. 

Effective contact operator only recovered for large 
mediator mass and strong coupling. 
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FIG. 13: Sensitivity at
!
s = 100 TeV, L = 3000 fb�1 to a dark matter pairs produced through a real Z0 mediator. Top,

expected limits on the coupling gZ ! versusZ0 mass for two choices ofm! for events with "ET > 5500 GeV; also shown are the
values of gZ ! which satisfy g0/mZ ! = 1 /M⇤, where M⇤ are limits from

!
s = 33 TeV, L = 3000 fb�1. Bottom, production cross

section as a function of Z0 mass, compared to expected limits, wheregZ ! depends onmZ ! as in the top pane.

Zhou, Berge, LTW,  Whiteson,  Tait, 1307.5327 

8

 [GeV]!m
1 10 210 310

/s
]

3
 q

q 
[c

m
"! !

 v
>

 fo
r 

#
95

%
 C

L 
lim

it 
on

 <

-2910

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

-2010

-1910

Thermal relic value

2x FermiLAT bb

LHC7, 5/fb

LHC14, 300/fb

LHC14, 3/ab

pp33, 3/ab

pp100, 3/ab

CTA Segue

CTA Fornax

CTA Halo

D5

 [GeV]!m
1 10 210 310

/s
]

3
 q

q 
[c

m
"! !

 v
>

 fo
r 

#
95

%
 C

L 
lim

it 
on

 <

-2910

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

-2010

-1910

Thermal relic value

2x FermiLAT bb

LHC7, 5/fb

LHC14, 300/fb

LHC14, 3/ab

pp33, 3/ab

pp100, 3/ab

CTA Segue

CTA Fornax

CTA Halo

D8

FIG. 9: Limits at 95% CL on WIMP pair annihilation for di ! erent facilities using the D5 (left) or D8 (right) operator as a
function of m! .
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Likely to discover the mediator Þrst! 

Assume gZÕ = gD

Atlas LowPT

Atlas HighPT

Atlas VeryHighPT
CDF monojet

CDF dijet poleLHC reach

Atlas dijet pole
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Figure 4: Monojet and dijet constraints on direct detection cross sections forgZ ! = gD and M D = 5
GeV. The solid, dashed and dotted red curves are for Atlas Monojet constraints with VeryHighPT,
HighPT and LowPT cuts described in Table 2. The green solid curve is the monojet constraint
from CDF. The dashed green and blue curves are constraints from CDF and Atlas dijet resonance
searches. The solid blue curve is LHC 5! reach assuming a centre-of-mass energy of 14 TeV and a
luminosity of 100 fb! 1.
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Figure 5: Monojet constraints on direct detection cross sections in the case of smallM Z ! , assuming
gZ ! = gD and M D = 5 GeV.

matter nucleon reduced massM ! = M N M ! / (M N + M ! ). However, this dependence is
rather weak for M ! ! O(10) GeV sinceM ! ! M N . Putting this together, we expect the
limits derived from collider searches are rather insensitive to the dark matter massM ! .
In contrast with the steep weakening of the direct detection bound for light dark matter,
collider searches are particularly powerful in this regime. In order to be quantitative,
we present results assuminggZ ! = gD for several values ofM Z ! . The visible ÓkinkÓ-
like feature around 2M ! " M Z ! in the curves are due to the transition from 2 # 2

Ð 9 Ð

An, Ji, LTW, 1202.2894
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t-channel

- For fermionic (scalar) dark matter, the mediator 
could be scalar (fermion).

- FCNC constraints <z !  or " in ßavor multiplet. 

Consider the case where dark matter is singlet. 

! !  is 3 under SU(3) R,  has universal coupling to 
all quarks. (example: right-handed squarks with 
universal masses)

!
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FIG. 2: Diagrams for monojet+ !ET processes at the LHC in
the t-channel mediator scenario. (a1,a2) Initial state gluon-
split processes; (b1,b2) initial state gluon-emission processes;
(c) gluon-emission from the t" channel mediator; (d1-d4) me-
diator direct production processes.
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FIG. 3: Diagrams for mediator pair production processes
at the LHC, which leads to di-jet + !ET signal. (a1-a4) Dia-
grams from purely QCD interaction; (b) Diagram from the t-
channel DM exchanging; (c1-c4) Diagrams from the t-channel
Majorana dark matter exchanging.

This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L ! = ! q ø"# ! q + h.c. , (1)

where q, " and # are the quark Þeld, DM Þeld and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator # would be a scalar (fermion). The
mediator # is also necessarily colored.

In general, Eq. (1) may induce ßavor changing neutral
current which are strongly constrained by ßavor exper-
iments. However, these constraints can be avoided by
imposing the minimal ßavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains aU(3)Q ! U(3)u ! U(3)d ßavor symmetry. Now,
for simplicity, letÕs Þrst assume that" is a singlet of the
ßavor group. Then, to make L ! invariant, the simplest
choice is to make# to be the 3-representation of one
of the three U(3) ßavor groups. Therefore, in general,
Eq. (1) can be written as

L ! = ! Q ø" PL Q#!
Q + ! u ø" PR u#!

u + ! d ø" PR d#!
d

+
! (1)

Qu ø" H #!
Q Yu PR u

!
+

! (1)
Qd ø" ÷H #!

Q YdPR d

!

+
! (2)

Qu
øQHYu #u PR "

!
+

! (2)
Qd

øQ ÷HYd#dPR "

!
+h .c. , (2)

where H is the Higgs Þeld and ÷H = i$2H ! , Yu and Yd
are the two Yukawa couplings. For the monojet+"ET
processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Yu or Yd are in general suppressed by the small
masses of the quarks in Þrst two generations. Therefore,
in the case that " is a SU(2) singlet, to study the generic
feature of monojet+"ET constraint on the Òt-channelÓ
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless! Q,u,d are
tuned to have some special relations. Therefore, in this
work, in the case that " is a SM singlet, we will only keep
the ! u and ! d terms and assume! u = ! d # ! . To sim-
plify our presentation, we also assume that the#u and
#d are degenerate andM " u = M " d # M " . Then, the
Lagrangian can be simpliÞed as

L ! = ! ø" L qR #! + h .c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)L doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark ßavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent ßavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of

Chang,  Edezhath, Hutchinson, Luty, 1307.8120
An, Zhang, LTW, 1308.0592
Bai, Berger, 1308.0612
DiFranzo, Nagao, Rajaraman, Tait, 1308.2679
Papucci, Vichi, Zurek, 1402.2285
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Collider searches

- 2 kinds of contributions for monojet. 

- pp→"#  gives harder (mono)jet! 

q

øq

!

!

"

"

!q

q

!

2

q !
"
q

ø!

qg
(a1)

g øq
q

"
!

ø!øq
(a2)

q g
q

"
!

ø!øq
(b1)

q !
"
q

ø!

gøq
(b2)

q !
"
"

g

ø!øq
(c)

q !

"
" ø!

q
g

(d1)

g
øq

"

" !

!

ø!øq
(d2)

q
q

"
q ø!

!g
(d3)

g ø!

" !
q

!

øq
øq

(d4)

FIG. 2: Diagrams for monojet+ !ET processes at the LHC in
the t-channel mediator scenario. (a1,a2) Initial state gluon-
split processes; (b1,b2) initial state gluon-emission processes;
(c) gluon-emission from the t" channel mediator; (d1-d4) me-
diator direct production processes.

g

g

g
!

! !

(a1)

g

g

!

!

! !

(a2)

g

g

!

! !

(a3)

q

øq

g
!

! !

(a4)

q

øq

"

!

! !

(b)

q

q

"

!

!
(c1)

q

q

"

!

!
(c2)

øq

øq

"

! !

! !

(c3)

øq

øq

"

! !

! !

(c4)

FIG. 3: Diagrams for mediator pair production processes
at the LHC, which leads to di-jet + !ET signal. (a1-a4) Dia-
grams from purely QCD interaction; (b) Diagram from the t-
channel DM exchanging; (c1-c4) Diagrams from the t-channel
Majorana dark matter exchanging.

This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L ! = ! q ø"# ! q + h.c. , (1)

where q, " and # are the quark Þeld, DM Þeld and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator # would be a scalar (fermion). The
mediator # is also necessarily colored.

In general, Eq. (1) may induce ßavor changing neutral
current which are strongly constrained by ßavor exper-
iments. However, these constraints can be avoided by
imposing the minimal ßavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains aU(3)Q ! U(3)u ! U(3)d ßavor symmetry. Now,
for simplicity, letÕs Þrst assume that" is a singlet of the
ßavor group. Then, to make L ! invariant, the simplest
choice is to make# to be the 3-representation of one
of the three U(3) ßavor groups. Therefore, in general,
Eq. (1) can be written as

L ! = ! Q ø" PL Q#!
Q + ! u ø" PR u#!

u + ! d ø" PR d#!
d

+
! (1)

Qu ø" H #!
Q Yu PR u

!
+

! (1)
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+
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!
+

! (2)
Qd
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!
+h .c. , (2)

where H is the Higgs Þeld and ÷H = i$2H ! , Yu and Yd
are the two Yukawa couplings. For the monojet+"ET
processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Yu or Yd are in general suppressed by the small
masses of the quarks in Þrst two generations. Therefore,
in the case that " is a SU(2) singlet, to study the generic
feature of monojet+"ET constraint on the Òt-channelÓ
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless! Q,u,d are
tuned to have some special relations. Therefore, in this
work, in the case that " is a SM singlet, we will only keep
the ! u and ! d terms and assume! u = ! d # ! . To sim-
plify our presentation, we also assume that the#u and
#d are degenerate andM " u = M " d # M " . Then, the
Lagrangian can be simpliÞed as

L ! = ! ø" L qR #! + h .c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)L doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark ßavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent ßavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of
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This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L ! = ! q ø"# ! q + h.c. , (1)

where q, " and # are the quark Þeld, DM Þeld and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator # would be a scalar (fermion). The
mediator # is also necessarily colored.

In general, Eq. (1) may induce ßavor changing neutral
current which are strongly constrained by ßavor exper-
iments. However, these constraints can be avoided by
imposing the minimal ßavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains aU(3)Q ! U(3)u ! U(3)d ßavor symmetry. Now,
for simplicity, letÕs Þrst assume that" is a singlet of the
ßavor group. Then, to make L ! invariant, the simplest
choice is to make# to be the 3-representation of one
of the three U(3) ßavor groups. Therefore, in general,
Eq. (1) can be written as
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where H is the Higgs Þeld and ÷H = i$2H ! , Yu and Yd
are the two Yukawa couplings. For the monojet+"ET
processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Yu or Yd are in general suppressed by the small
masses of the quarks in Þrst two generations. Therefore,
in the case that " is a SU(2) singlet, to study the generic
feature of monojet+"ET constraint on the Òt-channelÓ
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless! Q,u,d are
tuned to have some special relations. Therefore, in this
work, in the case that " is a SM singlet, we will only keep
the ! u and ! d terms and assume! u = ! d # ! . To sim-
plify our presentation, we also assume that the#u and
#d are degenerate andM " u = M " d # M " . Then, the
Lagrangian can be simpliÞed as

L ! = ! ø" L qR #! + h .c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)L doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark ßavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent ßavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of
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This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L ! = ! q ø"# ! q + h.c. , (1)

where q, " and # are the quark Þeld, DM Þeld and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator # would be a scalar (fermion). The
mediator # is also necessarily colored.

In general, Eq. (1) may induce ßavor changing neutral
current which are strongly constrained by ßavor exper-
iments. However, these constraints can be avoided by
imposing the minimal ßavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains aU(3)Q ! U(3)u ! U(3)d ßavor symmetry. Now,
for simplicity, letÕs Þrst assume that" is a singlet of the
ßavor group. Then, to make L ! invariant, the simplest
choice is to make# to be the 3-representation of one
of the three U(3) ßavor groups. Therefore, in general,
Eq. (1) can be written as
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where H is the Higgs Þeld and ÷H = i$2H ! , Yu and Yd
are the two Yukawa couplings. For the monojet+"ET
processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Yu or Yd are in general suppressed by the small
masses of the quarks in Þrst two generations. Therefore,
in the case that " is a SU(2) singlet, to study the generic
feature of monojet+"ET constraint on the Òt-channelÓ
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless! Q,u,d are
tuned to have some special relations. Therefore, in this
work, in the case that " is a SM singlet, we will only keep
the ! u and ! d terms and assume! u = ! d # ! . To sim-
plify our presentation, we also assume that the#u and
#d are degenerate andM " u = M " d # M " . Then, the
Lagrangian can be simpliÞed as

L ! = ! ø" L qR #! + h .c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)L doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark ßavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent ßavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of
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This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.
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where q, � and � are the quark Þeld, DM Þeld and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator � would be a scalar (fermion). The
mediator � is also necessarily colored.

In general, Eq. (1) may induce ßavor changing neutral
current which are strongly constrained by ßavor exper-
iments. However, these constraints can be avoided by
imposing the minimal ßavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains aU (3)
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initial state is needed. Therefore, all the terms propor-
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are in general suppressed by the small
masses of the quarks in Þrst two generations. Therefore,
in the case that� is aSU (2) singlet, to study the generic
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completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless�
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For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in aSU (2)
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doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark ßavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent ßavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of
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This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L ! = ! q ø"# ! q + h.c. , (1)

where q, " and # are the quark Þeld, DM Þeld and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator # would be a scalar (fermion). The
mediator # is also necessarily colored.

In general, Eq. (1) may induce ßavor changing neutral
current which are strongly constrained by ßavor exper-
iments. However, these constraints can be avoided by
imposing the minimal ßavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains aU(3)Q ! U(3)u ! U(3)d ßavor symmetry. Now,
for simplicity, letÕs Þrst assume that" is a singlet of the
ßavor group. Then, to make L ! invariant, the simplest
choice is to make# to be the 3-representation of one
of the three U(3) ßavor groups. Therefore, in general,
Eq. (1) can be written as
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where H is the Higgs Þeld and ÷H = i$2H ! , Yu and Yd
are the two Yukawa couplings. For the monojet+"ET
processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Yu or Yd are in general suppressed by the small
masses of the quarks in Þrst two generations. Therefore,
in the case that " is a SU(2) singlet, to study the generic
feature of monojet+"ET constraint on the Òt-channelÓ
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless! Q,u,d are
tuned to have some special relations. Therefore, in this
work, in the case that " is a SM singlet, we will only keep
the ! u and ! d terms and assume! u = ! d # ! . To sim-
plify our presentation, we also assume that the#u and
#d are degenerate andM " u = M " d # M " . Then, the
Lagrangian can be simpliÞed as

L ! = ! ø" L qR #! + h .c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)L doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark ßavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent ßavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of
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FIG. 4: The constraints on the t-channel mediator model for
both the Dirac (upper panel) and Majorana (lower panel)
cases from the CMS monojet+ 6 ET search. The contours are
upper limits on the dark matter-mediator-quark coupling �.
In the lower panel, the region above the black dashed curve
is excluded by the SD direct detection experiment of the Ma-
jorana fermion DM. Nearly all of the parameter space of the
Dirac fermion DM case is ruled out by the direct detection
experiments except for very light DM ( . 6 GeV ). The red
band shows the region where the relic abundance of DM can
be produced within 3� region of the observed value [39]. In
the shadowed region, the constraint from squark search is
stronger than from the monojet+ 6 ET search (see Fig. 5).

a similar argument, one can see that for a ÞxedM�, as
we increaseM�, the constraint on � becomes stronger at
the beginning, then weakens. This e↵ect is more obvious
especially in the largeM� region.
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FIG. 5: The constraints on the t-channel mediator model for
the Dirac (upper panel) and Majorana (lower panel) cases
from the CMS squark search at the 8 TeV LHC with 19.5
fb�1 integral luminosity. The contours are upper limits on
the dark matter-mediator-quark coupling �. This constraint
is stronger than the monojet+6 ET constraint in the region
above the black dashed line.

The Majorana case is qualitatively di↵erent from the
Dirac case. For ÞxedM�, with the increasing of M�, the
upper limit on � becomes weaker at the beginning. It
becomes stronger in the region whereM� is about M�/2,
and then weakens again. For example, forM� ⇠ 1200
GeV, there is a strengthening of the limit around M� ⇠
600 GeV. This behavior is caused by the exchange of the
Majorana � in the pair-production process. In the region
whereM� is relatively large, but not large enough so that
the jet from the decay of� is too soft, the pair-production
process becomes the dominant contribution. Moreover,
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FIG. 4: The constraints on the t-channel mediator model for
both the Dirac (upper panel) and Majorana (lower panel)
cases from the CMS monojet+ 6 ET search. The contours are
upper limits on the dark matter-mediator-quark coupling �.
In the lower panel, the region above the black dashed curve
is excluded by the SD direct detection experiment of the Ma-
jorana fermion DM. Nearly all of the parameter space of the
Dirac fermion DM case is ruled out by the direct detection
experiments except for very light DM ( . 6 GeV ). The red
band shows the region where the relic abundance of DM can
be produced within 3� region of the observed value [39]. In
the shadowed region, the constraint from squark search is
stronger than from the monojet+ 6 ET search (see Fig. 5).

a similar argument, one can see that for a fixed M�, as
we increase M�, the constraint on � becomes stronger at
the beginning, then weakens. This e↵ect is more obvious
especially in the large M� region.
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FIG. 5: The constraints on the t-channel mediator model for
the Dirac (upper panel) and Majorana (lower panel) cases
from the CMS squark search at the 8 TeV LHC with 19.5
fb�1 integral luminosity. The contours are upper limits on
the dark matter-mediator-quark coupling �. This constraint
is stronger than the monojet+6 ET constraint in the region
above the black dashed line.

The Majorana case is qualitatively di↵erent from the
Dirac case. For fixed M�, with the increasing of M�, the
upper limit on � becomes weaker at the beginning. It
becomes stronger in the region where M� is about M�/2,
and then weakens again. For example, for M� ! 1200
GeV, there is a strengthening of the limit around M� !
600 GeV. This behavior is caused by the exchange of the
Majorana � in the pair-production process. In the region
where M� is relatively large, but not large enough so that
the jet from the decay of � is too soft, the pair-production
process becomes the dominant contribution. Moreover,

Contours, limits on coupling λq 

Monojet: CMS-PAS-EXO-12-048
squark: CMS-PAS-EXO-13-012  

Dirac
Majorana

In general, the processes involving mediator direct 
production give strongest limit.

Stronger limit come from squark search (gray) or CMS-
style monojet search.  

Haipeng An, Hao Zhang,  LTW, 1308.0592
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Summary of simpliÞed mediator models

- Adding mediators can dramatically change the 
search strategy and reach. 

- Processes with mediator direct production usually 
give stronger limits. 

- These mediators are new physics particles 
themselves.  Very simple DM+New forces! 

- Simplify the other way

More involved DM + SM forces are mediator?
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2. No additional mediator

- Dark matter part of a weak multiplet. 

Mediated by W/Z/h.

q

øq

W±

! ±

! 0

q

øq

Z/ " /h

! ± , ! 0

! ! , ! 0
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SUSY as an example

- Not just because we love SUSY. 

- SUSY LSP <z a set of good examples of  more 

generic WIMP candidates. 

Bino <{ singlet fermion dark matter

Higgsino <{ Doublet. Heavy exotic lepton.

Wino <{ EW Triplet DM 

Can have co-annihilation regions
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Narrowing parameter space.
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Figure 4: Current limits on bino/Higgsino DM with ! ! = ! obs for tan ! = 2 (upper), 20
(lower). Dotted brown lines are contours of! (th)

! / ! obs, and the brown band shows the region
having ! (th)

! within ± 3" of ! obs. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
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Cheung, Hall, Pinner, Ruderman, 1211.4873
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Figure 5: Spin-independent cross section versus the DM massm! 0
1
. All the points in the colored

shaded region give the correct relic abundance in Eq. (4.1), satisfy the collider constraints in Eq. (4.2)
and the ßavor constraints in Eq. (4.3). The green region represents the model points with theZ
and Higgs resonances. TheZ funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
÷! , ÷" " , ÷b, ÷t contributions. The gray points represent the scenarios with special cancellations when
M 1 and µ take opposite signs. The DAMA and CoGeNT contours (3#) are shown for astrophysical
parametersv0 = 220 km/s, vesc = 600 km/s, and for a local density $0 = 0.3 GeV/cm 3. CRESST
contours are 2# regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], forv0 = 220 km/s, vesc = 544 km/s, $0 = 0.3 GeV/cm 3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.

I-C (green) %0
1%0

1 ! H, A ! SM predicts m! " mA,H / 2 # 0.2$ 0.5 TeV, the H/A -funnel.

II-A (yellow) Neutralino/chargino coannihilation [86,87]: %0
i %0

j , %0
i %±

j ! SM.

II-B (magenta) Sfermion assistance [88Ð90]:%0
1÷! , %0

1
÷t, %0

1
÷b ! SM ; t-channel ÷! , ÷" in %0

i %0
j .

We categorize model points as scenario I if the di! erence between the mediator mass
and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A $ 2m! 0
1
| % 0.08 mZ,h,A . (4.4)

Ð 12 Ð

Han, Liu, Natarajan, 1303.3040
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Possible scenarios (not over-closing)

- Higgsino >���TeV

- Wino >���3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 M DM " M X X= A, H...

÷h, ÷W
÷B

! M ! several %" M DM

÷B
! M ! several %" M DM

÷! , ÷q, ÷t, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914
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Possible scenarios (not over-closing)

- Higgsino >���TeV

- Wino >���3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 M DM " M X X= A, H...

÷h, ÷W
÷B

! M ! several %" M DM

÷B
! M ! several %" M DM

÷! , ÷q, ÷t, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914

Common feature: 
 very small mass splitting   ÒcompressedÓ
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SUSY DM signal in the compressed case

The ÒusualÓ story
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SUSY DM signal in the compressed case

small mass splitting, very 
low energy particles, invisible

p

p
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SUSY DM signal in the compressed case

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...
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SUSY DM signal in the compressed case

- Back to the basic mono-jet, mono-photon...

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...

Signal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14
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Mono-X 

- Very challenging. Systematics dominated

No limit from the 8 TeV run. 

Very weak discovery reach at 14 TeV, 3 ab -1 .

- Reach at lepton collider, about 1/2 E CM.
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WIMP miracle

- More precisely, to get the correct relic abundance

- Much of the parameter space out of reach for the 
LHC. 

DM

DM

SM

M WIMP ! 1.8 TeV
!

g2

0.3

"
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People started to think about possible next 
generation large colliders already, such as a pp 
collider with E CM about 100 TeV. 

!"#!$%&&!

! !"#$#%&'(&)(*"&)+,-
" ./$(#0+123#4(5&)678+)96:+/

G6AÆ�;

CERN
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- SigniÞcant step beyond the LHC. 

 [TeV]
!"

m
0 1 2 3 4 5 6

wino  disappearing tracks
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gluino coan.  
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Collider Limits
100 TeV
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Matthew Low, LTW

mono-jet
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Doing more in the wino case

- Main decay mode " ± $ ! ± + " 0 

- Charge track " 10(s) cm 

Figure 3: The mass splitting as a function ofM2 for tan ! = 10. The solid curves, from top
to bottom, representµ = 2M2, µ = 3M2, µ = 5M2, and µ = ! . The dashed curves are the
same except for the opposite sign ofµ. The dot-dashed curve is the charged pion massm! ± .

Higgs potential. For |µ|/M 2 = 5 we Þnd from Figs. 2 and 3 that the mass splitting is

signiÞcantly abovem! ± such that ÷W ± " ÷W 0" ± is kinematically allowed and is the dominant

decay mode. This remark is also true even for extraordinarily large values ofµ as long as

M2 ># 80 GeV.

3.2 Finding supersymmetry with dileptons

The precise calculation of the mass splitting is crucial since in ref. [10] it was demonstrated

that if m! ± <# m÷" ±
1

$ m÷" 0
1

<# 1 GeV then the ÷W ± will decay too fast to use a quasi-stable

charged particle analysis, with dedicated triggers. However, the decays are not prompt, and

so analyses of events triggered by other means could see a sti! charged particle track that

subsequently terminates in the vertex detector. The di" culty is triggering the event.

One way to trigger such events is to produce the Winos in associated production with a

standard model particle, such as a gluon at hadron collidersor a photon at e+ e! colliders.

Triggering on high-pT monojets or high-energy photons at these colliders then maybe an

14

Figure 1: In (a), we show the lifetime of ÷! !
1 for the caseM1 ! M2 " |µ|. ! m÷! 1 is the

charginoÐneutralino mass di" erence. In (b), we give the corresponding branching ratios of ÷! !
1 .

For ! m÷! 1 # 1.5 GeV, the branching ratio for ÒhadronicÓ decays is computedas the sum of
the branching ratios for 1, 2 and 3 pion Þnal states, while forlarger mass splittings the parton
model result has been used.

implying that a ÷! !
1 or ÷! +

1 produced with low rapidity will typically pass through 4 or more
layers of the vertex detector before decaying (for$" %>& 0.7). This is probably su# cient to
recognize the ÷! ±

1 track as being clearly heavily ionizing. For 160 MeV< ! m÷! 1 < 190 MeV,
7 cm > c# > 3 cm and the ÷! ±

1 will typically pass through at least two layers. Even though
these layers would register passage of a heavily-ionizing object, this alone might not be enough
to clearly identify an unusual event. However, the ÷! ±

1 track will end (which possibly helps
to distinguish it from longer tracks etc. that happen to havelarge deposits in the inner
few layers) and emit a single charged pion. The single pion will typically have transverse
momentum of order its momentum,p" &

!
! m2

÷! 1
' m2

" , in the ÷! ±
1 rest frame. For 160 MeV<

! m÷! 1 < 190 MeV, p" & 77 ' 130 MeV. The corresponding impact parameter resolution
(taking pT

" & p" ), bres & 300' 170µm (these are the 1$ values from Fig. 2.2 of [4] when L00

cm. Thus the LEP detectors have less ability to see direct evidence for the ÷! ±
1 track for the c" range being

considered.

Gherghetta, Giudice and Wells, hep-ph/9904378 Chen, Drees and Gunion, hep-ph/9902309
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Disappearing track

Figure from ATLAS disappearing track search twiki

Figure 1: In (a), we show the lifetime of ÷! !
1 for the caseM1 ! M2 " |µ|. ! m÷! 1 is the

charginoÐneutralino mass di" erence. In (b), we give the corresponding branching ratios of ÷! !
1 .

For ! m÷! 1 # 1.5 GeV, the branching ratio for ÒhadronicÓ decays is computedas the sum of
the branching ratios for 1, 2 and 3 pion Þnal states, while forlarger mass splittings the parton
model result has been used.

implying that a ÷! !
1 or ÷! +

1 produced with low rapidity will typically pass through 4 or more
layers of the vertex detector before decaying (for$" %>& 0.7). This is probably su# cient to
recognize the ÷! ±

1 track as being clearly heavily ionizing. For 160 MeV< ! m÷! 1 < 190 MeV,
7 cm > c# > 3 cm and the ÷! ±

1 will typically pass through at least two layers. Even though
these layers would register passage of a heavily-ionizing object, this alone might not be enough
to clearly identify an unusual event. However, the ÷! ±

1 track will end (which possibly helps
to distinguish it from longer tracks etc. that happen to havelarge deposits in the inner
few layers) and emit a single charged pion. The single pion will typically have transverse
momentum of order its momentum,p" &

!
! m2

÷! 1
' m2

" , in the ÷! ±
1 rest frame. For 160 MeV<

! m÷! 1 < 190 MeV, p" & 77 ' 130 MeV. The corresponding impact parameter resolution
(taking pT

" & p" ), bres & 300' 170µm (these are the 1$ values from Fig. 2.2 of [4] when L00

cm. Thus the LEP detectors have less ability to see direct evidence for the ÷! ±
1 track for the c" range being

considered.

- Main decay mode " ± $ ! ± + " 0 

- Charge track " 10(s) cm 
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ATLAS search

- Essentially free of physics background.

- Dominated by pT mis-measured tracks.

- Very promising reach, much better than mono-jet

ATLAS, 1310.3675

7

TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for m ÷! ±

1
= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/Þnal-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger e! ciency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction e ! ciency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

fit to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the di! erent backgrounds derived in Sec. V. In the
fit, the yields of the signal, interacting-hadron, and pT -
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The e! ects of
systematic uncertainties on the yields and the parameters
describing the pT -distribution shapes of the background
tracks are also incorporated into the likelihood function.
The number of observed events having a high-pT dis-

appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only fit in the pT range below 75 GeV, are given in
Table III. No significant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (! 95%

vis ) at 95% confidence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
fit in the full pT range: the best-fit values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT -mismeasured tracks are 2187 ± 71, 852 ± 35, 23 ± 8
and 212 ± 33, respectively. Three selected examples for
the signal are also shown in the figure.
An excess with a corresponding significance of ! 2! is

seen in Fig. 5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
significant di! erences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in Ta-
ble III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track- pT spectrum obtained by the background-only Þt. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track- pT spectrum is shown at the bottom of the Þgure.

VIII. RESULTS

In the absence of a signal, constraints are set on m ÷χ±
1

and " ÷χ±
1
. The upper limit on the production cross-section

for a given m ÷χ±
1

and " ÷χ±
1

at 95% CL is set at the point
where the CL of the “signal+background” hypothesis,
based on the profile likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed " ÷χ±

1
–m ÷χ±

1
parameter space is shown in Fig. 6.

The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass di! erence is
shown as the LEP2 result. This constraint is largely in-
dependent of tan# or the sign of µ.
The analysis is not performed for signals having " ÷χ1 >

10 ns (corresponding " m ÷χ1 being below the charged pion
mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the

9
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FIG. 7. The constraint on the allowed ! m ÷! 1
–m ÷! ±

1

space of

the AMSB model for tan β = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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(Rough) Extrapolation from ATLAS search

- Scale the ATLAS background rates according to 
hard jet + MET rates. 

- Band: varying background estimate by 5 either 
way.

channel bkgd. syst.
14 TeV 100 TeV

95% limit 5! discovery 95% limit 5! discovery

monojet
1% XXX XXX XXX XXX
2% XXX XXX XXX XXX

disappearing tracks
1% XXX XXX XXX XXX
2% XXX XXX XXX XXX

Table 1 : Mass reach for the pure wino scenario.

/E T where neither of the jets can be too close to the/E T direction. As this is the same
criteria as the monojet search we estimate the background normalization to be set by the
Z ("" ) + jets integrated luminosity. Additional details on our scaling procedure are found
in App. B. The results of the extrapolation are shown in Fig.3. The band is generated by
varying the background normalization up and down by a factor of 5.
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Figure 3 : The mass reach in the pure wino scenario in the disappearing track channel with
L = 3000 fb! 1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The
bands are generated by varying the background normalization between 20! 500%. Only
events passing the analysis cuts in App.B are considered.

Results are shown in Table1. We Þnd ... [do we want a summary plot?]

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.
Because of the connection betweenµ and Þne-tuning, these spectra arise in natural super-
symmetry [43, 44]. A thermal higgsino saturates the relic density form ÷! " 1 TeV (why are
sommerfeld corrections not large? ÐML) . As for the wino case, a thermal higgsino is

Ð 8 Ð
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Higgs portal like coupling

H   HXX

- H H: lowest dim gauge inv. operator of SM Þelds.

- X scalar, UV complete already. (simplest 
possibility?)

- X fermion, still need UV completion.

- Add a singlet scalar <z shift in Higgs coupling

- Add fermion doublet, loop induced. More pheno. 
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Higgs portal like coupling

- Study to be done! 

Reach probably very limited, even at 100 TeV. 

MX < TeV (my guess)

T!

T!

h

T! T!

h h

X X

X

X

direct production at collider
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Anything else we can do?

- Precision Higgs measurement is the best way to 
go. 

4

(a)

e!

e+

h

ZG0

(b)

e!

e+

h

ZZ

FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under
the SM gauge group.To see the relevant e! ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, ! i , are gauge singlets. In the limitm! ! v, we may
integrate out the ! i and express their e! ects in terms
of an e! ective Lagrangian below the scalem! involv-
ing only Standard Model Þelds with appropriate higher-
dimensional operators. At one loop, integrating out the
! i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e! ective Lagrangian:

L ef f = L SM +
cH

m2
!

!
1
2

" µ |H |2" µ |H |2
"

+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m! , we ÞndcH (m! ) =
n! |#! |2/ 96$2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using Þeld redeÞnitions or classical equations of
motion, the physical e! ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with %Zh = 2cH v2/m 2

! .
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

%&Zh = " 2cH
v2

m2
!

= "
n! |#! |2

48$2

v2

m2
!

. (11)

where we have deÞned%&Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Sincen! |#! |2 is required to be large in order to cancel the
top quadratic divergence, this e! ect may be observable
in precision measurements of&Zh despite arising at one
loop.

While this e! ective Lagrangian approach makes the
physical e! ect transparent, naturalness dictates that
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5.0

10.0

m! !GeV"

"# Zh !$ "

"# Zh%2.5$

"# Zh%0.5$

n! &1

n! &6

FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m! in the e! ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n! = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n! = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
!" Zh ! 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ! 10% tunings could be
probed.

m! # v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+ e! $ hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in%m2

h .
At one loop the e! ective theory of naturalness deÞned

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

%&Zh = n!
|#! |2v2

8$2m2
h

(1 + F (' ! )) (12)

=
9#2

t m2
t

2$2n! m2
h

(1 + F (' ! )) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.

X

Craig, Englert, McCullough, 2013  

Wavefunction renormalization
Induce shift in Higgs coupling.
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Perhaps the most difÞcult case

- ÒaÓ can be dark photon, etc. 

- ÒnightmareÓ scenario?

- Fixed target dark photon searches.. 

a

a

SM

SM

X

X
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Perhaps the most difÞcult case

- ÒaÓ can be dark photon, etc. 

- ÒnightmareÓ scenario?

- Fixed target dark photon searches.. 

a

a

SM

SM

X

X

Can be very small
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Conclusions

- Searching for dark matter is and will continue to be a 
main part of the physics program at colliders. 

- Need to go beyond the simple contact operator 
approach.

- ÒSimpliÞed modelsÓ, new mediator. 

Direct search for the mediator usually more powerful.

- SUSY-like models. Challenging! Limited reach at the LHC

Need to think/work harder. Tracks...? 

Going to the next generation of colliders can cover most 
of the parameter space. 
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Example: Wino. Monojet channel

- A factor of 4-5 enhancement from 14 to 100 TeV.

Matthew Low, LTW, 2014

S
!

B + ! 2B 2 + " 2S2
, ! = (1 ! 2)%, " = 10%signiÞcance: 

Band: varying systematic error of background, ! , between 1-2%

Recent works on mono-jet for electroweak-inos
Schwaller, Zurita, 1312.7350
Baer, Tata, 1401.1162
Han, Kribs, Martin, Menon, 1401.1235

 mass [GeV]!
0 500 1000 1500 2000

 B"
S

/

0

1

2

3

4

5

6 M
adG

raph5 +
 P

ythia6 +
 D

elphes3

95%

100 TeV

14 TeV

Wino
1-2% syst.

-1L = 3000 fb

pT(jet) > 300 (1200) GeV, 
for 14 (100) TeV Ecm
lepton veto ... 

mono-γ and mono-W/Z 
donÕt add that much.
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Mono-jet for Higgsino

inaccessible to the LHC. While a 100 TeV collider can come much closer to the thermal value,
it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at
lower energies. This opens up additional pair production channels relative to the pure wino
case, but all channels are still through ans-channel W ± or Z .
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Figure 4 : Reach in the pure higgsino scenario.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. Like
the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative
to the LHC. The reach is weaker than for winos, mainly due to the reduction in production
cross-section.
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Figure 5 : Charged track distributions for the pure wino scenario showing the number of
tracks for a given track length (left) and the number of tracks for a given wino mass (right).
Only events passing the analysis cuts in App.B and containing at least one chargino track
with pT > 500 GeV are considered.

While not as long as the wino lifetime, the charged higgsino still travels a macroscopic

Ð 9 Ð
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Well-tempered, mono-jet + soft lepton 

- Adding soft lepton. S/B is O(1).

- Mitigating factor: Higher lepton threshold (?) at 
100 TeV. 

Giudice,  Han,  Wang and LTW,  1004.4902
Schwaller, Zurita, 1312.7350
Han, Kribs, Martin, Menon, 1401.1235

10 GeV < pT lepton < 30 GeV20 GeV < pT lepton < 40 GeV
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Figure 9 : The mass reach in the mixed bino/wino(/higgsino) (! = 20 GeV) scenario in the
soft lepton channel at 100 TeV with L = 3000 fb! 1 at 100 TeV looking for 0 leptons (blue),
0 or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the
background systematics between 2! 5% and the signal systematic uncertainty is set to 10%.
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Figure 10 : The mass reach in the mixed bino/higgsino (! = 20 GeV) scenario in the soft
lepton channel at 14 TeV with L = 3000 fb! 1 at 100 TeV looking for 0 leptons (blue), 0
or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the
background systematics between 2! 5% and the signal systematic uncertainty is set to 10%.
The results for bino/higgsino (! = 30 GeV) and bino/wino ( ! = 20 GeV) are very similar.

process, which has a much smaller cross-section. The exclusion reach extends tom ÷! " 1 TeV
in all cases and the discovery reaches several hundred GeV.

Ð 14 Ð
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Figure 7 : The mass reach in the mixed bino/higgsino (! = 20 GeV) scenario in the soft
lepton channel at 100 TeV with L = 3000 fb! 1 at 100 TeV looking for 0 leptons (blue), 0
or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the
background systematics between 2! 5% and the signal systematic uncertainty is set to 10%.
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Figure 8 : The mass reach in the mixed bino/higgsino (! = 30 GeV) scenario in the soft
lepton channel at 100 TeV with L = 3000 fb! 1 at 100 TeV looking for 0 leptons (blue), 0
or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the
background systematics between 2! 5% and the signal systematic uncertainty is set to 10%.

of ! m = 20 ! 30 GeV, where the heavier charginos and neutralinos decay to the LSP via
o" -shell W Õs andZ Õs.

Unlike pure spectra, mixed spectra are known to be able to thermally saturate the relic

Ð 12 Ð
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Doing more for the wino case

- AMSB

- AMSB + heavy scalars (Wells 2003, split...)
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Rates (with long tracks)

- Disappearing track, stub, kink...

- Could also be long lived
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Wino, interplay with indirect detection10
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FIG. 4: The current bounds from H.E.S.S. [blue, solid] and Fermi [red, dashed] for Burk(0.5 kpc),
Einasto, NFW, and Burk(10 kpc) [bottom to top]. The green band is excluded by direct searches
at the LHC and the yellow shaded circle corresponds to the thermal wino scenario. The dotted
grey line demarcates where the DM fraction constitutes all of the relic density. The dot-dashed
black line represents the fraction of the DM predicted by a thermal cosmological history. All cross
sections are computed in the tree-level-SE approximation.One-loop e! ects have been shown to
reduce the cross section to line photons by as much as a factor of 4(see Sec. III B).

with r s = 20 kpc and ! = 0.17. Finally, the Burkert proÞle [61]

" Burk (r ) =
" 0

(1 + r/r s)(1 + ( r/r s)2)
(8)

is an example of a cored proÞle that results in a large range of predictions for theJ -factor for

di! erent choices ofr s. The NFW and Einasto proÞles are favored byN -body dark matter

only simulations,5 see for example [64], but there is observational evidence for shallower or

cored proÞles in some dwarf galaxies [65].

These di! erent density proÞles are illustrated in Fig. 3 and the table lists the correspond-

ing J -factors in the H.E.S.S. region of interest, which is a 1! circle at the Galactic Center,

with the Galactic plane masked out (|b| ! 0.3! ). The J -factor can vary over several orders

5 These N -body simulations only include collisionless dark matter. Recent work suggests that baryonic

processes can substantially modify the inner structure of dark matter halos, either ßattening or steepening

them. Milky-Way-like halos in simulations that model these processes have been found to possess NFW-

like proÞles into " 2 kpc from the GC [62], although a larger " 10 kpc core has been found in one

simulation [63].
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FIG. 8: The same as Fig. 4, except that the orange shaded regions are for the 5 hour CTA projection
of [77, 80].

V. CONCLUSIONS

In this paper, we explored the limits on wino DM. Thermal winos comprise all of the

DM at a mass of ! 3.1 TeV; this provides a motivation for the presence of gauginos at

the weak scale in models with split supersymmetry spectra. Although collider and direct

detection prospects for TeV-scale wino DM are limited, we have shown that Cherenkov

telescopes such as H.E.S.S. and (in the future) CTA are remarkably powerful at exploring

this well-motivated DM candidate.

Assuming a thermal history, winos are excluded by H.E.S.S. from 3.1 TeV, where they

comprise all of the DM, down to! 1.6 TeV for an NFW proÞle. Assuming a non-trivial

cosmology, where some additional process is required to keep the wino density at! h2 = 0.12

for a given mass, H.E.S.S. excludes winos down to 500 GeV for an NFW proÞle; the Fermi

constraint on continuum annihilation to W + W ! from observations of dwarf spheroidals

excludes masses below 500 GeV.

These limits are highly sensitive to uncertainties in the DM density proÞle. For example,

the line photon annihilation cross section for a 3.1 TeV wino is excluded to 95% conÞdence

by factors of! 12, 22, and 12000 for NFW, Einasto, and Burk(0.5 kpc) proÞles, respectively.

It is not excluded for a Burkert proÞle with 10 kpc core by more than an order of magnitude.

However, winos near the Sommerfeld resonance at! 2.4 TeV are safely excluded for these

HESS
CTA

Cohen, Lisanti, Pierce, Slatyer,  1307.4082

See also Fan, Reece, 1307.4400 
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Wino summary

- Completely cover the wino parameter space. 

HESSCTA

channel bkgd. syst.
14 TeV 100 TeV

95% limit 5! discovery 95% limit 5! discovery

monojet
1% XXX XXX XXX XXX
2% XXX XXX XXX XXX

disappearing tracks
1% XXX XXX XXX XXX
2% XXX XXX XXX XXX

Table 1 : Mass reach for the pure wino scenario.

/E T where neither of the jets can be too close to the/E T direction. As this is the same
criteria as the monojet search we estimate the background normalization to be set by the
Z ("" ) + jets integrated luminosity. Additional details on our scaling procedure are found
in App. B. The results of the extrapolation are shown in Fig.3. The band is generated by
varying the background normalization up and down by a factor of 5.
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Figure 3 : The mass reach in the pure wino scenario in the disappearing track channel with
L = 3000 fb! 1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The
bands are generated by varying the background normalization between 20! 500%. Only
events passing the analysis cuts in App.B are considered.

Results are shown in Table1. We Þnd ... [do we want a summary plot?]

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.
Because of the connection betweenµ and Þne-tuning, these spectra arise in natural super-
symmetry [43, 44]. A thermal higgsino saturates the relic density form ÷! " 1 TeV (why are
sommerfeld corrections not large? ÐML) . As for the wino case, a thermal higgsino is

Ð 8 Ð
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Òblind spotsÓ for colliders

- Heavier WIMPs. 

Coupling stronger than weak gauge coupling.

Higher energy collider.

- Heavy and only couples to leptons.

Higher energy lepton collider

- Higgs-like coupling. Lower production rate. 

Third generation signatures (b + MET).

Higgs coupling measurements.  
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More broadly

- Could also link to a possible dark sector.

- Strategy at collider searches strongly correlated 
with potential discovery at in direct/indirect 
detection. 

LHC VLHC 
100 TeV

Lepton collider

MDM �d102s GeV MDM �dTeV
MDM �d��0.5 Ecm 

Spin, coupling
Is it WIMP?
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extras
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Tracks?

- Depends on detector design

How long the track needs to be?

Background discrimination?

- Can change mass splitting in extended models.
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Co-annihilation, monojet

- Driven by stop/gluino production. 

- Impressive reach from mono-jet.

- Could consider soft lepton in the stop case.

LSP with m�̃ ! 6.2 TeV and a gluino at mg̃ ! 6.45 TeV (i.e. ! m ! 250 GeV), but cannot
exclude the case where! m = 0 (corresponding to m�̃ = mg̃ ! 10 TeV).
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Figure 11 : The mass reach in the gluino coannihilation scenario in the monojet channel with
L = 3000 fb! 1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The
bands are generated by varying the background systematics between 1" 2% and the signal
systematic uncertainty is set to 10%. The lowerx-axis displays the gluino-bino mass splitting
! m for a given bino mass which is required to saturate the relic density [92]. A tick is placed
every 20 GeV with the exception of the consecutive! m = 300 GeV ticks.

The next coannihilator considered is the stop. As the mass of the stop is tied to Þne-
tuning, stop coannihilation appears in many models [93, 94] and has also been previously
studied [95]. In our simulations we set mt̃ " m�̃ # 0.05m�̃ and decouple everything else,
leaving one neutralino and the right-handed stop at low energies.

The mass reach is shown in Fig.12. The mass for a thermal bino ism�̃ ! 2 TeV in the
stop-degenerate limit. A 100 TeV can not only comfortably exclude this scenario, but also
discover it, given su" ciently low systematics.

Next we move onto squark coannihilation. For this spectrum we keep the left-handed
scalar partners of the light quarks (÷uL , ÷dL , ÷sL , and ÷cL ) in the spectrum, while decoupling
everything else. We set these in the same manner as in the other coannihilation spectra,
mq̃ " m�̃ # 0.05m�̃. Fig. 13 shows the monojet reach. As expected the signiÞcance is
roughly four times larger than the stop coannihilation case. The exclusion reach extends to
m�̃ ! 4 TeV and the discovery reach tom�̃ ! 3 TeV.

Lastly we studied the stau coannihilation scenario. These regions come up in constrained
MSSM parameter scans, albeit with other particles at low energies [96]. Again, we set m⌧̃ "
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Figure 12: The mass reach in the stop coannihilation scenario in the monojet channel with
L = 3000 fb! 1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The
bands are generated by varying the background systematics between 1! 2% and the signal
systematic uncertainty is set to 10%. The lowerx-axis displays the stop-bino mass splitting
! m for a given bino mass which is required to satisfy the relic density [92]. A tick is placed
every 5 GeV with the exception of the consecutive! m = 45 GeV ticks.

m!̃ " 0.05m!̃ , leaving a neutralino and the right-handed stau at low energies. The cross-
section for stau pair production is suppressed by more than an order of magnitude relative
to the strongly-interacting coannihilators and is too low for the monojet channel to have any
sensitivity [97]. Projecting the reach in constrained MSSM stau coannihilation regions at
100 TeV would require a more detailed study involving other particles in the spectrum and
di" erent search channels.

The coannihilation results are summarized in Table4. To recapitulate we Þnd the exclusion
reach for gluinos to bem!̃ # 6.2 TeV, for stops to be m!̃ # 2.8 TeV, and for squarks to be
m!̃ # 4.0 TeV. The monojet search is not sensitive to the stau coannihilation scenario. The
discovery prospects are also all in the multi-TeV range.

7 Conclusions

In this work we projected the 95% exclusion reach and the 5! discovery reach of a 100 TeV
proton-proton collider for neutralino dark matter. As SUSY already provides a variety of
basic dark matter models we performed our study in the context of simpliÞed SUSY models,
but the results can be straightfowardly generalized. We implemented three collider searches,
all of which relied on the basic signal of tagging one or more initial state radiation (ISR) jets.
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Cuts, monojet

Cut 8 TeV 14 TeV 100 TeV

pT (j 1), ⌘(j 1) 110 GeV, 2.4 300 GeV, 2.4 1200 GeV, 2.4
pT (j 2), ⌘(j 2) 30 GeV, 4.5 30! 120 GeV, 4.5 100! 400 GeV, 4.5

njet 2 2 2
��(j 1, j 2) 2.5 2.5 2.5
pT (e), ⌘(e) 10 GeV, 2.5 20 GeV, 2.5 20 GeV, 2.5
pT (µ), ⌘(µ) 10 GeV, 2.1 20 GeV, 2.1 20 GeV, 2.1
pT (⌧ ), ⌘(⌧ ) 20 GeV, 2.3 30 GeV, 2.3 40 GeV, 2.3

/ET 250! 550 GeV 350! 1000 GeV 2 ! 5 TeV

Table 5 : Cuts used in monojet analysis. ForpT (j 2) and /ET the range represents the values
scanned over, where the values used for each spectra are shown in Table6.

"
s Cut Wino Higgsino Gluino coan. Stop coan. Squark coan. Stau coan.

14 TeV
/ET 650 GeV 650 GeV 750 GeV 650 GeV 650 GeV 650 GeV

pT (j 2) 30 GeV 30 GeV 120 GeV 120 GeV 120 GeV 120 GeV

100 TeV
/ET 3.5 TeV 3.5 TeV 4.0 TeV 3.5 TeV 3.5 TeV 3.5 TeV

pT (j 2) 300 GeV 250 GeV 400 GeV 400 GeV 400 GeV 400 GeV

Table 6 : /ET and pT (j 2) cuts used in the monojet analysis for each spectra. Table5 shows
the other cuts used.

Cut 100 TeV 14 TeV

pT (j 1), ⌘(j 1) 1200 GeV, 2.4 300 GeV, 2.4
pT (j 2), ⌘(j 2) 300 GeV, 4.5 30 GeV, 4.5

njet 2 2
��(j 1, j 2) 2.5 2.5
pT (e), ⌘(e) # (10 GeV, 30 GeV), 2.5 # (10 GeV, 30 GeV), 2.5
pT (µ), ⌘(µ) # (10 GeV, 30 GeV), 2.1 # (10 GeV, 30 GeV), 2.1

/ET 1250 GeV 350 GeV

Table 7 : Cuts used in soft lepton analysis.

Soft Leptons

The soft lepton analysis is similar to the monojet analysis with the exception of how leptons
are treated. Events are binned according to whether they contain 0, 1, or 2 leptons where a
lepton is deÞned as an electron with 10 GeV< p T (e) < 30 GeV or a muon with 10 GeV<
pT (µ) < 30 GeV. Hadronic taus are not tagged. The bins are assumed to be uncorrelated
and their signiÞcances are added in quadtrature.
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Cuts, soft lepton

Cut 8 TeV 14 TeV 100 TeV

pT (j 1), ! (j 1) 110 GeV, 2.4 300 GeV, 2.4 1200 GeV, 2.4
pT (j 2), ! (j 2) 30 GeV, 4.5 30! 120 GeV, 4.5 100! 400 GeV, 4.5

njet 2 2 2
! " (j 1, j 2) 2.5 2.5 2.5
pT (e), ! (e) 10 GeV, 2.5 20 GeV, 2.5 20 GeV, 2.5
pT (µ), ! (µ) 10 GeV, 2.1 20 GeV, 2.1 20 GeV, 2.1
pT (#), ! (#) 20 GeV, 2.3 30 GeV, 2.3 40 GeV, 2.3

/E T 250! 550 GeV 350! 1000 GeV 2 ! 5 TeV

Table 5 : Cuts used in monojet analysis. ForpT (j 2) and /E T the range represents the values
scanned over, where the values used for each spectra are shown in Table6.

"
s Cut Wino Higgsino Gluino coan. Stop coan. Squark coan. Stau coan.

14 TeV
/E T 650 GeV 650 GeV 750 GeV 650 GeV 650 GeV 650 GeV

pT (j 2) 30 GeV 30 GeV 120 GeV 120 GeV 120 GeV 120 GeV

100 TeV
/E T 3.5 TeV 3.5 TeV 4.0 TeV 3.5 TeV 3.5 TeV 3.5 TeV

pT (j 2) 300 GeV 250 GeV 400 GeV 400 GeV 400 GeV 400 GeV

Table 6 : /E T and pT (j 2) cuts used in the monojet analysis for each spectra. Table5 shows
the other cuts used.

Cut 100 TeV 14 TeV

pT (j 1), ! (j 1) 1200 GeV, 2.4 300 GeV, 2.4
pT (j 2), ! (j 2) 300 GeV, 4.5 30 GeV, 4.5

njet 2 2
! " (j 1, j 2) 2.5 2.5
pT (e), ! (e) # (10 GeV, 30 GeV), 2.5 # (10 GeV, 30 GeV), 2.5
pT (µ), ! (µ) # (10 GeV, 30 GeV), 2.1 # (10 GeV, 30 GeV), 2.1

/E T 1250 GeV 350 GeV

Table 7 : Cuts used in soft lepton analysis.

Soft Leptons

The soft lepton analysis is similar to the monojet analysis with the exception of how leptons
are treated. Events are binned according to whether they contain 0, 1, or 2 leptons where a
lepton is deÞned as an electron with 10 GeV< p T (e) < 30 GeV or a muon with 10 GeV<
pT (µ) < 30 GeV. Hadronic taus are not tagged. The bins are assumed to be uncorrelated
and their signiÞcances are added in quadtrature.
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Cuts, disappearing track

Cut 8 TeV 14 TeV 100 TeV

/E T 90 GeV 130 GeV 975 GeV
pT (j 1) 90 GeV 130 GeV 975 GeV
pT (j 2) 45 GeV 70 GeV 500 GeV

! ! min (j, /E T ) 1.5 1.5 1.5
" track ! (0.1, 1.9) ! (0.1, 1.9) ! (0.1, 1.9)
ptrack

T 75" 200 GeV 250 GeV 1.5 TeV

Table 8 : Cuts used in disappearing track analysis.

Disappearing Tracks

For signal events we replicate the analysis in the 8 TeV ATLAS analysis [61], which applies
the following cuts

¥ Require a hard jet pT (j 1) > 90 GeV.

¥ Require that /E T > 90 GeV.

¥ If there are any other jets with pT (j 2) > 45 GeV, the hardest of these is considered the
second jet.

¥ Compute the azimuthal separation, ! ! (j, /E T ), between the missing energy and the
hardest jet. If there is a second jet and its azimuthal separation from the missing
energy is smaller, use that instead. Only keep events where! ! min (j, /E T ) > 1.5.

¥ There must be at least chargino track that is isolated and satisÞes a track selection
criteria and 0.1 < |" track | < 1.9.

¥ Signal regions are deÞned by apT cut on the chargino track. The bins are ptrack
T >

75 GeV, ptrack
T > 100 GeV, ptrack

T > 150 GeV, andptrack
T > 200 GeV.

We implement the isolation cut by rejecting events with jets within ! R < 0.4 of the
chargino track, where ! R =

!
(! " )2 + ( ! ! )2. To mock up the good track selection we

assume the e" ciency factors as#track = #det # #tracker , where we assume#tracker is 100% for
tracks with a length 30 cm < d track < 80 GeV and 0% otherwise and that#det is ßat with
respect to ptrack

T and " track . We derive #det by matching our event count from monte carlo to
the event count from [61].

In the ATLAS 8 TeV study, in the signal region the dominant background is from mis-
measured tracks and found to Þt to a power law

d$
dpT

= $0p! a
T , (A.1)

where pT is measured in GeV,$0 is the normalization, and a = 1 .78± 0.05. We extrapolate
this by assuming that the majority of events passing the cuts in Table8 areZ (%%)+jets events.
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Spin independent
6

due to the Majorana property of ! , the contributions
from the exchange of! is proportional to M 2

! . Therefore,
the production rate becomes larger for largerM ! .

B. Constraints from squark searches at the LHC

The t-channel mediators can be copiously produced at
the LHC and then decay into a DM particle and a quark.
This is very similar to the search in the case of squark
search in supersymmetric (SUSY) models. In the case
that the gluinos are decoupled. The main di! erence be-
tween our scenario and SUSY models is the possibility to
enhance the production rate due to thet-channel DM ex-
change process (Fig. 3b, c1, c2, c3, c4). Although in the
SUSY case, squarks can also be pair-produced through
exchanging of neutralinos, the coupling of the squark
to neutralino is around the weak coupling. Therefore,
this contribution is negligible. However, in the t-channel
model, we treat the coupling " as a free parameter and
it can be quite large.

Both ATLAS and CMS collaborations show their 95%
C.L. limit to the squark pair production cross sec-
tion [25, 40]. We calculate the total cross section of
pp ! ##! (##, #! #! ) processes and using their unfolding
result to estimate the bound from squark searching at 8
TeV LHC. The result from CMS collaboration [25] gives
a stronger constraint. The total cross section is calcu-
lated using CalcHEP [41]. The NLO QCD correction is
shown to be small for such processes [42]. A typical value
of the K -factor is smaller than 1.05. We will neglect it
in our calculation.

The parton-level Feynman diagrams are shown in
Fig. 3. (a1), (a2), (a3) and (a4) depend only on the
strong interaction, whereas (b), (c1), (c2), (c3) and (c4)
are mediated by ! and depend on" . The contribution
from (c1), (c2), (c3) and (c4) must be proportional to the
Majorana mass of! since the fermion number is changed
and vanishes if! is Dirac fermion. The constraints from
CMS squark search for both the Dirac and Majorana
cases are shown in Fig. 5. In the Majorana case, in the
small M ! region, the constraint is stronger with larger
M ! , this is because the production rate is proportional
to M 2

! due to the Majorana nature of ! . The constraint
becomes weaker asM ! approaches toM " since the jets
from the decay of # become softer. Compared to the
constraint from monojet+ "ET search, the constraint from
squark search is weaker in most of the parameter region
under consideration, especially those with smallerM ! .

V. COMBINING LHC SEARCHES WITH
DIRECT DETECTION AND THERMAL RELIC

ABUNDANCE

Using Eqs. (5), (6) and (7) the upper limits on " can
be translated into upper limits on direct detection cross
sections, which are shown in Fig. 6, from which one can
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FIG. 6: Constraints from monojet+ !ET and di-jet+ !ET on
direct detection cross sections for both the Dirac (upper) and
Majorana (lower) DM cases, for 8 TeV LHC with 19.5 fb ! 1

integral luminosity. The constraints from the relic abundance
assuming that the model is the unique source for the interac-
tion between DM and SM particles are also shown. For the
Dirac DM case, the region relates to the potential WIMP sig-
nal from CDMS experiment [43] and CoGeNT experiment [44]
is also shown together with the exclusion region from the Þrst
result from LUX [34] and SuperCDMS [45]. For the Majorana
DM case, the constraint from XENON100 [46] is shown.

see that in the Dirac DM case, the constraint from col-
lider search becomes stronger than the constraint from
the direct detection experiments only in the region where
M ! is smaller than about 6 GeV. In the Majorana DM
case, however, due to the lack of the enhancement from
coherence in the direct detection, the LHC constraint is
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FIG. 7: 5! reaches of the monojet+!ET and di-jet+ !ET chan-
nels on direct detection cross sections for both the Dirac (up-
per) and Majorana (lower) DM cases, for 14 TeV LHC with
100 fb! 1 integral luminosity. The curves for direct detections
and relic abundances are the same as in Fig. 6

For the signal region, we require that !ET > 250 GeV,
pT (j 1) > 200 GeV, andpT (j 2) > 130 GeV, wherej 1 (j 2)
is the leading (subleading) jet. The 5! results for M ! = 1
and 2 TeV are shown in Fig. 7, where one can see that
the qualitative features of the curves are the same as in
the case of the 8 TeV LHC.

VII. SUMMARY AND DISCUSSIONS

It is likely that the interactions between DM particles
and SM particles are mediated by weak scale physics.
Monojet+ !ET process has been proposed to study the
properties of the interaction at the LHC. Due to the large
energy of LHC, the mediator can be produced directly,
and a contact interaction approach may not be a good
approximation and violates the unitarity bounds in some
cases. Therefore, a UV complete model is needed. In
this paper, we study a simpliÞedt-channel UV comple-
tion model where the interaction between DM and SM
particles are mediated by colored mediators couples to
the DM particle and the right-handed quarks.

In this scenario, the relevant processes at the LHC
are dark matter pair production associated with a quark
or gluon, mediator-dark matter associated production,
mediator pair production. Obviously, the Þrst two will
give rise to monojet+!ET signal, and the last one will be
similar to squark pair production. However, since the
CMS monojet+ !ET search also allow second hard jet,
the mediator pair production process also gives impor-
tant (and sometimes even dominant) contribution to this
search. In fact, we observe that, in comparison with the
squark searches, the CMS-like monojet+!ET search gives
stronger constraints in most of the parameter space.2

If the DM particle is Dirac fermion, the dominant di-
rect detection signal is SI, and the monojet+!ET search
starts to be sensitive to the interesting parameter space
in the small M " region. In almost all of the parameter
region under consideration, CMS monojet+!ET search
gives the stronger constraints than the squark search.
In the case that the DM particle is Majorana fermion,
the dominant direct detection signal is SD, and the
monojet+ !ET signal is stronger in the region that M "
is smaller than a hundred GeV, and the squark search is
more signiÞcant for heavier DM.

If we further require that the relic abundance of DM
in the Universe is generated within the context of this
model, in the Dirac DM case, there is no region in the pa-
rameter space that reconciles the combined constraint of
monojet+ !ET search and direct detection with constraint
from not over closing the universe; and in the Majorana
case, the mass of DM must be larger than about 100
GeV. Of course, in both cases, even if the relic abundance
requirement can not be satisÞed, the monojet+!ET and
squark searches can still be the leading channels to dis-
cover the DM at the LHC. It would be just an indication
that there will be more new particles to look for.

In the Majorana case, inside our galaxy, the p-wave
annihilation channel in suppressed either by the velocity.
At the meanwhile, if the DM particle couples only to
the light quarks, the two-body annihilation channel is
suppressed by the light quark masses. In this case, the

2 This has also been noticed recently in [51].
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Spin dependent

- Leading direct detection channel for Majorana 
DM.

6

due to the Majorana property of ! , the contributions
from the exchange of! is proportional to M 2

�. Therefore,
the production rate becomes larger for largerM�.

B. Constraints from squark searches at the LHC

The t-channel mediators can be copiously produced at
the LHC and then decay into a DM particle and a quark.
This is very similar to the search in the case of squark
search in supersymmetric (SUSY) models. In the case
that the gluinos are decoupled. The main di! erence be-
tween our scenario and SUSY models is the possibility to
enhance the production rate due to thet-channel DM ex-
change process (Fig. 3b, c1, c2, c3, c4). Although in the
SUSY case, squarks can also be pair-produced through
exchanging of neutralinos, the coupling of the squark
to neutralino is around the weak coupling. Therefore,
this contribution is negligible. However, in the t-channel
model, we treat the coupling " as a free parameter and
it can be quite large.

Both ATLAS and CMS collaborations show their 95%
C.L. limit to the squark pair production cross sec-
tion [25, 40]. We calculate the total cross section of
pp ! ##! (##, #! #! ) processes and using their unfolding
result to estimate the bound from squark searching at 8
TeV LHC. The result from CMS collaboration [25] gives
a stronger constraint. The total cross section is calcu-
lated using CalcHEP [41]. The NLO QCD correction is
shown to be small for such processes [42]. A typical value
of the K -factor is smaller than 1.05. We will neglect it
in our calculation.

The parton-level Feynman diagrams are shown in
Fig. 3. (a1), (a2), (a3) and (a4) depend only on the
strong interaction, whereas (b), (c1), (c2), (c3) and (c4)
are mediated by ! and depend on" . The contribution
from (c1), (c2), (c3) and (c4) must be proportional to the
Majorana mass of! since the fermion number is changed
and vanishes if! is Dirac fermion. The constraints from
CMS squark search for both the Dirac and Majorana
cases are shown in Fig. 5. In the Majorana case, in the
small M� region, the constraint is stronger with larger
M�, this is because the production rate is proportional
to M 2

� due to the Majorana nature of ! . The constraint
becomes weaker asM� approaches toM� since the jets
from the decay of # become softer. Compared to the
constraint from monojet+ "ET search, the constraint from
squark search is weaker in most of the parameter region
under consideration, especially those with smallerM�.

V. COMBINING LHC SEARCHES WITH
DIRECT DETECTION AND THERMAL RELIC

ABUNDANCE

Using Eqs. (5), (6) and (7) the upper limits on " can
be translated into upper limits on direct detection cross
sections, which are shown in Fig. 6, from which one can
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FIG. 6: Constraints from monojet+ !ET and di-jet+ !ET on
direct detection cross sections for both the Dirac (upper) and
Majorana (lower) DM cases, for 8 TeV LHC with 19.5 fb ! 1

integral luminosity. The constraints from the relic abundance
assuming that the model is the unique source for the interac-
tion between DM and SM particles are also shown. For the
Dirac DM case, the region relates to the potential WIMP sig-
nal from CDMS experiment [43] and CoGeNT experiment [44]
is also shown together with the exclusion region from the Þrst
result from LUX [34] and SuperCDMS [45]. For the Majorana
DM case, the constraint from XENON100 [46] is shown.

see that in the Dirac DM case, the constraint from col-
lider search becomes stronger than the constraint from
the direct detection experiments only in the region where
M� is smaller than about 6 GeV. In the Majorana DM
case, however, due to the lack of the enhancement from
coherence in the direct detection, the LHC constraint is
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FIG. 7: 5! reaches of the monojet+!ET and di-jet+ !ET chan-
nels on direct detection cross sections for both the Dirac (up-
per) and Majorana (lower) DM cases, for 14 TeV LHC with
100 fb! 1 integral luminosity. The curves for direct detections
and relic abundances are the same as in Fig. 6

For the signal region, we require that !ET > 250 GeV,
pT (j 1) > 200 GeV, andpT (j 2) > 130 GeV, wherej 1 (j 2)
is the leading (subleading) jet. The 5! results for M ! = 1
and 2 TeV are shown in Fig. 7, where one can see that
the qualitative features of the curves are the same as in
the case of the 8 TeV LHC.

VII. SUMMARY AND DISCUSSIONS

It is likely that the interactions between DM particles
and SM particles are mediated by weak scale physics.
Monojet+ !ET process has been proposed to study the
properties of the interaction at the LHC. Due to the large
energy of LHC, the mediator can be produced directly,
and a contact interaction approach may not be a good
approximation and violates the unitarity bounds in some
cases. Therefore, a UV complete model is needed. In
this paper, we study a simpliÞedt-channel UV comple-
tion model where the interaction between DM and SM
particles are mediated by colored mediators couples to
the DM particle and the right-handed quarks.

In this scenario, the relevant processes at the LHC
are dark matter pair production associated with a quark
or gluon, mediator-dark matter associated production,
mediator pair production. Obviously, the Þrst two will
give rise to monojet+!ET signal, and the last one will be
similar to squark pair production. However, since the
CMS monojet+ !ET search also allow second hard jet,
the mediator pair production process also gives impor-
tant (and sometimes even dominant) contribution to this
search. In fact, we observe that, in comparison with the
squark searches, the CMS-like monojet+!ET search gives
stronger constraints in most of the parameter space.2

If the DM particle is Dirac fermion, the dominant di-
rect detection signal is SI, and the monojet+!ET search
starts to be sensitive to the interesting parameter space
in the small M " region. In almost all of the parameter
region under consideration, CMS monojet+!ET search
gives the stronger constraints than the squark search.
In the case that the DM particle is Majorana fermion,
the dominant direct detection signal is SD, and the
monojet+ !ET signal is stronger in the region that M "
is smaller than a hundred GeV, and the squark search is
more signiÞcant for heavier DM.

If we further require that the relic abundance of DM
in the Universe is generated within the context of this
model, in the Dirac DM case, there is no region in the pa-
rameter space that reconciles the combined constraint of
monojet+ !ET search and direct detection with constraint
from not over closing the universe; and in the Majorana
case, the mass of DM must be larger than about 100
GeV. Of course, in both cases, even if the relic abundance
requirement can not be satisÞed, the monojet+!ET and
squark searches can still be the leading channels to dis-
cover the DM at the LHC. It would be just an indication
that there will be more new particles to look for.

In the Majorana case, inside our galaxy, the p-wave
annihilation channel in suppressed either by the velocity.
At the meanwhile, if the DM particle couples only to
the light quarks, the two-body annihilation channel is
suppressed by the light quark masses. In this case, the

2 This has also been noticed recently in [51].
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