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Motivation and Detection of Dark Matter 

• Dark Matter (DM) has been one of the main unsolved problems in physics 

• Much evidence from astrophysical measurements, but no evidence yet for non-

gravitational interactions between DM and SM particles 

• Three detection ways: 


• Direct method (χq→χq): DM-nucleon elastic scattering, a recoil with E~50 keV

• Indirect method (χχ→qq): DM pair-annihilation, decay to various observable 

particles: tt, bb, WW, ZZ, γγ, ……

• Collider method (qq → χχ): main topic of this talk
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after the process [63]. Depending on the interaction type of WIMP-nucleon scattering, the pro-

cess can also be classified as spin-dependent or spin-independent. The axial-vector coupling

results spin-dependent WIMP-nucleon scattering cross section, which is proportional to J(J+1)

rather than the number of nucleons (see Eq. 1.45), in which J is the total angular momentum

quantum number of the nucleus. The spin-independent case is for scalar or vector (only for

Dirac fermion) couplings and its cross section is proportional to the mass of the target nuclei.

Chapter 1. Theory 29

Candidates for Dark Matter: MACHO Neutrinos Axions WIMPS995

How to Detect Dark Matter Indirect detection direction detection collider detection996

1.3.1 Effective field theory based models997

q̄

q

�

�̄

V2

V1

�

�̄

Figure 1.15

SM

SM

DM

DM

Figure 1.16

Collider Search

Indirect Search

Direct 
Search

Figure 1.16: Schematic view of DM detection in direct, indirect and collider ways.

The standard formalism for evaluating WIMP-nucleon scattering cross section is reviewed

in Refs. [42, 43]. For a case of neutralino DM, the scalar interaction leads to spin-independent

scattering cross section for DM off a proton or neutron at zero momentum transfer:

�0 =

Z 4m2
r v2

0

d�(v = 0)
d|~v|2 =

4m2
r
⇡

f 2
p,n , (1.42)

in which v is the DM relative velocity, mr = m�mN/(m�+mN) is the reduced mass of DM-nucleon

system, fp,n represents the DM coupling to protons or neutrons:

fp,n =
X

d=u,d,s

f (p,n)
T,q Aq

mp,n

mq
+

2
27

f (p,n)
T,G

X

d=c,b,t

Aq
mp,n

mq
, (1.43)

where Aq is the DM-quark coupling, f (p,n)
T,q is given by hN |mqq̄q|Ni = mN f (p,n)

T,q , and f (p,n)
T,G comes

from the coupling of DM to gluons in the target nuclei through a heavy quark loop: f (p,n)
T,G =



   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   

“History” of DM searches at the LHC

• Two different approaches:

• Effective field theory (EFT): several 

nonrenormalizable operators without the 
UV physics specified

• largely model-independent 

• but cannot be reliable when parton 

energies in the events are comparable 
to the effective mass scale


• don’t account the constraints on the UV 
physics generating these operators 
(e.g. contains from recent dijet/dilepton 
searches)


• Simplified models: UV particles are kept 
as degrees of freedom, but more model-
dependent 
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1.3.6 Collider detection – Effective field theory models

Besides the Higgs-portal DM models, several contact interaction operators in effective field

theories (EFTs) are available to probe possible DM signals from colliders. As shown in Fig. 1.18,

these EFT models assume the DM pair coupling to a quark-antiquark pair (��̄qq̄) or two gauge

bosons (��̄V1V2) through a contact interaction. The total production rate and the distribution

of transverse momentum of the DM pair depends on the spin and mass of the DM, and the

Lorentz structure of its interaction to quarks or gauge bosons.
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Figure 1.18: The Feynman diagrams for the production of DM pairs with coupling to a quark-antiquark
pair (left, ��̄qq̄) or two gauge bosons (right, ��̄V1V2) through a contact interaction.

DM pair coupling to a quark-antiquark pair

For the EFT model of qq̄��̄, the DM particle � is assumed to be a Dirac fermion or a com-

plex scalar particle whose coupling to SM quarks q can be described by one of the effective

interaction terms [75]:

Vector coupling, spin-independent(D5) :
�̄�µ�q̄�µq
⇤2 ;

Axial-Vector coupling, spin-dependent(D8) :
�̄�µ�5�q̄�µ�5q

⇤2 ;

Tensor coupling, spin-dependent(D9) :
�̄�µ⌫�q̄�µ⌫q
⇤2 ;

Vector coupling, spin-independent(C3) :
�†
$
@µ�q̄�µq
⇤2 ;

(1.57)

where ⇤ parameterizes the effective cutoff scale for interactions between DM particles and

quarks. The operators denoted by D5, D8, and D9 couple to Dirac fermions, while C3 couples
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

Two models with vector and axial-vector couplings between the spin-1 mediator A and SM

and DM fields, the full Lagrangian of s-channel vector mediated dark matter model can be

written as:

LVector Mediator = LSM � 1
4
Fµ⌫F µ⌫ � 1

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

in which f = �, q, the amplitude square for vector and axial-vector interaction term are given

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ(/q � m f )�⌫(/p + m f )] =
4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

!EFT!model!has!two!parameters:!DM!mass!mx,!the!effective!cutoff!scale!Λ!

!when!Qtr!<<!M,!EFT!model!will!become!reliable,!but$this$is$not$always$true$at$LHC

g�gq
Q2

tr �M2
= �g�gq

M2
(1 +

Q2
tr

M2
+O(

Q4
tr

M4
)) ⇠ � 1

⇤2

Solution:!truncation,!i.e.,!remove!the!events!with!!

at!the!generator!level.!

Qtr > M ⇠ ⇤ ·pgqg�
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1.3.6 Collider detection – Effective field theory models

Besides the Higgs-portal DM models, several contact interaction operators in effective field

theories (EFTs) are available to probe possible DM signals from colliders. As shown in Fig. 1.18,

these EFT models assume the DM pair coupling to a quark-antiquark pair (��̄qq̄) or two gauge

bosons (��̄V1V2) through a contact interaction. The total production rate and the distribution

of transverse momentum of the DM pair depends on the spin and mass of the DM, and the

Lorentz structure of its interaction to quarks or gauge bosons.
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Figure 1.18: The Feynman diagrams for the production of DM pairs with coupling to a quark-antiquark
pair (left, ��̄qq̄) or two gauge bosons (right, ��̄V1V2) through a contact interaction.

DM pair coupling to a quark-antiquark pair

For the EFT model of qq̄��̄, the DM particle � is assumed to be a Dirac fermion or a com-

plex scalar particle whose coupling to SM quarks q can be described by one of the effective

interaction terms [75]:

Vector coupling, spin-independent(D5) :
�̄�µ�q̄�µq
⇤2 ;

Axial-Vector coupling, spin-dependent(D8) :
�̄�µ�5�q̄�µ�5q

⇤2 ;

Tensor coupling, spin-dependent(D9) :
�̄�µ⌫�q̄�µ⌫q
⇤2 ;

Vector coupling, spin-independent(C3) :
�†
$
@µ�q̄�µq
⇤2 ;

(1.57)

where ⇤ parameterizes the effective cutoff scale for interactions between DM particles and

quarks. The operators denoted by D5, D8, and D9 couple to Dirac fermions, while C3 couples
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

Two models with vector and axial-vector couplings between the spin-1 mediator A and SM

and DM fields, the full Lagrangian of s-channel vector mediated dark matter model can be

written as:

LVector Mediator = LSM � 1
4
Fµ⌫F µ⌫ � 1

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

in which f = �, q, the amplitude square for vector and axial-vector interaction term are given

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X
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[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
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f
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4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X
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[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B
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�gµ⌫ +
kµk⌫
M2
A
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C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

Qtr  <<  M

Run1Run2

in the effective theory. Other UV completions, such as a
light neutral mediator, can lead to much weaker collider
cross sections [9], since far above the mediator mass the
rate will fall with jet transverse energy as 1=P2

t ; whereas, in
the effective theory the partonic reaction is flat with jet Pt,
scaling as 1=M2

!. Thus, it should be borne in mind that
our limits strictly speaking only apply when all mediator
masses are much larger than the typical energy of the
reaction, and in the absence of a picture of the UV theory,
it is hard to know whether the bounds are over- or under-
estimated when the effective theory description does not
strictly apply.

For a given WIMP mass, there is a lower bound on M!
such that one can imagine any weakly coupled UV com-
pletion. Since the operators mediate interactions with
(at least) two colored SM fields coupled to two WIMPs,
the simplest tree level UV completions have a single
mediator particle and two interactions. The mapping to
M! from the UV parameters thus involves an expression
such as M! "M=

ffiffiffiffiffiffiffiffiffiffi
g1g2

p
where M is the mass of the

exchanged particle, and g1 and g2 are couplings. Since
an effective theory description requires M> 2m!, and a
perturbative theory g1g2 & ð4"Þ2, a weakly coupled UV
completion requires m! & 2"M!, beyond which the

UV completion becomes nonperturbative. In determining
bounds, since there is no imaginable perturbative UV
picture for m! & 2"M!, we cut off the bounded regions

outside of this region of validity. Furthermore, for the
effective theory to make sense, the mediator mass has to
be larger than energy transfer through quarks at the collider
environment. The limit, in which the effective theory
breaks down, highly depends on the details of relevant
patron energy and its distribution. Since M & 4"M! for
the perturbative UV completion, our bounds are valid when
the characteristic energy transfer is smaller than 4"M!.
The detailed analysis of this limit is beyond the scope of
this work, we will leave it for the future investigation.

The coefficients of the operators are chosen to simplify
comparisons to direct detection experiments. For quark
bilinears, the appropriate matrix elements (at low momen-
tum transfer) are hNjmq !qqjNi and hNj !q#$qjNi which
contribute to spin-independent scattering, hNj !q#$#5qjNi,
which contributes to spin-dependent scattering, and
hNj !q%$&qjNi, which couples to the magnetic moment of
the nucleon. For the gluon operators, the relevant matrix
element is hNj'sGGjNi. The scalar (and pseudoscalar)
quark bilinears are normalized by mq, which together
with our choice of universal vector-type couplings has
the added feature of mitigating contributions to flavor
changing processes from these operators, through the
framework of minimal flavor violation [40]. For the gluon
field strength operators, we normalize by a factor 's,
which both anticipates their origin as loop processes and
captures the dominant renormalization group evolution.
The complete list of leading operators is given in Table I.

The coefficients of these operators have been scaled by
appropriate powers of M! (the value of which can be in
principle different for each operator) to give the correct
over-all dimension in the action.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrainM! for each operator in the table above
by considering the pair production of WIMPs at a hadron
collider:

p !pðppÞ ! !!þ X: (2)

Since the WIMPs escape undetected, this leads to events
with missing transverse energy, recoiling against addi-
tional hadronic radiation present in the reaction.
The most significant standard model backgrounds to this

process are events where a Z boson decays into neutrinos,
together with the associated production of jets. This back-
ground is irreducible. There are also backgrounds from
events where a particle is either missed or has a mismeas-
ured energy. The most important of these comes from
events producing W þ jets, where the charged lepton
from the W-decay is missed. Other backgrounds such as
QCD multijet production (with the missing energy the

TABLE I. Operators coupling WIMPs to SM particles. The
operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient

D1 !!! !qq mq=M
3
!

D2 !!#5! !qq imq=M
3
!

D3 !!! !q#5q imq=M
3
!

D4 !!#5! !q#5q mq=M
3
!

D5 !!#$! !q#$q 1=M2
!

D6 !!#$#5! !q#$q 1=M2
!

D7 !!#$! !q#$#
5q 1=M2

!
D8 !!#$#5! !q#$#

5q 1=M2
!

D9 !!%$&! !q%$&q 1=M2
!

D10 !!%$&#
5! !q%'(q i=M2

!
D11 !!!G$&G

$& 's=4M
3
!

D12 !!#5!G$&G
$& i's=4M

3
!

D13 !!!G$&
~G$& i's=4M

3
!

D14 !!#5!G$&
~G$& 's=4M

3
!

C1 !y! !qq mq=M
2
!

C2 !y! !q#5q imq=M
2
!

C3 !y@$! !q#$q 1=M2
!

C4 !y@$! !q#$#5q 1=M2
!

C5 !y!G$&G
$& 's=4M

2
!

C6 !y!G$&
~G$& i's=4M

2
!

R1 !2 !qq mq=2M
2
!

R2 !2 !q#5q imq=2M
2
!

R3 !2G$&G
$& 's=8M

2
!

R4 !2G$&
~G$& i's=8M

2
!

CONSTRAINTS ON DARK MATTER FROM COLLIDERS PHYSICAL REVIEW D 82, 116010 (2010)

116010-3

PRD 82, 116010 (2010)
PRD 85, 056011 (2012)
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

Two models with vector and axial-vector couplings between the spin-1 mediator A and SM

and DM fields, the full Lagrangian of s-channel vector mediated dark matter model can be

written as:

LVector Mediator = LSM � 1
4
Fµ⌫F µ⌫ � 1

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

in which f = �, q, the amplitude square for vector and axial-vector interaction term are given

by:

|MV |2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µv(q)][ū(p)�⌫v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ(/q � m f )�⌫(/p + m f )] =
4g2

f

3
(M2
A + 2m2

f ) ,

(1.65)

|MA|2 = g2
f

X

�0,�
✏⇤µ(�0, k)✏⌫(�, k)

X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)
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s-channel scalar mediator

For s-channel scalar mediated DM, the Lagrangian for scalar or pseudo-scalar interaction can

be written as:

Ls-channel
Scalar Mediator = LSM +

1
2

(@µ�)2 � 1
2

m2
��

2 + �̄(i/@ � m)� �
X

q
gqyq�q̄(�5)q � g�y���̄(�5)� , (1.69)

where the couplings of mediator to quarks are taken to be proportional to the corresponding

Higgs Yukawa couplings yq. Since there is no necessity to have Yukawa-like couplings for

mediator to dark matter, we take y� ⌘ 1. We can rewrite the scalar/pseudo-scalar interaction

term as:

LS (P)
int = g f y f� f̄ (�5) f , (1.70)

in which f = �, q, the amplitude square gives

|MS |2 = g2
f y

2
f

X

spins

[ū(p)v(q)][ū(p)v(q)]⇤

= g2
f y

2
f Tr[(/q � m f )(/p + m f )] = 4g2

f y
2
f (q · p � m2

f ) ,

(1.71)

|MP|2 = g2
f y

2
f

X

spins

[ū(p)�5v(q)][ū(p)�5v(q)]⇤

= g2
f y

2
f Tr[��5(/q � m f )�5(/p + m f )] = 4g2

f y
2
f (q · p + m2

f ) .

(1.72)

Therefore, the minimal width of this scalar mediator � is defined as

�S ,P
�! f̄ f ,�̄�

= �S ,P
�̄� +

X

qi

�S ,P
q̄iqi
, (1.73)

in which

�S
�! f̄ f =

g2
f y

2
f NcM�
8⇡

0

B

B

B

B

B

B

@

1 �
4m2

f

M2
�

1

C

C

C

C

C

C

A

3/2

,

�P
�! f̄ f =

g2
f y

2
f NcM�
8⇡

v

u

t

1 �
4m2

f

M2
�

.

(1.74)

The ratio of decay width to the scalar mediator mass are illustrated in Fig. 1.21. The ratio is

plotted as a function of the scalar mediator mass for both scalar and pseudo-scalar couplings.

scalar mediator
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Figure 1.19: Feynman diagrams for simple tree level ultraviolet-complete models that contains a massive
spin-0 or spin-1 mediator exchanged in the s-channel. The DM particle is assumed to be a Dirac fermion
with mass m�. For the case of spin-1 mediator (left), the vector mediator is labeled as A. While for the
case of spin-0 mediator (right), the scalar mediator is marked as �.

s-channel vector mediator

Two models with vector and axial-vector couplings between the spin-1 mediator A and SM

and DM fields, the full Lagrangian of s-channel vector mediated dark matter model can be

written as:

LVector Mediator = LSM � 1
4
Fµ⌫F µ⌫ � 1

2
m2AµA⌫ + �̄(i/@ � m)� �

X

q
gqAµq̄�µ(�5)q � g�Aµ�̄�µ(�5)� ,

(1.63)

where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type

interaction term as:

LV(A)
int = g fAµ f̄�µ(�5) f , (1.64)

in which f = �, q, the amplitude square for vector and axial-vector interaction term are given

by:

|MV |2 = g2
f
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(1.65)
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X

all spins

[ū(p)�µ�5v(q)][ū(p)�⌫�5v(q)]⇤

=
g2

f

3

0

B

B

B

B

B

@

�gµ⌫ +
kµk⌫
M2
A

1

C

C

C

C

C

A

Tr[�µ�5(/q � m f )�⌫�5(/p + m f )] =
4g2

f

3
(M2
A � 4m2

f ) .

(1.66)

vector mediator
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DM searches at the LHC (Mono-X) @13TeV

4

• Mono-X: a final state of MET + 
Jet(s), photon, W, Z, Higgs, 
top/b quark


• X can be emitted either directly 
from ISR through SM gauge 
interactions or from a BSM 
vertex coupling

ETmiss
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BSM

SM
A big effort between LHC experimentalists and theorists!



   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   

DM searches at the LHC (Mono-X) @13TeV

5

18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(m
c

)

c(m
c

)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µq + g
c

Z0
µ

c̄g

µ

c (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µ

g

5q + g
c

Z0
µ

c̄g

µ

g

5
c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c

Mmed

12p

 

1 +
2m2

c

M2
med

!

bDMq(Mmed � 2m
c

) (2.3)

+ Â
q

3g2
qMmed

12p

 

1 +
2m2

q

M2
med

!

bqq(Mmed � 2mq),

GA
min =

g2
c

Mmed

12p

b

3
DMq(Mmed � 2m

c

) (2.4)

+ Â
q

3g2
qMmed

12p

b

3
qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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S, P

g

q

c̄

c

q

(a)

S, P

g

g

c̄

c

g

(b)

Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling g

c

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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f/a

g

g

t(b)

c

c̄

t̄(b̄)
Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m

c

, m
f,a, g

c

, gq (and G
f,a) parameter space that differ significantly

from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m
c

and m
f,a.

Figure 2.23 and 2.24 show typical dependencies for scalar and
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neutralino, except for two distinct points: the c is a Dirac fermion
and the coupling g is not limited to be weak scale (g ⌧ 1). In the
MSSM, most of these processes are sub-dominant, even if reso-
nantly enhanced, because the production is proportional to weak
couplings. In the more general theories considered here, g is free
to take on large values of order 1 or more, and thus diagrams ne-
glected in MSSM simulation can occur at a much higher rate here.
While constraints from SUSY jets+/ET analyses on MSSM mod-
els can be recast to apply to the specific model in this report, DM
searches should also directly test their sensitivity to the MSSM
benchmark models.
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Figure 2.27: Leading order mono-jet
t-channel processes, adapted from
[PVZ14].

The state of the art calculation for these models is LO and
they can be interfaced with a parton shower program. The stud-
ies in this Section use a LO model implementation within Mad-
Graph5_aMC@NLO v2.2.3, but no parton shower could be em-
ployed in the time-frame of the conclusions of this Forum. Further
implementation details can be found in Section 4.1.3.
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Figure 2.28: Leading order two-jet
t-channel processes, adapted from
[PVZ14].

3
Specific models for signatures with EW bosons

In this Section, we consider specific models with a photon, a W bo-
son, a Z boson or a Higgs boson in the final state (V+/ET signature),
accompanied by Dark Matter particles that either couple directly to
the boson or are mediated by a new particle. The common feature
of those models is that they provide different kinematic distribu-
tions with respect to the models described in Section 2.

V

q̄

q

c̄

c

V Figure 3.1: Sketch of benchmark
models including a contact interac-
tion for V+MET searches, adapted
from [Nel+14].

The models considered in this Section can be divided into two
categories:

V-specific simplified models These models postulate direct couplings
of new mediators to bosons, e.g. they couple the Higgs boson to
a new vector or to a new scalar [Car+14; BLW14b].

Models involving a SM singlet operator including a boson pair that couples to Dark Matter through a contact interaction
Shown on the right-hand side of Figure 3.1, these models allow
for a contact interaction vertex that directly couples the boson to
Dark Matter [Cot+13; Car+13; CHH15; BLW14b]. These models
are included in this report devoted to simplified models since
UV completions for most of these operators proceed through
loops and are not available to date. These models provide a
benchmark to motivate signal regions that are unique to searches
with EW final states and would otherwise not be studied. How-
ever, we recommend to use these models as placeholders and
emphasize model-independent results especially in signal re-
gions tailored to these models. Wherever results are interpreted
in terms of these operators, a truncation procedure to ensure the
validity of the EFT should be employed, as detailed in the next
Section (Sec. 5).
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Figure A.1: Feynman diagrams of
leading order processes leading to
monotop events: production of a
colored scalar resonance j decaying
into a top quark and a spin-1/2
fermion c (a), s� (b) and t-channel
(c) non resonant production of a top
quark in association with a spin-1
boson V decaying invisibly.

metric matrices aq
SR (scalar couplings) and bq

SR (pseudoscalar cou-
plings) while those to the new fermion c and one single up-type
quark are given by the three-component vectors a1/2

SR and b1/2
SR in

flavor space.
Under the form of Eq. (A.1), the Lagrangian is the one intro-

duced in the original monotop search proposal [AFM11]. It has
been used by the CMS collaboration for Run I analyses after ne-
glecting all pseudoscalar components of the couplings and adding
the vector resonance case for which minimality requirements
are difficult to accommodate [CMS15d]. In contrast, the study
of Ref. [Bou+15] has imposed electroweak gauge invariance and
required minimality. This enforces all new couplings to be right-
handed so that

a1/2
SR = b1/2

SR =
1
2

y⇤s and aq
SR = bq

SR =
1
2

ls , (A.2)

where the objects ys and ls are a tridimensional vector and a 3 ⇥ 3
matrix in flavor space respectively. This class of scenarios is the
one that has been adopted by the ATLAS collaboration for its Run I
monotop searches [ATL15b] and will be considered by both collabo-
rations for Run II analyses.

The resulting model can be likened to the MSSM with an R-
parity violating of a top squark to the Standard Model down-type
quarks and an R-parity conserving interaction of a top quark and a
top-squark to a neutralino.

Non-Resonant production

For non-resonant monotop production, the monotop state is
produced via flavor-changing neutral interactions of the top quark,
a lighter up-type quark and a new invisible vector particle V. This
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plings) while those to the new fermion c and one single up-type
quark are given by the three-component vectors a1/2

SR and b1/2
SR in

flavor space.
Under the form of Eq. (A.1), the Lagrangian is the one intro-

duced in the original monotop search proposal [AFM11]. It has
been used by the CMS collaboration for Run I analyses after ne-
glecting all pseudoscalar components of the couplings and adding
the vector resonance case for which minimality requirements
are difficult to accommodate [CMS15d]. In contrast, the study
of Ref. [Bou+15] has imposed electroweak gauge invariance and
required minimality. This enforces all new couplings to be right-
handed so that

a1/2
SR = b1/2

SR =
1
2

y⇤s and aq
SR = bq

SR =
1
2

ls , (A.2)

where the objects ys and ls are a tridimensional vector and a 3 ⇥ 3
matrix in flavor space respectively. This class of scenarios is the
one that has been adopted by the ATLAS collaboration for its Run I
monotop searches [ATL15b] and will be considered by both collabo-
rations for Run II analyses.

The resulting model can be likened to the MSSM with an R-
parity violating of a top squark to the Standard Model down-type
quarks and an R-parity conserving interaction of a top quark and a
top-squark to a neutralino.

Non-Resonant production

For non-resonant monotop production, the monotop state is
produced via flavor-changing neutral interactions of the top quark,
a lighter up-type quark and a new invisible vector particle V. This
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).

Z0
Z0

q̄

q

c̄

c

h

(a)

Z0

A0

q̄

q

c̄

c

h

(b)

Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.

mono-Jet/photon/W/Z mono-Higgs

mono-tt/bb

mono-t

mono-V

t-channel mono-jet/dijet

ETmiss

Ev
en

ts

BSM

SM

• Mono-X: a final state of MET + 
Jet(s), photon, W, Z, Higgs, 
top/b quark


• X can be emitted either directly 
from ISR through SM gauge 
interactions or from a BSM 
vertex coupling
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6

Channels

Mono-jet EXOT-2015-03 CMS-EXO-16-037

Mono-V

Mono-W/Z(jj) EXOT-2015-08 CMS-EXO-16-037
Mono-W(𝓁v)
Mono-Z(𝓁𝓁) ATLAS-CONF-2016-056 CMS-PAS-EXO-16-038


Mono-𝛾 EXOT-2016-32 CMS-PAS-EXO-16-039


Mono-Higgs
Mono-H(𝛾𝛾) ATLAS-CONF-2017-024

CMS-EXO-16-012
Mono-H(bb) ATLAS-CONF-2017-028

Mono-H(→ZZ*→4𝓁) ATLAS-CONF-2015-059

Mono-HF 

Mono-t (had) CMS-PAS-EXO-16-040


Mono-tt (had) ATLAS-CONF-2016-077 

CMS-PAS-EXO-16-005

Mono-tt (semi-lep) ATLAS-CONF-2016-050 

Mono-tt (lep) ATLAS-CONF-2016-076 
 CMS-PAS-EXO-16-028

Mono-b
CMS-PAS-B2G-15-007

Mono-bb ATLAS-CONF-2016-086

Reinterpretation Invisible Higgs Search ATLAS-CONF-2016-056 HIG-16-016
Di-jet Search EXOT-2016-21, Summary Page
 CMS-PAS-EXO-16-056, CMS DP-2016/057 

Z’(𝓁𝓁) Search ATLAS-CONF-2017-027 EXO-15-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-038/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-039/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-024/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-059/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-050/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-076/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-028/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary
https://cds.cern.ch/record/2256873?ln=en
https://cds.cern.ch/record/2208044/files/DP2016_057.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-027/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-005/index.html
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Mono-jet

7

jet pT = 973 GeV 
ETmiss = 954 GeV
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Mono-jet

• A most sensitive search channel for DM at the LHC, signature with an ISR jet recoiling off a large MET

• Event selection:


• a well-identified leading jet pT >100 (250) GeV, ETmiss > 200 (250) GeV for CMS (ATLAS)

• lepton-veto, up to three extra low-pT jets 

• well-separated between leading energetic jet and ETmiss

8

• Main backgrounds: 

• Z(νν) + jets: 60%, dominant and 

irreducible

• W(𝓁ν) + jets: 30%, reduced with 

lepton veto, but leptons could be out 
of acceptance or from the detector 
inefficiency


• Others(DY, Top, VV) are MC 
estimated 

EXOT-2015-03
CMS-EXO-16-037
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Mono-jet

• To constrain two main backgrounds: Z(νν) + jets and W(𝓁ν) + jets, global simultaneous likelihood fits to CRs 
are used: 

• ATLAS: W(µν)+jets, W(eν)+jets, and Z/γ∗(µµ )+jets

• ETmiss tail can be contaminated due to detector energy resolution, jet energy mis-measurements, pileup 

energy fluctuations, and instrumental noise

• CMS: W(e/μν) + jets, Z/γ∗(ee/μμ) + jets, and 𝛾 + jets (large statistics, similar jet multiplicity, underlying 

event, and pileup conditions as the DY process for the region of interest at high pT region) 

9
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Mono-jet

• No significant excess is observed

• Interpretation in terms of simplified models with (axial) vector and (pseudo) scalar mediators 


• Exclusion: vector mediator mass  < 1 TeV @90%CL (ATLAS, 3.2fb-1), < 2 TeV (CMS, 12.9 fb-1)

• Limits on spin-dependent DM-nuclei cross-section is more sensitive w.r.t. direct searches

10

perturbative unitarity violation 
for axial vector coupling
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Mono-V(jj)

11
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Mono-V(jj)

• Signature: a boosted W/Z boson with hadronic decay recoiling against a large MET 

• a large-R jet with R=0.8(1.0) and pT > 250 (200) GeV for CMS(ATLAS)

• Jet mass compatible with W/Z boson

• Jet substructure (subjetness) to discriminate W/Z from QCD 

12

EXOT-2015-08
CMS-EXO-16-037

• Three type of benchmark models are considered: 

• Two simplified model with vector or scalar mediator in s-channel (same with mono-jet)

• A dimension-7 operator: VVχχ  (EFT model of DM directly coupling to gauge bosons)

DMGgauge-boson-signals

42

This-is-a-model-of-DM-coupling-to-gauge-
bosons:--

c1:-coupling-strength-for-DM-U(1)-
fields-
c2:-coupling-strength-for-DM-SU(2)-
fields-
when-c1=c2,-no-chiGchiGZGgamma-
vertex

2 1 Introduction

1 Introduction1

While there is well-known astrophysical evidence for dark matter (DM) [? ], the particle nature2

of DM is unknown. If DM particles are produced in a particle collider, they are not expected3

to interact with the detector. Thus, DM searches at the LHC tend to involve missing transverse4

momentum. The specific search strategy depends on what type of particle or system is recoil-5

ing against the unseen DM. The CMS collaboration has carried out searches for pairs of DM6

particles (c) produced with a jet [? ], a photon [? ], or a W boson (decaying leptonically) [? ].7

This analysis summary presents a search for DM in events with a Z boson. We consider two
simple tree level ultraviolet-complete models [? ] that contain a massive spin-1 mediator ex-
changed in the s-channel. These two models have vector and axial-vector couplings between
the spin-1 mediator A and SM and DM fields, the full Lagrangian of s-channel vector mediated
dark matter model can be written as:

LVector Mediator = LSM � 1
4
FµnFµn � 1

2
m2AµAn + c̄(igµ∂µ �m)c�Â

q
gqAµq̄gµ(g5)q� gcAµc̄gµ(g5)c ,

(1)
where the coupling gq is assumed to be universal to all quarks. We can rewrite the vector-type
interaction term as:

LV(A)
int = g fAµ f̄ gµ(g5) f , (2)

in which f = c, q. As illustrated in Fig. 1, the DM particle is assumed to be a Dirac fermion8

with mass mc. the vector mediator is labeled as A.9

q̄

A

Z

q̄

q

`+

`�

�̄

�

gq
g�

Z/�⇤ Z

q̄

q

�̄

�

`+

`�

Figure 1: Feynman diagrams for production of DM (c) pairs produced together with a Z boson.

At dimension 7, the benchmark DM model containing the SU(2)L ⇥ U(1)Y gauge-invariant
couplings to gauge bosons is given by:

Lint =
1

L3 c̄c
⇣

c1BµnBµn + c2Fi
µnFi,µn

⌘
, (3)

in which c is the Dirac fermionic DM particle, the U(1)Y and SU(2)L field tensors Bµn, Fi
µn10

are given in Eq. ??, the parameters c1 and c2 are coupling constants, and L denotes the cutoff11

scale. The kinematic distributions from this model are unique to mono-boson signatures. After12

electroweak symmetry breaking, this interaction 3 directly gives out the coupling between the13

DM pair and gauge bosons:14
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The corresponding Feynman rules read:1264

�̄�ZZ : �iM f i = �
4i
⇤3 (c1s2

W + c2c2
W) ✏µ(p3)✏⌫(p4)(p3 · p4gµ⌫ � pµ4 p⌫3)ū(p1)u(p2)

�̄��� : �iM f i = �
4i
⇤3 (c1c2

W + c2s2
W) ✏µ(p3)✏⌫(p4)(p3 · p4gµ⌫ � pµ4 p⌫3)ū(p1)u(p2)

�̄��Z : �iM f i = �
4i
⇤3 sWcW(�c1 + c2) ✏µ(p3)✏⌫(p4)(p3 · p4gµ⌫ � pµ4 p⌫3)ū(p1)u(p2)

�̄�W+W� : �iM f i = �
4i
⇤3 c2 ✏µ(p3)✏⌫(p4)(p3 · p4gµ⌫ � pµ4 p⌫3)ū(p1)u(p2)

(1.61)

The couplings of DM to different gauge bosons are highlighted 3, where we find the mono-1265

W signal only depends on the parameter c2, and the mono-� signature is more sensitive to1266

parameter c1 because c2
W/s

2
W ⇠ 3.3. Most importantly, the mono-� (mono-Z) signal shows no1267

contributions from diagrams involving Z (�) exchange if c1 = c2.1268

1.3.7 Collider detection – Simplified models1269

It has been emphasized in some Refs. [111, 118–120] recently that the EFT approach is not valid1270

over the full range of phase space that is accessible at the LHC, since the scales involved can be1271

comparable to the collision energy. In the LHC regime, the assumption of a point-like interac-1272

tion we discussed in Sec. 1.3.6 provides a reliable approximation of the underlying ultraviolet-1273

complete theory only for appropriate choices of couplings and masses. To extend the DM1274

searches at the LHC, we consider two simple tree level ultraviolet-complete models [116] that1275

contain a massive spin-0 or spin-1 mediator exchanged in the s-channel, with the couplings1276

to quarks and DM particles described by coupling constants gq and g�, or yqgq and y�g� for a1277

scalar mediator. As illustrated in Fig. 1.19, the DM particle is assumed to be a Dirac fermion1278

with mass m�. For the case of spin-1 mediator, the vector mediator is labeled as A. While for1279

the case of spin-0 mediator, the scalar mediator is marked as �.1280

3I have found inconsistencies in the coupling calculation in following papers [113–115] when I was
involved in ATLAS/CMS Dark Matter Forum [116], my calculation here is also double-checked by
Ref. [117].

2.4 Pileup re-weighting 5

Process MC details
W(! `n)+jets /WJetsToLNu TuneCUETP8M1 13TeV-madgraphMLM-pythia8

Z(! ``)+jets /DYJetsToLL M-50 TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8
/DYJetsToLL M-10to50 TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8

tt +X /TTJets TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8
/TTWJetsToLNu TuneCUETP8M1 13TeV-amcatnloFXFX-madspin-pythia8
/TTZToLLNuNu M-10 TuneCUETP8M1 13TeV-amcatnlo-pythia8

Single top
/ST tW top 5f inclusiveDecays 13TeV-powheg-pythia8 TuneCUETP8M1
/ST tW antitop 5f inclusiveDecays 13TeV-powheg-pythia8 TuneCUETP8M1
/ST t-channel 4f leptonDecays 13TeV-amcatnlo-pythia8 TuneCUETP8M1

VV

/ZZTo2L2Nu 13TeV powheg pythia8
/ZZTo4L 13TeV-amcatnloFXFX-pythia8
/ZZTo2L2Q 13TeV amcatnloFXFX madspin pythia8
/WWTo2L2Nu 13TeV-powheg
/WZJets TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8

VVV
/WZZ TuneCUETP8M1 13TeV-amcatnlo-pythia8
/ZZZ TuneCUETP8M1 13TeV-amcatnlo-pythia8
/WWZ TuneCUETP8M1 13TeV-amcatnlo-pythia8

QCD
/QCD Pt-*to* EMEnriched TuneCUETP8M1 13TeV pythia8
/QCD Pt *to* bcToE TuneCUETP8M1 13TeV pythia8
/QCD Pt-*to* MuEnrichedPt5 TuneCUETP8M1 13TeV pythia8

Table 2: List of the SM dilepton MC samples used in the comparison with data. The QCD
samples marked with ⇤ are split with different pT ranges.
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Figure 2: The distribution in Emiss
T at the generator level for DM with mass 50 GeV. The DM

curves are shown for different mediator masses. The SM background ZZ ! `�`+nn̄ is shown
as a red solid curve.
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Mono-V(jj)

• Similar with Mono-jet, main backgrounds: Z(νν) + jets and W(𝓁ν) + jets and ttbar are constrained from global 
simultaneous likelihood fits to CRs

• ATLAS: W(µν)+jets, W(eν)+jets, and Z/γ∗(µµ )+jets

• CMS: W(e/μν) + jets, Z/γ∗(ee/μμ) + jets, and 𝛾 + jets

13

EXOT-2015-08
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6.1 Dark matter interpretation 13
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Figure 7: Observed Emiss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the background expectations for various SM processes evaluated after perform-
ing a combined fit to the data in all the control samples, as well as in the signal region. The fit
is performed assuming the absence of any signal. The last bin includes all events with Emiss

T >
1160 (750) GeV for the monojet (mono-V) category. Expected signal distributions for a 125 GeV
Higgs boson decaying exclusively to invisible particles, and for a 1.6 TeV axial-vector mediator
decaying to 1 GeV DM particles, are overlaid. The ratio of data and the post-fit background
prediction is shown for both the monojet and mono-V signal regions. The gray bands in these
ratio plots indicate the post-fit uncertainty in the background prediction. Finally, the distribu-
tions of the pulls, defined as the difference between data and the post-fit background prediction
relative to the post-fit uncertainty in the prediction, are also shown in the lower panels.

6.1 Dark matter interpretation

The results of the search are interpreted in terms of simplified DM models for the monojet and
mono-V final states, assuming a vector, axial-vector, scalar, or pseudoscalar mediator decaying
into a pair of fermionic DM particles. These results supersede those from the earlier CMS
publications in the same final states [19, 21].

The mediators are assumed to interact with the pair of DM particles with coupling strength
gDM = 1. The spin-1 mediators are assumed to interact with SM quarks with coupling strength
gq = 0.25. The spin-0 mediators are assumed to couple to the quarks through SM-like Yukawa
interactions with the coupling strength modifier gq = 1. The width of the mediators is deter-
mined assuming they interact only with the SM particles and the DM particle. The choice of all
the signal model parameters follows the recommendations from Ref. [78]. Uncertainties of 20
and 30% are assigned to the inclusive signal cross section in the case of the spin-1 and spin-0
mediators, respectively. These include the renormalization and factorization scale uncertain-
ties, and the PDF uncertainty.

Upper limits are computed at 95% CL on the ratio of the signal cross section to the predicted

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-037/
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Mono-V(jj) 

• Good agreement with SM predictions, 
no significant excess is observed

• 2D Interpretation in terms of 

simplified models with (axial) vector 
and (pseudo) scalar mediators, 
exclude Mmed < 100 GeV for DM 
mass at 1GeV at 95%CL (12.9 fb-1) 


• 1D upper limits on cutoff scales for 
dimension-7 operator: VVχχ,  cutoff 
scale < 700 GeV is excluded at 
95%CL (3.2 fb-1) for DM mass at 
1GeV


• Limits on both spin-dependent and 
spin-independent DM-nuclei cross-
section, more sensitive w.r.t. direct 
searches at low DM mass region (<10 
GeV) 

14
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   Mono-Z(𝓁+𝓁-)

15

muon pT = 115, 90 GeV 
ETmiss = 254 GeV
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   Mono-Z(𝓁+𝓁-)

• Signature: a Z(𝓁+𝓁-) boson with a large MET 

• Event selection in ATLAS (CMS):


• Mass: -15 GeV < m(𝓁+𝓁-) - mZ < 15 (10) GeV

• Two leading leptons with pT>30,20 (25/20,20) GeV

• 3rd lepton veto

• MET>90 (100) GeV

• Δφ(pT𝓁𝓁, MET) > 2.7 (2.8) rad, Δφ(MET, jets) > 0.7(0.5) rad

• Bjet veto (and 0 or 1 jets, tau-jet veto)

• ||MET + jet pT| - pT𝓁𝓁|/pT𝓁𝓁 < 0.2, (|MET - pT𝓁𝓁|/pT𝓁𝓁 < 0.4)


• ΔR(𝓁+𝓁-) < 1.8, pT𝓁𝓁/mT < 0.9 (pT𝓁𝓁 > 60 GeV) 
• Models: vector mediator benchmark models are considered: 

vector/axial-vector couplings

16
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   Mono-Z(𝓁+𝓁-)

• Backgrounds:

• Z/γ*+jets: fake MET from instrumental effects (data-driven from 1D/2D sideband)

• WW, Top, Z→ τ+τ-: non-resonant in m(𝓁𝓁) at Z mass region (MC/data-driven using the eμ events)


• WZ →3𝓁ν: similar to ZZ when one lepton is not detected (MC/data-driven from 3-lepton control)


• ZZ→2𝓁2ν: irreducible, dominant (after selection), estimated from MC simulation

• W+jets/QCD: fake leptons from jets (small background) (data-driven, fake rate measurement)

17
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   Mono-Z(𝓁+𝓁-)

• Main systematic errors: data-driven Z+jets from 1D/2D sideband, ZZ theoretical uncertainties

• Good agreement with SM predictions, no significant excess is observed

• 2D limit interpretation in terms of simplified models with vector/axial-vector mediators 


• For DM mass = 1 GeV, vector mediator mass  < 420 (450) GeV are excluded at 95% CL for vector 
coupling

18

ATLAS-CONF-2016-056
CMS-PAS-EXO-16-038

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-038/


   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   

19

Mono-𝛾

ET (𝛾) = 265 GeV, ETmiss = 268 GeV
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   Mono-𝛾

• A clean signature of high pT photon and large MET 

• Event selection:


• a well-identified photon with PT > 150 (175) GeV, and large MET> 150 (170) GeV in ATLAS (CMS)

• good separation between photon and MET, jet and MET

• lepton veto, at most one jet


• Similar with mono-W/Z(jj), three type of benchmark models are considered: 

• Two simplified model and a dimension-7 operator VVχχ

20
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   Mono-𝛾

• Background contains real photon: Z𝛾, W𝛾, 𝛾jets

• using simultaneous fitted Data/MC SF in different background-enriched CRs


• Background contains fake photon

• fake photon from jets: ABCD with reversing/loosing ISO/ID

• fake photon from electrons: measure P(e ->𝛾) in using Z peak
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   Mono-𝛾

• Results is translated in terms of simplified models with (axial) vector and (pseudo) scalar mediators

• Exclusion: vector mediator mass  < 1.2 TeV @95%CL (ATLAS, 36 fb-1), < 0.75 TeV (CMS, 13 fb-1)


• Upper limits are set on cutoff scale for dimension-7 operator with a contact interaction as a function of DM 
mass 

• cutoff scale < 800 GeV is excluded at 95%CL (36 fb-1) for DM mass1 GeV

• EFT invalid regions for different couplings 3, and 4pi

22
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DM!+!Higgs!(bb)

20

Figure 13: An event display of a signal event in the merged signal region. This event is characterized by Emiss
T =213

GeV and two b-tagged small-R calorimeter jets that form a dijet system with with m j j = 120 GeV.

31

Figure 12: An event display of a signal event in the merged signal region. This event is characterized by Emiss
T =694

GeV and a large-R jet with mJ = 106 GeV and two b-tagged track jets.

30

Resolved Region (ETmiss < 500 GeV)
 small radius jets

Merged Region (ETmiss > 500 GeV)
 large radius jet

MET = 213 GeV, Mjj = 120 GeV
MET = 694 GeV, mJ = 106 GeV,  

and two b-tagged track jets

Mono-Higgs

23
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   Mono-Higgs(→ZZ*→4𝓁)

• H→ZZ*→4𝓁 has low BR, but this channel is very clean

• Multi-leptons triggers (Efficiency > 99%)

• Event selection: at least four well-identified, isolated 

leptons, same flavor-opposite-charge lepton pair match 
to Z mass


• Background: 

• ZZ* (irreducible): from simulation with NNLO@QCD, 

NLO@EWK correction

• ttV/VVV: from simulation

• Z+jets, ttbar: shape and normalization data-driven 


• Signal region: m4𝓁 [110,140] GeV, MET>100 GeV 

• No significant BSM excess is observed! Upper limit is 

set on the production cross section times BR as a 
function of mediator mass in both Scalar and Z’B 
scenarios, no exclusion yet @3.2 fb-1
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(b) Vector mediator

Figure 10: Upper limits on the cross section as a function of the mediator mass for (a) the scalar model and (b) the
vector model corresponding to a dark matter mass of 1 GeV.
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Figure 5: m4` distribution of the selected candidates, compared to the background expectation (a) in the low mass
region. Distributions of data (filled circles) and the expected signal and backgrounds events in the m34 – m12 plane
with the requirement of m4` in 110–140 GeV (b). The projected distributions are shown for m12 (c) and m34 (d). The
signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The expected background
contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV (yellow histogram), are
shown in (a), (c) and (d); the systematic uncertainty associated to the total background contribution is represented by
the hatched areas. The expected distributions of the Higgs signal (blue) and total background (red) are superimposed
in (b), where the box size (signal) and colour shading (background) represent the relative density.
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Figure 9: The Emiss
T distribution of the selected data candidates in the 110 < m4` < 140 GeV region compared to the

SM expectation. Expected dark matter signal distributions (solid and dashed lines) for a vector mediator scenario
with mmed = 200 GeV and a scalar mediator scenario with mmed = 300 GeV are shown, as are the expected SM
backgrounds (filled histograms). The last bin contains the integral of the overflow.

Table 11: Expected yields for the background components and two signal models in the two Emiss
T categories for

candidates with 110 < m4` < 140 GeV. The observed yields are shown in the last row. The uncertainties include
both statistical and systematic components.

Process High-Emiss
T category Low-Emiss

T category
(Emiss

T > 100 GeV) (Emiss
T < 100 GeV)

H ! ZZ⇤ ! 4` (2.1 ± 0.6) · 10�2 4.9 ± 0.5
ZZ⇤ (0.7 ± 0.4) · 10�2 4.4 ± 0.4
Z+jets and tt̄ (3.1 ± 1.2) · 10�2 0.8 ± 0.5
ZH(`⌫`⌫) (1.2 ± 0.6) · 10�5 (5.8 ± 0.8) · 10�4

ZH(``⌫⌫) (1.3 ± 0.8) · 10�7 (8.2 ± 1.5) · 10�7

Total background (5.9 ± 1.6) · 10�2 10.1 ± 1.0
Vector mediator signal (9.7 ± 3.3) · 10�2 (1.3 ± 0.6) · 10�1
m� = 1 GeV, mmed = 200 GeV
Scalar mediator signal 0.41 ± 0.14 0.44 ± 0.09m� = 1 GeV, mmed = 300 GeV
Data 0 9
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Figure 3.3: Examples of Feynman
diagrams leading to Higgs+/ET events
for a model with a scalar mediator (S)
coupling with DM and with the Higgs
boson h.

3.1.1 /ET +Higgs from a baryonic Z0

The model shown in Fig. 3.2 (a) postulates a new gauge boson
Z0 corresponding to a new U(1)B baryon number symmetry. The
stable baryonic states included in this model are the DM candidate
particles. The mass of the Z0 boson is acquired through a baryonic
Higgs hB, which mixes with the SM Higgs boson.

The interactions between the Z0, the quarks and the DM are
described by the following Lagrangian:

L = gqq̄g

µqZ0
µ

+ g
c

c̄g

µ

cZ0
µ

. (3.1)

The quark couplings gq are fixed to be equal to one third of the
gauge coupling gB, while the DM coupling to the Z0 are propor-
tional to the baryon number and to the gauge coupling (g

c

= BgB).
No leptonic couplings of the Z0 are allowed, thus evading dilep-
ton constraints. After incorporating the mixing of the baryonic
and SM Higgs bosons, this model is is described by the following
Lagrangian term at energies below mZ0 1: 1 The operator in Eqn. 3.2 is an effec-

tive one, to highlight the two main
terms. The full dimension-4 simplified
model is used in the model for event
generation.

Leff = � gqg
c

m2
Z0

q̄g

µqc̄g

µ

c

⇣

1 +
ghZ0Z0

m2
Z0

h
⌘

, (3.2)

The first term of this equation is the standard DMV model in the
large MZ0 limit. This term can lead to a monojet signature, which
can be also used to constrain this model. The second term describes
the interaction between the Z0 and the SM Higgs boson, via the
coupling ghZ0Z0 =

mZ02 sin q

vB
, where sin q is the mixing angle between

the SM Higgs and the baryonic Higgs hB, and vB is the Baryonic
Higgs vacuum expectation value.

In its most general form, this model can contribute to mono-Z
signals due to the Z0 mixing with the Z or photon. Note that EWSB
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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   Mono-Higgs(→𝛾𝛾)

• Signature: two well-defined photons compatible with the 125 GeV Higgs boson plus MET

• MET is calculated w.r.t. the diphoton vertex including track-based soft term

• Non-resonant background 


• 𝛾𝛾: dominant, need large MET Significance cut to reject 


• 𝛾+jets: second dominant, similar to 𝛾𝛾 when the jet is mis-identified as a photon


• V𝛾, V𝛾𝛾: visible contribution at after MET Significance / MET cut, where a lepton is misidentified a photon or not 
well-reconstructed (induce fake MET)


• Resonant background: SM Higgs, ZH is irreducible 

25

ATLAS-CONF-2017-024
CMS-EXO-16-012

ATLAS CMS

pT𝛾𝛾 >25,25 GeV  pT𝛾𝛾 > 30,20 GeV

Eγ1T /m𝛾𝛾 > 0.35

Eγ2T /m𝛾𝛾 > 0.25

Eγ1T /m𝛾𝛾 > 0.5

Eγ2T /m𝛾𝛾 > 0.25

pT𝛾𝛾 > 90 GeV, 

MET significance > 7 

PT𝛾𝛾 > 90 GeV,

MET> 105 GeV 

m𝛾𝛾 > 105 GeV m𝛾𝛾 > 95 GeV

Lepton veto  |∆φ(γγ, pmissT )| > 2.1,  
min(|∆φ(jet, pmissT )|)> 0.5

60 atlas+cms dark matter forum

The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.

       

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-024/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-012/


   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   Mono-Higgs(→𝛾𝛾)

• Data-driven non-resonant background (𝛾𝛾, 𝛾+jets, V𝛾, V𝛾𝛾):

• CMS: 


• Shape of the mγγ distribution is evaluated in data with MET<105 
GeV CR, normalization is obtained by using scale factor in 
sideband


• ATLAS: 

• Both of the normalization and the shape are obtained from fitting 

to the diphoton invariant mass distribution in SR 

• The signal and backgrounds are extracted by fitting analytic 

functions to the m𝛾𝛾 distribution in each category

• Double-sided Crystal Ball function is used to model the signal 

and SM Higgs shapes  

• No BSM excess is observed!

• Main uncertainties: statistical uncertainties 10% (20%), non-resonant 

background modeling 7% (20%)
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.

 

60 atlas+cms dark matter forum

The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
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shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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   Mono-Higgs(→𝛾𝛾)

• Upper limit is set on the production cross section times BR as a function of mediator mass in both Z’B and 
Z’-2HDM scenarios

• ATLAS: Upper limit on mZ’<1.04 TeV is excluded for mA=200 GeV (36.1fb-1)

• CMS: no exclusion yet @2.3 fb-1  


• The spin independent DM-nucleon cross section in the context of the Z’B simplified model with vector 
couplings comparing with constraints from direct detection experiments
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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q
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c

h

(a)

Z0

A0

q̄

q

c̄

c

h

(b)

Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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Mono-Higgs(→bb)

• Two signal regions based on if the Higgs is boosted or not: 


• Resolved: two b-tagged jets + intermediate MET

• Merged: one large-R jet with two b-tagged tracks + 

large MET

• Background:


• two main backgrounds: W/Z+jets (15~65%); 
ttbar(45~80%) 


• control regions are defined with 1-/2-lepton events
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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Mono-Higgs(→bb)

• A profile likelihood fit dijet/single-large-R-jet mass (ATLAS) / MET (CMS) simultaneously in all SRs and CRs 

• No significant BSM excess is observed 

• 2D Limit contour (mDM, mZ’) is set for Z’-2HDM scenario


• For mA = 300 GeV, the Z’-2HDM model is excluded at 95% CL for 0.5 TeV < MZ’ < 2.5 TeV (ATLAS) @ 36 
fb-1, (XX TeV) < MZ’ <~1.8 TeV (CMS) @ 2.3 fb-1, 
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The following Sections describe the models within these cate-
gories, the parameters for each of the benchmark models chosen,
the studies towards the choices of the parameters to be scanned.

3.1 Specific simplified models including EW bosons, tailored to
Higgs+MET searches

Three benchmark simplified models [Car+14; BLW14b] are recom-
mended for Higgs+/ET searches:

• A model where a vector mediator (Z0
B) is exchanged in the

s-channel, radiates a Higgs boson, and decays into two DM par-
ticles (Fig. 3.2 (a)). As in Section 2.1, we conservatively omit
couplings of the Z0

B to leptons.

• A model where a scalar mediator S is emitted from the Higgs
boson and decays to a pair of DM particles (Fig. 3.3).

• A model where a vector Z0 is produced resonantly and decays
into a Higgs boson plus an intermediate heavy pseudoscalar
particle A0, in turn decaying into two DM particles (Fig. 3.2 (b)).
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Figure 3.2: Examples of Feynman
diagrams leading to Higgs+/ET events:
(a) a model with a vector mediator (Z0)
coupling with DM and with the Higgs
boson h, and (b) a 2HDM model with
a new invisibly decaying pseudoscalar
A0 from the decay of an on-shell
resonance Z0 giving rise to a Higgs+/ET
signature .

These models are kinematically distinct from one another, as
shown in the comparison of the /ET spectra in Fig. 3.4 for high and
low masses of the pseudoscalar mediator. Figure 3.4 (a) shows the
/ET distribution for models with high mediator masses (mS = 1 TeV,
mZ0 = 1 TeV, mA0 = 1 TeV) and DM mass of either 50 (Z0

B and A0

models) or 65 GeV (scalar mediator model). Figure 3.4 (b) shows
the /ET distribution for models with low pseudoscalar mediator
masses (mZ0

B
= 100 GeV, mZ0 = 1 TeV, mA0 = 100 GeV) and DM

mass of 1 TeV for all models.
Predictions for this class of models have been so far considered

at LO+PS, even though they could be extended to NLO+PS in the
near future. The studies in this Section have been performed using
a model within MadGraph5_aMC@NLO v2.2.3, interfaced to
pythia 8 for the parton shower. The implementation details for
these models are discussed in Section 4.2.1.2.
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Mono-Heavy Flavor (new physics associated with DM satisfies 
minimal flavor violation)

30



   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   

Mono-t (had)

• Signature: a large MET plus a boosted top quark with hadronic decay  

• In SM, this signature could occur as the loop-induced associate production with a Z boson decaying into a 

pair of neutrinos, but such FCNC process is suppressed by the GIM mechanism

• Resonant scalar mediator: 


• Majorana fermion as DM, a colored scalar (ɸ) decaying to top quark and DM


• Non-resonant vector mediator FCNC model: 

• Dirac fermion as DM, flavor-changing neutral interactions of u-t-V
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is the only case considered, as having a new scalar would involve
in particular a mixing with the SM Higgs boson and therefore a
larger number of free parameters. The Lagrangian describing the
dynamics of this non-resonant monotop production case is:

L =



V
µ

ūg

µ

h

a1
FC+b1

FCg5

i

u + h.c.
�

, (A.3)

where the flavor and color indices are again understood for clarity.
The strength of the interactions among these two states and a pair
of up-type quarks is modeled via two 3 ⇥ 3 matrices in flavor space
a1

FC for the vector couplings and b1
FC for the axial vector couplings,

the FC subscript referring to the flavor-changing neutral monotop
production mode and the (1) superscript to the vectorial nature of
the invisible particle.

As for the resonant case, the Lagrangian of Eq. (A.3) is the one
that has been used by CMS after reintroducing the scalar option
for the invisible state and neglecting all pseudoscalar interac-
tions [CMS15d]. As already mentioned, a simplified setup moti-
vated by gauge invariance and minimality has been preferred so
that, as shown in Ref. [Bou+15], we impose all interactions to in-
volve right-handed quarks only,

a1
FC = b1

FC =
1
2

aR (A.4)

where aR denotes a 3 ⇥ 3 matrix in flavor space. This implies the
vector field to be an SU(2)L singlet.

Model parameters and assumptions

The models considered as benchmarks for the first LHC searches
contain further assumptions in terms of the flavor structure of the
model with respect to the Lagrangians of the previous subsection.
In order to have an observable monotop signature at the LHC, the
Lagrangians introduced above must include not too small couplings
of the new particles to first and second generation quarks. For
simplicity, we assumed that only channels enhanced by parton
density effects will be considered, so that we fix

(aR)13 = (aR)31 = a ,

(ls)12 = �(ls)21 = l and (ys)3 = y ,
(A.5)

all other elements of the matrices and vectors above being set to
zero.

Implementation In order to allow one for the Monte Carlo sim-
ulation of events relevant for the monotop production cases de-
scribed above, we consider the Lagrangian

L =



aV
µ

ūg

µPRt + ljd̄cPRs + yjc̄PRt + h.c. ,
�

(A.6)

where PR stands for the right-handed chirality projector and the
new physics couplings are defined by the three parameters a, l and

130 atlas+cms dark matter forum

y. We additionally include a coupling of the invisible vector boson
V to a dark sector (represented by a fermion y) whose strength can
be controlled through a parameter gDM,

L = gDMV
µ

ȳg

µ

y . (A.7)

This ensures the option to make the V-boson effectively invisible by
tuning gDM respectively to a. We implement the entire model in the
FeynRules package [All+14] so that the model can be exported to a
UFO library [Deg+12] to be linked to MadGraph5_aMC@NLO [Alw+14]
for event generation, following the approach outlined in [Chr+11].

A.1.1 Parameter scan

Under all the assumptions of the previous sections, the parameter
space of the resonant model is defined by four quantities, namely
the mass of the new scalar field j, the mass of the invisible fermion
c and the strengths of the interactions of the scalar resonance with
the monotop system y and with down-type quarks l. One of both
coupling parameters could however be traded with the width of the
resonance.

The parameter space of the non-resonant model is defined by
two parameters, namely the mass of the invisible state V and its
flavor-changing neutral coupling to the up-type quarks aR.

In the case of the non-resonant model, the invisible vector is
connected to a hidden sector that could be, in its simplest form,
parameterized by a new fermion [Bou+15]. This has effects on the
width of the invisible V state.

A consensus between the ATLAS and CMS collaborations has
been reached in the case of non-resonant monotop production. The
results have been described above. In contrast, discussions in the
context of resonant monotop production are still on-going. The
related parameter space contains four parameters and must thus
be further simplified for practical purposes. Several options are
possible and a choice necessitates additional studies that will be
achieved in a near future.

It has been verified that the kinematics do not depend on the
width of the invisible state in the case where this width is at most
10% of the V-mass. This is illustrated in Fig. A.2, where we show
the transverse-momentum spectra of the V-boson when it decays
into a top-up final state and for different V-boson masses. The
results are independent of the visible or invisible decay modes as
we are only concerned with the kinematic properties of the invisible
state.

A.1.2 Single Top Model implementation

Card files for MadGraph5_aMC@NLO are provided on the Fo-
rum SVN repository [Forf] and correspond to the Lagrangian that
has been implemented in FeynRules. Each coupling constant of the

t

t

V

W+

g

u

b

q̄0, `+

q, ⌫`

�̄

�

t

u
V
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g

u

b

q̄0, `+

q, ⌫`

�̄

�

�

t
W+

s̄

d
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q̄0, `+
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Mono-t (had)

• Main background:  ttbar, Z(νν) + jets , and W(lν) + jets — estimated from different CRs by a simultaneous fit 

• Selection: 


• ETmiss> 250 GeV, a large-R(0.1) fat jet top-tagged with pT > 250 GeV and |η| < 2.5, matched with a b 
quark within the cone,


• Veto on additional b jets, lepton, photon and tau 

• Good agreement with SM predictions 

• The FCNC is excluded for vector mediator 0.3 < MV < 1.5 TeV, assuming mχ = 10 GeV

• For mχ = 100 GeV, the resonant scalar model is excluded for 0.9 < Mφ < 2.7 TeV at 95% CL
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Mono-tt (0 lepton)

• Signature of multiple jets (2 b-quarks), no leptons, and 
significant MET


• backgrounds are constrained in different CRs 


• Good agreement with SM predictions 

• ATLAS: Observed limits on g= 3.5, for mχ = 10 GeV, the 

scalar model is excluded for Mφ < 350 GeV @95% CL33

ATLAS-CONF-2016-077 
CMS-PAS-EXO-16-005
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Figure 5: Distributions of Emiss
T for the categorised hadronic selection in (a) the two top tags

category, and (b) the less than two top tags category. The pseudoscalar model with mMED =
100 GeV and mDM = 1 GeV is shown. Note that the signal expectation is scaled by a factor of 20
in the plots. Statistical and systematic uncertainties on the background prediction are included
in the blue band on the lower panel.

by counting the fraction of events with top tag discrimator greater than zero. Then, semilep-
tonic tt events are used to extract #sig and #tt1lcombBg via a fit to the tri-jet mass distribution. The
tri-jet mass shapes provide separation between top quarks that are correctly tagged and wrong
combinations of jets that get mis-tagged. Mass templates derived from simulation are used for
each efficiency term in the fit. The measured efficiencies in data are #sig = 0.97 ± 0.01 (stat.),
#tt1lcombBg = 0.80 ± 0.03 (stat.), and #nontt1lBg = 0.69 ± 0.01 (stat.). The data-to-simulation effi-
ciency ratios are 1.00 ± 0.01 (stat.) for #sig and #nontt1lBg, and 0.99 ± 0.03 (stat.) for #tt1lcombBg.

Two systematic uncertainties on the scale factors are assessed: jet energy scale and resolution
(JES/JER), and the choice of showering scheme in the simulation. For the JES/JER uncertainty,
the efficiency measurement is repeated by convoluting the tri-jet mass templates with Gaussian
functions, whose means and widths are allowed to float within typical JES/JER uncertainties.
A 1% uncertainty on #sig, and 3% uncertainties on #tt1lcombBg and #nontt1lBg are assigned to ac-
count for JES/JER effects. For the systematic uncertainty on the choice of showering scheme,
simulated tt̄ events showered with HERWIG [32] are considered in place of the standard sample
that uses PYTHIA8.205. The difference in measured efficiencies between the HERWIG and the
PYTHIA8.205 samples is found to be 3% for #sig, 4% for #tt1lcombBg, and 1% for #nontt1lBg. Overall,
statistical plus systematic uncertainties of 3% for #sig, 6% for #tt1lcombBg, and 3% for #nontt1lBg are
assigned.

5 Signal Extraction
A potential DM signal could be revealed as an excess of events relative to SM expectations
in a region at high missing transverse energy. The shape of the observed Emiss

T distribution
provides additional information, which is exploited in this analysis to improve the sensitivity
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Figure 9: 95% CL upper limit on the ratio of the DM production cross section to the simplified
model expectation as a function of scalar (upper) and pseudoscalar (lower) mediator mass with
semileptonic and categorised hadronic channels combined. The hypothesis of a DM candidate
of mass equal to 1 GeV is considered.

ATLAS CMS

MET>300 GeV MET>200GeV

∆φ (jet, MET) > 0.4 (up to 2 jets) ∆φ(jet , Emiss) > 1 (up to 6 jets)

trkMET> 30 GeV 
∆φ (trkMET , MET) < π/3, lepton veto

m(top-jet)>140, 60 GeV, 
∆R(b,b) > 1.5 <= 2 top tagged jets 

mT(b,MET)> 200 GeV 
MET significance > 14  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-005/index.html
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Mono-tt (1 lepton)

• Signature of multiple jets (1 b-quarks), a well-identified lepton, and MET

• CMS: lepton with pT > 30 GeV, ETmiss > 160 GeV,  >= 3jets, at least 1 

bjet, mT> 160 GeV, mWT2 > 200 GeV, Δφ (ETmiss, jets) > 1.2 (up to 2 jets) 

• ATLAS

34

ATLAS-CONF-2016-050
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4.1 Resolved Top-Tagged Categories 5

 [GeV]T2
WM

Ev
en

ts
 / 

45
 [G

eV
]

50

100

150

200

250 Data QCD ll→Z νν→Z
Single Top ttV VV W + Jets
(1l)tt (2l)tt

 (x20) 100 GeVφM
 1 GeV,
χ

ps: M

 (13 TeV)-12.2 fb

CMS
Preliminary

 [GeV]T2
WM

50 100 150 200 250 300 350 400 450

M
C

D
at

a

0.5

1

1.5

(a)

)
T
miss,E

1,...,6
 (jφ ∆

Ev
en

ts
 / 

0.
2

500

1000

1500

2000

2500 Data QCD ll→Z νν→Z
Single Top ttV VV W + Jets
(1l)tt (2l)tt

 (x20) 100 GeVφM
 1 GeV,
χ

ps: M

 (13 TeV)-12.2 fb

CMS
Preliminary

)T
miss,E

1,...,6
 (jφ ∆

0 0.5 1 1.5 2 2.5 3

M
C

D
at

a

0.5

1

1.5

(b)

Figure 2: (a) Distribution of the MW
T2 variable in the semileptonic search after all other selec-

tion requirements are applied. (b) Distribution of mini Df(jeti, Emiss
T ) in the inclusive hadronic

channel after all other selection requirements are applied. The gray dashed band indicates the
statistical uncertainty on the predicted background. A model for DM production with pseu-
doscalar mMED = 100 GeV and mDM = 1 GeV is also shown. Note that the signal expectation
is scaled by a factor of 100 in the plots.
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Figure 3: Distributions of Emiss
T in the (a) semileptonic and (b) inclusive hadronic signal regions

prior to the combined control/signal region fit. The gray dashed band indicates the statistical
uncertainty on the background prediction. A model for DM production with pseudoscalar
mMED = 100 GeV and mMED = 1 GeV is also shown. Note that the signal expectation is scaled
by a factor of 20 in the plots.

Common event selection
Trigger Emiss

T trigger
Lepton exactly one signal lepton (e, µ), no additional baseline leptons
Jets at least two signal jets, and |��(jeti, ~pmiss

T ) | > 0.4 for i 2 {1, 2}
Hadronic ⌧ veto⇤ veto events with a hadronic ⌧ decay and m⌧

T2 < 80 GeV
Variable SR1 tN_high

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1)
Jet pT > [GeV] (80 50 40 40) (120 80 50 25)
Emiss

T [GeV] > 260 > 450
Emiss
T ,? [GeV] – > 180

Hmiss
T,sig > 14 > 22

mT [GeV] > 170 > 210
amT2 [GeV] > 175 > 175
topness > 6.5 –
m�

top [GeV] < 270 –
�R(b, `) < 3.0 < 2.4
Leading large-R jet pT [GeV] – > 290
Leading large-R jet mass [GeV] – > 70
��(~pmiss

T , 2ndlarge-R jet) – > 0.6
Variable bC2x_diag bC2x_med bCbv

Number of (jets, b-tags) (� 4, � 2) (� 4, � 2) (� 2, = 0)
Jet pT > [GeV] (70 60 55 25) (170 110 25 25) (120 80)
b-tagged jet pT > [GeV] (25 25) (105 100) –
Emiss

T [GeV] > 230 > 210 > 360
Hmiss

T,sig > 14 > 7 > 16
mT [GeV] > 170 > 140 > 200
amT2 [GeV] > 170 > 210 –
|��(jeti, ~pmiss

T ) |(i = 1) > 1.2 > 1.0 > 2.0
|��(jeti, ~pmiss

T ) |(i = 2) > 0.8 > 0.8 > 0.8
Leading large-R jet mass [GeV] – – [70, 100]
��(~pmiss

T , `) – – > 1.2
Variable DM_low DM_high

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1)
Jet pT > [GeV] (60 60 40 25) (50 50 50 25)
Emiss

T [GeV] > 300 > 330
Hmiss

T,sig > 14 > 9.5
mT [GeV] > 120 > 220
amT2 [GeV] > 140 > 170
min(��(~pmiss

T , jeti ))(i 2 {1 � 4}) > 1.4 > 0.8
��(~pmiss

T , `) > 0.8 –

Table 3: Overview of the event selections for the seven SRs considered in the analysis. Round brackets are used to
describe lists of values and square brackets denote intervals. ⇤The hadronic tau veto is not applied to the bCbv SR,
since the tt̄ background is negligible.

10

Local significance of 
3.3σ in one of the SRs


(need more data) 

Good agreement 
with SM predictions 

Limits on g= 3.5

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-050/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-005/index.html
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12 8 Summary
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Figure 4: The observed and expected limits, expressed as the ratio of the 95% C.L. upper limit
on DM production cross section to the cross section from simplified model expectations for 4a
scalar and 4b pseudoscalar models in the combination of dileptonic, semileptonic, and hadronic
channels.

Mono-tt (2 leptons)

• Signature of either two electrons, two muons or an electron and a muon with moderate ETmiss 

• Backgrounds: mainly from top production, normalization constrained in CRS  

• No significant excess above SM expectation is observed in the EmissT distributions 

• ATLAS: Observed limits on g= 3.5, for mχ = 1 GeV, the scalar model is excluded for Mφ < 340 GeV @95% 

CL

• CMS: only an expected exclusion of scalar mediators with masses up to 39 GeV at 95% CL
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ATLAS-CONF-2016-076
CMS-PAS-EXO-16-028

Combination of 
all 3 channels

7
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Figure 2: Background-only post-fit Emiss
T distributions for each dilepton channel, with the pre-

fit SM background, and scalar MMED = 10 GeV, MDM = 1 GeV signal overlaid. The last bin
includes overflow. The uncertainty band describes the post-fit uncertainty on the total SM
background.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-076/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-028/index.html
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Mono-b/bb

• Signature of 1/2 bjet, no leptons, and significant MET

• Mains backgrounds: Z/W+jets, ttbar, single-top (constrained in different CRs in data)

• No significant excess above SM expectation is observed in the EmissT distributions 

• CMS combines mono-bb and mono-tt with 1 or 2 btag categories 


• no exclusion yet for both ATLAS and CMS @13.3/2.2 fb-1 
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Figure 5: Exclusion limits of DM scalar mediators with a DM mass of 1 GeV for 13.3 fb�1 of data.
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Figure 6: Exclusion limits of DM pseudoscalar mediators with a DM mass of 1 GeV for 13.3 fb�1 of data.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-007/index.html
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DM reinterpretation from other channels

37
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Recast the limits from interpretation of dijet resonant search

38

10 References

Figure 5: The 95% CL observed (solid) and expected (dashed) excluded regions in the plane of
dark matter mass vs. mediator mass, for an axial-vector mediator (top) and a vector mediator
(bottom), are compared to constraints from the cosmological relic density of DM (light gray)
determined from astrophysical measurements [55, 56] and MADDM version 2.0.6 [57, 58] as
described in Ref. [59]. Following the recommendation of the LHC DM working group [30, 31],
the exclusions are computed for Dirac DM and for a universal quark coupling gq = 0.25 and
for a DM coupling of gDM = 1.0. It should also be noted that the excluded region strongly
depends on the chosen coupling and model scenario. Therefore, the excluded regions and relic
density contours shown in this plot are not applicable to other choices of coupling values or
models.

27fb-1 comes form trigger level reconstruction 

• Vector mediator model with axial axial vector coupling

• couplings: gq=0.25, gl=0, gDM=1
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• Vector mediator model with axial vector coupling

• couplings: gq=0.25, gl=0, gDM=1

Recast the limits from interpretation of dijet resonant search
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10 References

Figure 5: The 95% CL observed (solid) and expected (dashed) excluded regions in the plane of
dark matter mass vs. mediator mass, for an axial-vector mediator (top) and a vector mediator
(bottom), are compared to constraints from the cosmological relic density of DM (light gray)
determined from astrophysical measurements [55, 56] and MADDM version 2.0.6 [57, 58] as
described in Ref. [59]. Following the recommendation of the LHC DM working group [30, 31],
the exclusions are computed for Dirac DM and for a universal quark coupling gq = 0.25 and
for a DM coupling of gDM = 1.0. It should also be noted that the excluded region strongly
depends on the chosen coupling and model scenario. Therefore, the excluded regions and relic
density contours shown in this plot are not applicable to other choices of coupling values or
models.

27fb-1 comes form trigger level reconstruction 



   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   

Recast the limits from interpretation of dijet resonant search

40

• axial-vector/pesudo-scalar coupling -> Spin dependent 

• vector/scalar coupling -> Spin independent 
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Recast the limits from interpretation of dilepton resonant search

41

• The leptonic branching ratio allows dilepton searches to impose powerful constraints for a wide range of 
mediator masses,

• couplings: gq=0.1, gl=0.1, gDM=1



   
 F

rid
ay

, A
pr

il 
21

, 2
01

7 
   

   
   

R.
-J

. W
an

g 
 | 

 L
PN

H
E,

 In
st

itu
t L

ag
ra

ng
e 

de
 P

ar
is 

   
   

Recast the limits from interpretation of invisible Higgs search

• Higgs portal DM model: a Higgs boson in the 
only mediator between DM and SM sectors

• a different idea of searching for DM 

particles 

• strategy: assume Higgs produced with SM 

cross section, but having 100% BF to DM 
particle (Binv) 


• The limit on the invisible branching fraction of 
Higgs can be interpreted as bounds of coupling 
strength λh𝜒𝜒


• Spin-1 and 1/2 Higgs-portal DM model are not 
renormalizable, should be more careful when 
doing reinterpretation 42

χ

χ

h

λh𝜒𝜒

χχ

NN

h
λh𝜒𝜒

PRD 90, 055014, 2014

01/09/16 D. Trocino — HEP2016, Valparaíso (Chile)

Dark Matter in Higgs-Portal Models

● In Higgs-portal models of DM, a Higgs boson is the only mediator between DM and
SM sectors 

● the Higgs can be produced with SM cross section, but have a significant branching fraction
to DM particles (Binv) 

● The Higgs must be produced in association with a visible system 

● several channels considered and combined 

Vector Boson Fusion (VBF)
 

2 forward jets with large 
η separation and invariant mass

Monojet “Higgs-strahlung”
 

W → qq',  Z → qq / ℓ
+
ℓ

–
 / bb 

EPJC 74, 2980 (2014)

CMS-PAS-HIG-15-012
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Dark Matter in Higgs-Portal Models

● In Higgs-portal models of DM, a Higgs boson is the only mediator between DM and
SM sectors 

● the Higgs can be produced with SM cross section, but have a significant branching fraction
to DM particles (Binv) 

● The Higgs must be produced in association with a visible system 

● several channels considered and combined 

Vector Boson Fusion (VBF)
 

2 forward jets with large 
η separation and invariant mass

Monojet “Higgs-strahlung”
 

W → qq',  Z → qq / ℓ
+
ℓ

–
 / bb 

EPJC 74, 2980 (2014)
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ATLAS-CONF-2016-056
HIG-16-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html
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Conclusions

• Dark Matter searches from ATLAS & CMS at 13 TeV are summarized 

• Common model/interpretation has been made between ATLAS and CMS

• Most of the signatures with 13TeV results are updated (up to 37 fb-1)   


• Consistent with Direct and Indirect searches, no DM candidate has been seen at the LHC yet!


• Simplified models are becoming the main focus at 13TeV, but we need to think a little more … 

• Gauge invariance implies the vector mediator couplings to leptons, but already stringent constraints from 

electroweak precision measurements …  

• The complementary of dijet/dilepton resonant research has added a big exclusion region for simplified 

model already, there is no big room left… 

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

• New ideas, future DM models, and reinterpretations... 


• “We're out of kindergarten, but only in about third grade.” —Vera Rubin (1928-2016)
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