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I. Searches for WIMPs
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som
e unc

erta
inty

, we obs
erve

a sign
ifica

nt gap
betw

een

the
regi

ons
pro

bed by pro
mpt and

R
-had

ron
sear

che
s (see

Sec
. IVE for

deta
ils).

For �
m

= m
t ther

e exis
t a small

gap
for

m
� <
⇠ 56

GeV.D.
Loop

-ind
uce

d dar
k matt

er
pro

duc
tion

In
add

itio
n to the

sear
che

s for
media

tor
pro

duc
tion

con
side

red
in the

last
sect

ion,
dire

ct DM pro
duc

tion
in

asso
ciat

ion
with

init
ial

stat
e rad

iati
on

con
stit

utes
an-

oth
er sear

ch
cha

nne
l.

Here
we inte

rpre
t sear

che
s for

mono
jet

sign
atu

res
and

Higgs
invi

sibl
e dec

ays
withi

n the

mode
l co

nsid
erin

g DM masse
s above

and
below

the
Higgs

thre
sho

ld m
h/2,

resp
ecti

vely
.

As the
top

-con
tent

of the
pro

ton
is neg

ligib
le, the

re-

specti
ve pro

cess
pp

!
��

+ j
is loop

-ind
uce

d. We sho
w

thre
e exe

mplar
y Feyn

man
diag

ram
s in Fig.

7.
Furth

er

diag
ram

s aris
e by

alte
rna

tive
ly atta

chin
g the

fina
l stat

e

gluo
n to ano

ther
t-, et- or g-li

ne or to the
gluo

n vert
ex in

the
upp

er diag
ram

s.

We calc
ulat

e the
corr

esp
ond

ing
LHC limits

as
fol-

low
s.

For
the

implem
enta

tion
of

the
mode

l we use

Feyn
Rule

s [93,
94]

util
izin

g Feyn
Arts

[95]
and

NloC
T [96]

to calc
ulat

e the
rele

van
t UV/R

2 cou
nter

t-

erm
s [97]

. We gen
erat

e par
ton

-lev
el even

ts with
Mad-

Grap
h5_

aM
C@NLO [54,

98]
usin

g the
NNPDF 2.1

set
[99]

. In this
con

text
we make

use
of the

loop
-ind

uce
d

mode
[100

] of
MG5aM

C, which
we inte

rfac
e with

Ninj
a [101

, 102
], Gole

m95
[103

] and
CutT

ool
s [104

]

for
the

inte
rna

l tens
or redu

ctio
n.

To gain
stat

istic
s we

app
ly the

par
ton

-lev
el cut

p jet
T >

200
Ge

V. We sim
u-

late
the

succ
eed

ing
par

ton
sho

wer with
Pyth

ia
8 [69]

.

The
dete

ctor
sim

ulat
ion

is perfo
rmed

withi
n Chec

k-

MATE 2 [105
, 106

] usin
g Delp

hes
[107

] where
jets

are
defi

ned
via

the
ant

i-k
T algo

rith
m [108

] withi
n Fas

t-

Jet
[109

, 110
].

We con
fron

t the
sim

ulat
ed

even
ts

with
the

late
st 13TeV

mono
jet

ana
lysi

s implem
ente

d in

Chec
kM

ATE bas
ed on 3.2

fb �1
of dat

a coll
ecte

d by the

ATLAS dete
ctor

[111
].

Sinc
e the

rele
van

t pro
cess

pp
!

��
+ j

invo
lves

at

leas
t thre

e hea
vy par

ticle
s in the

loop
, the

corr
esp

ond
ing

cros
s-se

ctio
n is high

ly loop
-sup

pres
sed

. More
prec

isely
,

we find
�(p

p
!

��
+ j)

<
10 �5

pb
for

�
� = 1, which

is

seve
n ord

ers
of magn

itud
e smalle

r tha
n the

lead
ing

SM

bac
kgr

oun
d. There

fore
, we find

tha
t the

mono
jet

limits

are
rele

van
t only

for
very

larg
e valu

es of �
� , i.e.

�
� >

⇠ 7

(for
small �

m
) for

which
the

pertu
rba

tive
calc

ulat
ion

is

alre
ady

high
ly que

stio
nab

le.
For �

m
=

m
t the

limit is

pus
hed

to �
� >

⇠ 9 cf.
righ

t pan
el of Fig.

6 (da
rk blue

sha
ded

regi
on

den
oted

by
‘LHC loop

-ind
.’).

This
limit

can
only

be impro
ved

mode
stly

with
new

dat
a.

For il-

lust
rati

on we sho
w the

pro
ject

ed sen
sitiv

ity
for

3 a
b �1

at

13TeV where
we furt

herm
ore

opt
imized

the
cuts

by usin
g

TMVA [112
] to perfo

rm
a boos

ted
dec

isio
n tree

ana
lysi

s

[113
], pro

vidi
ng

an
esti

mate
for

the
maxim

al sen
sitiv

ity

at the
LHC (see

dar
k blue

, das
hed

line
in the

righ
t pan

el

of Fig.
6).

Note
tha

t the
sen

sitiv
ity,

how
ever

, doe
s not

�

�

et

t

t

g

g

�

�

et

et

t

t g

g

g

�

�

et

et

t

t

t

g

g

gFIG. 7.
Repr

esen
tati

ve
Feyn

man
diag

ram
s for

the
pro

cess

pp
! ��

+ j
with

up
to five

inte
rna

l (s)t
op

legs
.

impro
ve sign

ifica
ntly

beyo
nd

an inte
grat

ed lum
inos

ity
of

100
fb �1

due
to syst

ematic
unc

erta
inti

es.

For DM masse
s below

m
h/2

the
invi

sibl
e Higgs

dec
ay

h
!

��
is open and

con
stit

utes
ano

ther
rele

van
t sear

ch

cha
nne

l at
the

LHC. These
sear

che
s hav

e been
perfo

rmed

by
the

ATLAS [114
, 115

] and
CMS [116

] coll
aborat

ions
.

Here
we ado

pt
the

95%
C.L. limit BRinv

<
0.2

4 [116
]

bas
ed

on
an

inte
grat

ed
lum

inos
ities

of 5.1,
19.7

, and

2.3
fb �1

at cen
ter-

of-m
ass

ene
rgie

s of 7, 8, and
13TeV,

resp
ecti

vely
. We com

put
e the

invi
sibl

e dec
ay width

us-

ing
the

loop
-ind

uce
d h��

cou
plin

g disc
usse

d in Sec
. III

A

and
use

�SM
=

4.0
3MeV

[117
] to

com
put

e BRinv
=

(1
�
�SM/�

inv ) �
1
. We do

not
take

into
acco

unt
a pos-

sibl
e inte

rfer
enc

e with
the

dar
k matte

r pro
duc

tion
via

dire
ct et/t

-loo
p con

side
red

above
as we exp

ect
the

Higgs

exch
ang

e con
trib

utio
n to dom

inat
e for

an on-s
hell

Higgs
. 5

Furth
erm

ore,
the

sele
ctio

n crit
eria

for
Higgs

invi
sibl

e de-

cay
sear

che
s are

exp
ecte

d to furt
her

redu
ce the

con
trib

u-

tion
from

the
dire

ct et/t
-loo

p. The resu
ltin

g con
stra

int
on

the
ther

mal relic
scen

ario
is sho

wn in Fig.
8, it exc

lude
s

a larg
e ran

ge of �
m

for
DM masse

s below
53

GeV. The

exc
lusi

on
regi

on
is also

sup
erim

posed
in the

righ
t pan

el

of Fig. 6 (see
blue

sha
ded

regi
on labeled

by ‘Higgs
inv.

’).

E.
Sea

rch
es for

lon
g-li

ved
par

ticl
es

For
media

tor
dec

ay
leng

ths
tha

t are
com

par
able

to

or larg
er tha

n the
size

of the
LHC dete

ctor
s the

medi-

ator
trav

erse
s sign

ifica
nt

par
ts or all

of the
dete

ctor
s.

Due
to

its
stro

ng
inte

ract
ion

with
the

dete
ctor

mate-

rial
the

media
tor

is exp
ecte

d to had
ron

ize
and

form
R

-

had
ron

s [118
]. At the

LHC R
-had

ron
sear

che
s are

per-

form
ed exp

loit
ing

high
ly ioni

zing
trac

ks and
an

ano
ma-

lous
tim

e-of
-flig

ht [119
–12

2].
We use

R
-had

ron
sear

che
s

to con
stra

in both
the

regi
on

of con
vers

ion-
driv

en free
ze-

out
and

the
WIMP regi

on.
In the

enti
re form

er regi
on

the
media

tor
dec

ay leng
th is larg

e com
par

ed to the
size

5
Sim

ilar
ly,

we also
assu

me the
Higgs

exc
han

ge con
trib

utio
n to be

neg
ligi

ble
in the

dom
ain

m
� >

m
h/2.

�

�

DM production
+ initial state radiation (ISR)
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Hard scattering (|q|~ GeV–TeV) :
quarks in protons collide

colliding protons



Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Proton collisions at the LHC

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Figure 10: Parton luminosity as a function of the cm-energy
p
ŝ for different partonic

channels in a pp-collision with
p
s = 14TeV. q (resp. q̄) stands for the sum over d, u, s, c, b

(resp. d̄, ū, s̄, c̄, b̄). For later discussion: The green, blue and red hadronic channels
contribute to the Drell-Yan process at order ↵

0
s, ↵1

s and ↵
2
s, respectively.

µ = (200GeV)2. Since the proton is composed of the valence quarks uud the u and d

quarks are most likely to carry a substantial fraction of the proton momentum, whereas
antiquarks tend to have small fractions. Gluons dominate over all others in the region
of small x. However, all these distributions peak sharply for small x. These features
can be retrieved in the parton luminosity. We have plotted Lqq̄(ŝ) using the CTEQ6L1
PDF sets in figure 10. (We have set the factorization scale to ŝ in the calculation, as
we already denoted in (91).) For all hadronic channels the parton luminosity decreases
with increasing

p
ŝ. Up to ⇠ 1TeV this decrease behaves approximately like a negative

power law (at least for the hadronic channels involving one or two q). The belt that the
curves of the hadronic channels span decreases as a whole by a factor of ⇠ 10�4 fromp
ŝ = 100GeV to 1TeV. Above ⇠ 1TeV the parton luminosity begins to decrease more

drastically. This means that it is very unlikely to have nearly the whole beam energy
available in the partonic scattering.
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Figure 10: Parton luminosity as a function of the cm-energy
p
ŝ for different partonic

channels in a pp-collision with
p
s = 14TeV. q (resp. q̄) stands for the sum over d, u, s, c, b

(resp. d̄, ū, s̄, c̄, b̄). For later discussion: The green, blue and red hadronic channels
contribute to the Drell-Yan process at order ↵

0
s, ↵1

s and ↵
2
s, respectively.

µ = (200GeV)2. Since the proton is composed of the valence quarks uud the u and d

quarks are most likely to carry a substantial fraction of the proton momentum, whereas
antiquarks tend to have small fractions. Gluons dominate over all others in the region
of small x. However, all these distributions peak sharply for small x. These features
can be retrieved in the parton luminosity. We have plotted Lqq̄(ŝ) using the CTEQ6L1
PDF sets in figure 10. (We have set the factorization scale to ŝ in the calculation, as
we already denoted in (91).) For all hadronic channels the parton luminosity decreases
with increasing

p
ŝ. Up to ⇠ 1TeV this decrease behaves approximately like a negative

power law (at least for the hadronic channels involving one or two q). The belt that the
curves of the hadronic channels span decreases as a whole by a factor of ⇠ 10�4 fromp
ŝ = 100GeV to 1TeV. Above ⇠ 1TeV the parton luminosity begins to decrease more

drastically. This means that it is very unlikely to have nearly the whole beam energy
available in the partonic scattering.
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ŝ. Up to ⇠ 1TeV this decrease behaves approximately like a negative

power law (at least for the hadronic channels involving one or two q). The belt that the
curves of the hadronic channels span decreases as a whole by a factor of ⇠ 10�4 fromp
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• Y could be scalar or vector

• Four free parameters (at least) 
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New mediators

> The ATLAS/CMS DM Forum and the 
LHC DM Working Group have now 
compiled a list of “simplified models” 
containing an (s-channel or t-channel) 
mediator coupling to quarks and DM.

> There are two ways to think of these simplified models:

 In a top-down approach, these models represent a simplification of a UV-
complete theory of DM, boiled down to capture the most relevant experimental 
signatures.

 In a bottom-up approach, these models contain the minimal number of 
ingredients necessary to calculate predictions for a range of different 
experiments in a self-consistent way.

Abdallah, FK et al., arXiv:1506.03116
Abercrombie, FK et al., arXiv:1507.00966

Boveia, FK et al., arXiv:1603.04156

[Boveia et al 1603.04156] 
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Simplified models: s-channel mediator
Figure 4 shows the exclusion limits for the simplified DM models assuming either an axial-vector and
a vector mediator, with the chosen mediator couplings g� = 1.0, gq = 0.25, and g` = 0. The bottom
left region inside the solid black contour is excluded at the 95% CL. The dashed red line labelled “Relic
density” corresponds to combinations of DM and mediator mass values that are consistent with a DM
density of ⌦h

2 = 0.118 and a standard thermal history, as computed in Ref. [13]. The dashed purple line
indicates the previous 36.1 fb�1 result [21]. The presented analysis enlarges the excluded area significantly.
For both axial-vector and vector mediators, mediator masses of up to 975 GeV are excluded now, while
DM masses of up to 250 GeV are excluded in the axial-vector case and up to 350 GeV in the case of a
vector mediator.

0 200 400 600 800 1000 1200
 [GeV]medm

0

100

200

300

400

500

600

 [G
eV

]
χ

m χm
 = 2

med
m

)expσ1 ±Expected limit (
Observed limit
Relic density

-1ATLAS 36.1 fb

ATLAS Preliminary

Axial-vector mediator, Dirac DM
 = 0
l

g = 1, 
χ

g = 0.25, 
q

g

, 95% CL-1 = 13 TeV, 139 fbs

(a)

0 200 400 600 800 1000 1200
 [GeV]medm

0

100

200

300

400

500

600

 [G
eV

]
χ

m χm
 = 2

med
m

)expσ1 ±Expected limit (
Observed limit
Relic density

-1ATLAS 36.1 fb

ATLAS Preliminary

Vector mediator, Dirac DM
 = 0
l

g = 1, 
χ

g = 0.25, 
q

g

, 95% CL-1 = 13 TeV, 139 fbs

(b)

Figure 4: Exclusion limits for simplified DM models with g� = 1.0, gq = 0.25, and g` = 0. Subfigure (a) shows
the case of an axial-vector mediator, while a vector mediator is assumed for (b). The region contained by the solid
black line in the lower left is excluded at the 95% CL. The dashed black line indicates the expected limit in the
absence of signal, and the yellow band the corresponding ±1� band. The dashed red line labelled “Relic density”
corresponds to combinations of DM and mediator mass values that are consistent with a DM density of ⌦h

2 = 0.118
and a standard thermal history, as computed in Ref. [13]. Below the line, annihilation processes described by the
simplified model mostly predict overabundance of the relic density while underabundant regions are mostly found for
mmed closer to the DM mass. The dashed line purple indicates the previous 36.1 fb�1 result [21].

Eight scans are produced for the 2HDM+a models, as recommended in Ref. [15] and shown in Figures 5
and 6. The hashed red area indicates that the width of one of the Higgs bosons is larger than 20% of its
mass [14]. The experimental exclusion in those areas is subject to additional theoretical uncertainties, as
the dependence of the width on the virtuality of the additional Higgs bosons could significantly alter the
inclusive production cross-sections (one of the limitations of the models). For all presented scans, the
exclusion limit is better for sin ✓ = 0.7 due to larger cross-sections compared to sin ✓ = 0.35.

Figures 5 (a, b) show tan � vs ma limit contours with mA = 600 GeV, while Figures 5 (c, d) show tan � vs
mA contours for ma = 250 GeV. Compared to previous limits shown by the dashed yellow line [16] in (a),
the contours now extend upwards beyond tan � = 3 due to the inclusion of bb-induced signal contributions
(see Fig. 1 (d) for an example diagram). The interplay between those and the gg-fusion processes (Fig. 1
(c)) a�ects the shapes, as there is a di�erent tan � dependence of the coupling of H/A/a to top quarks
(present in gg-fusion) compared to the coupling to bottom quarks. The relative mass di�erence between
mA and ma also a�ects the shape through the A ! Z + a process.

The (mA, ma) exclusion limits are shown in Figure 5 (e, f). Compared to the 36.1 fb�1 exclusion limit
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a vector mediator, with the chosen mediator couplings g� = 1.0, gq = 0.25, and g` = 0. The bottom
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density” corresponds to combinations of DM and mediator mass values that are consistent with a DM
density of ⌦h

2 = 0.118 and a standard thermal history, as computed in Ref. [13]. The dashed purple line
indicates the previous 36.1 fb�1 result [21]. The presented analysis enlarges the excluded area significantly.
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DM masses of up to 250 GeV are excluded in the axial-vector case and up to 350 GeV in the case of a
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Figure 4: Exclusion limits for simplified DM models with g� = 1.0, gq = 0.25, and g` = 0. Subfigure (a) shows
the case of an axial-vector mediator, while a vector mediator is assumed for (b). The region contained by the solid
black line in the lower left is excluded at the 95% CL. The dashed black line indicates the expected limit in the
absence of signal, and the yellow band the corresponding ±1� band. The dashed red line labelled “Relic density”
corresponds to combinations of DM and mediator mass values that are consistent with a DM density of ⌦h

2 = 0.118
and a standard thermal history, as computed in Ref. [13]. Below the line, annihilation processes described by the
simplified model mostly predict overabundance of the relic density while underabundant regions are mostly found for
mmed closer to the DM mass. The dashed line purple indicates the previous 36.1 fb�1 result [21].

Eight scans are produced for the 2HDM+a models, as recommended in Ref. [15] and shown in Figures 5
and 6. The hashed red area indicates that the width of one of the Higgs bosons is larger than 20% of its
mass [14]. The experimental exclusion in those areas is subject to additional theoretical uncertainties, as
the dependence of the width on the virtuality of the additional Higgs bosons could significantly alter the
inclusive production cross-sections (one of the limitations of the models). For all presented scans, the
exclusion limit is better for sin ✓ = 0.7 due to larger cross-sections compared to sin ✓ = 0.35.

Figures 5 (a, b) show tan � vs ma limit contours with mA = 600 GeV, while Figures 5 (c, d) show tan � vs
mA contours for ma = 250 GeV. Compared to previous limits shown by the dashed yellow line [16] in (a),
the contours now extend upwards beyond tan � = 3 due to the inclusion of bb-induced signal contributions
(see Fig. 1 (d) for an example diagram). The interplay between those and the gg-fusion processes (Fig. 1
(c)) a�ects the shapes, as there is a di�erent tan � dependence of the coupling of H/A/a to top quarks
(present in gg-fusion) compared to the coupling to bottom quarks. The relative mass di�erence between
mA and ma also a�ects the shape through the A ! Z + a process.

The (mA, ma) exclusion limits are shown in Figure 5 (e, f). Compared to the 36.1 fb�1 exclusion limit
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Figure 4 shows the exclusion limits for the simplified DM models assuming either an axial-vector and
a vector mediator, with the chosen mediator couplings g� = 1.0, gq = 0.25, and g` = 0. The bottom
left region inside the solid black contour is excluded at the 95% CL. The dashed red line labelled “Relic
density” corresponds to combinations of DM and mediator mass values that are consistent with a DM
density of ⌦h

2 = 0.118 and a standard thermal history, as computed in Ref. [13]. The dashed purple line
indicates the previous 36.1 fb�1 result [21]. The presented analysis enlarges the excluded area significantly.
For both axial-vector and vector mediators, mediator masses of up to 975 GeV are excluded now, while
DM masses of up to 250 GeV are excluded in the axial-vector case and up to 350 GeV in the case of a
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Figure 4: Exclusion limits for simplified DM models with g� = 1.0, gq = 0.25, and g` = 0. Subfigure (a) shows
the case of an axial-vector mediator, while a vector mediator is assumed for (b). The region contained by the solid
black line in the lower left is excluded at the 95% CL. The dashed black line indicates the expected limit in the
absence of signal, and the yellow band the corresponding ±1� band. The dashed red line labelled “Relic density”
corresponds to combinations of DM and mediator mass values that are consistent with a DM density of ⌦h

2 = 0.118
and a standard thermal history, as computed in Ref. [13]. Below the line, annihilation processes described by the
simplified model mostly predict overabundance of the relic density while underabundant regions are mostly found for
mmed closer to the DM mass. The dashed line purple indicates the previous 36.1 fb�1 result [21].

Eight scans are produced for the 2HDM+a models, as recommended in Ref. [15] and shown in Figures 5
and 6. The hashed red area indicates that the width of one of the Higgs bosons is larger than 20% of its
mass [14]. The experimental exclusion in those areas is subject to additional theoretical uncertainties, as
the dependence of the width on the virtuality of the additional Higgs bosons could significantly alter the
inclusive production cross-sections (one of the limitations of the models). For all presented scans, the
exclusion limit is better for sin ✓ = 0.7 due to larger cross-sections compared to sin ✓ = 0.35.

Figures 5 (a, b) show tan � vs ma limit contours with mA = 600 GeV, while Figures 5 (c, d) show tan � vs
mA contours for ma = 250 GeV. Compared to previous limits shown by the dashed yellow line [16] in (a),
the contours now extend upwards beyond tan � = 3 due to the inclusion of bb-induced signal contributions
(see Fig. 1 (d) for an example diagram). The interplay between those and the gg-fusion processes (Fig. 1
(c)) a�ects the shapes, as there is a di�erent tan � dependence of the coupling of H/A/a to top quarks
(present in gg-fusion) compared to the coupling to bottom quarks. The relative mass di�erence between
mA and ma also a�ects the shape through the A ! Z + a process.

The (mA, ma) exclusion limits are shown in Figure 5 (e, f). Compared to the 36.1 fb�1 exclusion limit
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Mapping onto operators
for direct detection
[Dent et al 1505.03117] 
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• Not all choices are theoretically consistent 
• E.g. simplified models respecting the symmetries of the broken SU(3) x U(1)em, 
  but not SU(3) x SU(2) x U(1)Y 

Consistency within s-channel mediator models
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Complementarity with other LHC searches

> A particularly interesting avenue is to consider the complementarity of LHC 
searches for missing energy with other LHC searches.

> The mediator of the DM interactions will also lead to new interactions between 
Standard Model states.

> There may be observable signals from processes involving no DM particles at all.

> For example, if the mediator can be produced at the LHC, it can also decay back 
into quarks. 

> One should therefore consider dedicated searches for the mediator particles 
themselves, such as searches for dijet resonances.

An, Ji & Wang, arXiv:1202.2894
Chala, FK et al., 
arXiv:1503.05916

’
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Spin-1 mediators with different couplings to up- and down-quarks:

[Bell et al 1512.00476] 

Felix Kahlhoefer  |  Dark matter at colliders  |  5-9 September 2016  |  Page 15

Simplified models: Problems with gauge invariance

> A number of simplified models have been proposed that only respect the 
symmetries of the broken gauge group SU(3) x U(1), but are not gauge invariant 
under SU(3) x SU(2) x U(1)

 Spin-0 s-channel mediators

 Spin-1 s-channel mediators with different couplings to up- and down-quarks.

> Such structures not only make it more 
difficult to find a viable UV-completion, but 
they may also lead to unphysical predictions, 
such as the violation of perturbative unitarity 
in LHC DM searches.
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• Not all choices are theoretically consistent 

• Additional structure required, e.g. 2HDM+a  [Abe et al 1810.09420] 

  ⇒ point to new signatures 

Consistency within s-channel mediator models
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Putting it all together - Simplified Models I

ATLAS DM
Summaries
Illustrate
complementarity
between
mediator and
invisible
searches.
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Dijets and relic density

> Searches for dijet resonances may be the most sensitive probe for models of 
Majorana DM in which the relic density is set via freeze-out into quarks.

> To be consistent with current bounds from the LHC, the Z'-DM coupling must be 
 very large (to hide the resonance at the LHC via invisible decays).

> A 100 TeV collider may even be able to probe the resonance region m
DM

 ~ m
Z'
/2
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TeV pp collider: 
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Simplified models: t-channel mediator

�

�

q̄

q̄

Y

• Y could be scalar or fermion

• Three free parameters (at least):

• Dark matter gauge singlet ⇒ Y same quantum numbers as Y
m�,mY ,�

m�,mY ,�

m�,mY ,�

• Dark matter stabilised by Z2 symmetry: both X and Y odd (SM particles are even)
• 
• Examples:

mY > m�

L � �Y †�̄PRq + h.c.

L � � Ȳ PRqS + h.c.

Scalar mediator 

Fermion mediator 
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Simplified models: t-channel mediator
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some uncertain
ty, we observe a significant gap between

the regions probed by prompt and R-hadron searches (see

Sec. IVE for details).
For �m = m

t there exist a small

gap for m
� <

⇠ 56GeV.

D. Loop-induced dark matter
production

In addition to the searches for mediator production

considered in the last section
, direct DM production in

association
with initial state radiation

constitutes an-

other search
channel. Here we interpret searches for

monojet signatures and Higgs invisible decays within the

model considering DM masses above and below the Higgs

threshold m
h/2, respectivel

y.
As the top-content of the proton is negligib

le, the re-

spective
process pp ! �� + j is loop-induced. We show

three exemplary Feynman diagram
s in Fig. 7. Further

diagram
s arise by alternatively

attach
ing the final state

gluon to another t-, et- or g-line or to the gluon vertex
in

the upper diagram
s.We calculate the corresp

onding LHC limits as fol-

lows. For the implementation
of the model we use

FeynRules [93, 94] utilizing FeynArts [95] and

NloCT [96] to calculate the relevan
t UV/R2 countert-

erms [97]. We generate parton-level events with Mad-

Graph5_aMC@NLO [54, 98] using the NNPDF 2.1

set [99]. In this context we make use of the loop-induced

mode [100]
of MG5aMC, which we interface

with

Ninja [101, 102], Golem95 [103] and CutTools [104]

for the internal tensor reduction. To gain statisti
cs we

apply the parton-level
cut p jet

T > 200G
eV. We simu-

late the succeeding parton
shower with Pythia 8 [69].

The detector
simulation

is perform
ed within Check-

MATE 2 [105, 106] using Delphes [107] where jets

are defined via the anti-kT algorit
hm [108] within Fast-

Jet [109, 110].
We confront the simulated

events

with the latest
13TeV monojet analysis implemented in

CheckMATE based on 3.2 fb�1
of data collect

ed by the

ATLAS detector
[111].Since the relevan

t process pp
!

�� + j involves
at

least three heavy particles
in the loop, the corresp

onding

cross-s
ection

is highly loop-suppressed. More precisely
,

we find �(pp
! �� + j) < 10�5

pb for �� = 1, which is

seven orders of magnitude smaller than the leading SM

background. Therefore
, we find that the monojet limits

are relevan
t only for very large values of �� , i.e. �� >

⇠ 7

(for small �m) for which the perturbative calculation
is

already highly questionable. For �m = m
t the limit is

pushed to �� >
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region
denoted by ‘LHC loop-ind.’). This limit

can only be improved
modestly with new data. For il-

lustratio
n we show the projected

sensitivity for 3 ab�1
at

13TeV where we furthermore optimized the cuts by using

TMVA [112] to perform
a boosted decision

tree analysis

[113], providing an estimate for the maximal sensitivity

at the LHC (see dark blue, dashed line in the right panel

of Fig. 6). Note that the sensitivity, however, does not

�

�

et
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t
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g

�

�

et
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t
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g

g
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t

t
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FIG. 7. Representative
Feynman diagram

s for the process

pp ! �� + j with up to five internal (s)top
legs.

improve significantly beyond an integrate
d luminosity of

100 fb�1
due to systematic uncertain

ties.

For DM masses below m
h/2 the invisible Higgs decay

h ! �� is open and constitutes another relevan
t search

channel at the LHC. These searches have been perform
ed

by the ATLAS [114, 115] and CMS [116] collaboration
s.

Here we adopt the 95% C.L. limit BRinv < 0.24
[116]

based on an integrate
d luminosities

of 5.1, 19.7, and

2.3 fb�1
at center-of-m

ass energies
of 7, 8, and 13TeV,

respectivel
y. We compute the invisible decay width us-

ing the loop-induced h�� coupling discussed in Sec. IIIA

and use �SM = 4.03MeV [117] to compute BRinv =

(1 � �SM/�inv)�1
. We do not take into account a pos-

sible interfere
nce with the dark matter production via

direct et/t-lo
op considered above as we expect the Higgs

exchange contribution to dominate for an on-shell Higgs.5

Furthermore, the selectio
n criteria

for Higgs invisible de-

cay searches are expected to further reduce the contribu-

tion from the direct et/t-lo
op. The resulting constraint on

the thermal relic scenario is shown in Fig. 8, it excludes

a large range of �m for DM masses below 53GeV. The

exclusion region
is also superimposed in the right panel

of Fig. 6 (see blue shaded region
labeled by ‘Higgs inv.’).

E. Searches for long-live
d particle

s

For mediator decay lengths that are comparable to

or larger
than the size of the LHC detector

s the medi-

ator travers
es significant parts or all of the detector

s.

Due to its strong interacti
on with the detector

mate-

rial the mediator is expected to hadronize and form R-

hadrons [118].
At the LHC R-hadron searches are per-

formed exploiting highly ionizing tracks and an anoma-

lous time-of-flight [119–1
22]. We use R-hadron searches

to constrain
both the region

of conversion
-driven freeze-

out and the WIMP region. In the entire former region

the mediator decay length is large compared to the size

5
Similarly,

we also assume the Higgs exchange contribution to be

negligib
le in the domain m

� > m
h/2.
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ng
Fey

nA
rt

s
[95
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].
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some uncertain
ty, we observe a significant gap between

the regions probed by prompt and R-hadron searches (see

Sec. IVE for details).
For �m = m

t there exist a small

gap for m
� <

⇠ 56GeV.

D. Loop-induced dark matter
production

In addition to the searches for mediator production

considered in the last section
, direct DM production in

association
with initial state radiation

constitutes an-

other search
channel. Here we interpret searches for

monojet signatures and Higgs invisible decays within the

model considering DM masses above and below the Higgs

threshold m
h/2, respectivel

y.
As the top-content of the proton is negligib

le, the re-

spective
process pp ! �� + j is loop-induced. We show

three exemplary Feynman diagram
s in Fig. 7. Further

diagram
s arise by alternatively

attach
ing the final state

gluon to another t-, et- or g-line or to the gluon vertex
in

the upper diagram
s.We calculate the corresp

onding LHC limits as fol-

lows. For the implementation
of the model we use

FeynRules [93, 94] utilizing FeynArts [95] and

NloCT [96] to calculate the relevan
t UV/R2 countert-

erms [97]. We generate parton-level events with Mad-

Graph5_aMC@NLO [54, 98] using the NNPDF 2.1

set [99]. In this context we make use of the loop-induced

mode [100]
of MG5aMC, which we interface

with

Ninja [101, 102], Golem95 [103] and CutTools [104]

for the internal tensor reduction. To gain statisti
cs we

apply the parton-level
cut p jet

T > 200G
eV. We simu-

late the succeeding parton
shower with Pythia 8 [69].

The detector
simulation

is perform
ed within Check-

MATE 2 [105, 106] using Delphes [107] where jets

are defined via the anti-kT algorit
hm [108] within Fast-

Jet [109, 110].
We confront the simulated

events

with the latest
13TeV monojet analysis implemented in

CheckMATE based on 3.2 fb�1
of data collect

ed by the

ATLAS detector
[111].Since the relevan

t process pp
!

�� + j involves
at

least three heavy particles
in the loop, the corresp

onding

cross-s
ection

is highly loop-suppressed. More precisely
,

we find �(pp
! �� + j) < 10�5

pb for �� = 1, which is

seven orders of magnitude smaller than the leading SM

background. Therefore
, we find that the monojet limits

are relevan
t only for very large values of �� , i.e. �� >

⇠ 7

(for small �m) for which the perturbative calculation
is

already highly questionable. For �m = m
t the limit is

pushed to �� >
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region
denoted by ‘LHC loop-ind.’). This limit

can only be improved
modestly with new data. For il-

lustratio
n we show the projected

sensitivity for 3 ab�1
at

13TeV where we furthermore optimized the cuts by using

TMVA [112] to perform
a boosted decision

tree analysis

[113], providing an estimate for the maximal sensitivity

at the LHC (see dark blue, dashed line in the right panel

of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative
Feynman diagram

s for the process

pp ! �� + j with up to five internal (s)top
legs.

improve significantly beyond an integrate
d luminosity of

100 fb�1
due to systematic uncertain

ties.

For DM masses below m
h/2 the invisible Higgs decay

h ! �� is open and constitutes another relevan
t search

channel at the LHC. These searches have been perform
ed

by the ATLAS [114, 115] and CMS [116] collaboration
s.

Here we adopt the 95% C.L. limit BRinv < 0.24
[116]

based on an integrate
d luminosities

of 5.1, 19.7, and

2.3 fb�1
at center-of-m

ass energies
of 7, 8, and 13TeV,

respectivel
y. We compute the invisible decay width us-

ing the loop-induced h�� coupling discussed in Sec. IIIA

and use �SM = 4.03MeV [117] to compute BRinv =

(1 � �SM/�inv)�1
. We do not take into account a pos-

sible interfere
nce with the dark matter production via

direct et/t-lo
op considered above as we expect the Higgs

exchange contribution to dominate for an on-shell Higgs.5

Furthermore, the selectio
n criteria

for Higgs invisible de-

cay searches are expected to further reduce the contribu-

tion from the direct et/t-lo
op. The resulting constraint on

the thermal relic scenario is shown in Fig. 8, it excludes

a large range of �m for DM masses below 53GeV. The

exclusion region
is also superimposed in the right panel

of Fig. 6 (see blue shaded region
labeled by ‘Higgs inv.’).

E. Searches for long-live
d particle

s

For mediator decay lengths that are comparable to

or larger
than the size of the LHC detector

s the medi-

ator travers
es significant parts or all of the detector

s.

Due to its strong interacti
on with the detector

mate-

rial the mediator is expected to hadronize and form R-

hadrons [118].
At the LHC R-hadron searches are per-

formed exploiting highly ionizing tracks and an anoma-

lous time-of-flight [119–1
22]. We use R-hadron searches

to constrain
both the region

of conversion
-driven freeze-

out and the WIMP region. In the entire former region

the mediator decay length is large compared to the size

5
Similarly,

we also assume the Higgs exchange contribution to be

negligib
le in the domain m

� > m
h/2.
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some uncertainty, we observe a significant gap between
the regions probed by prompt and R-hadron searches (see
Sec. IVE for details). For �m = mt there exist a small
gap for m�

<
⇠ 56GeV.

D. Loop-induced dark matter production

In addition to the searches for mediator production
considered in the last section, direct DM production in
association with initial state radiation constitutes an-
other search channel. Here we interpret searches for
monojet signatures and Higgs invisible decays within the
model considering DM masses above and below the Higgs
threshold mh/2, respectively.

As the top-content of the proton is negligible, the re-
spective process pp ! �� + j is loop-induced. We show
three exemplary Feynman diagrams in Fig. 7. Further
diagrams arise by alternatively attaching the final state
gluon to another t-, et- or g-line or to the gluon vertex in
the upper diagrams.

We calculate the corresponding LHC limits as fol-
lows. For the implementation of the model we use
FeynRules [93, 94] utilizing FeynArts [95] and
NloCT [96] to calculate the relevant UV/R2 countert-
erms [97]. We generate parton-level events with Mad-
Graph5_aMC@NLO [54, 98] using the NNPDF 2.1
set [99]. In this context we make use of the loop-induced
mode [100] of MG5aMC, which we interface with
Ninja [101, 102], Golem95 [103] and CutTools [104]
for the internal tensor reduction. To gain statistics we
apply the parton-level cut p

jet
T > 200GeV. We simu-

late the succeeding parton shower with Pythia 8 [69].
The detector simulation is performed within Check-
MATE 2 [105, 106] using Delphes [107] where jets
are defined via the anti-kT algorithm [108] within Fast-
Jet [109, 110]. We confront the simulated events
with the latest 13TeV monojet analysis implemented in
CheckMATE based on 3.2 fb�1

of data collected by the
ATLAS detector [111].

Since the relevant process pp ! �� + j involves at
least three heavy particles in the loop, the corresponding
cross-section is highly loop-suppressed. More precisely,
we find �(pp ! �� + j) < 10�5 pb for �� = 1, which is
seven orders of magnitude smaller than the leading SM
background. Therefore, we find that the monojet limits
are relevant only for very large values of ��, i.e. ��

>
⇠ 7

(for small �m) for which the perturbative calculation is
already highly questionable. For �m = mt the limit is
pushed to ��

>
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region denoted by ‘LHC loop-ind.’). This limit
can only be improved modestly with new data. For il-
lustration we show the projected sensitivity for 3 ab�1

at
13 TeV where we furthermore optimized the cuts by using
TMVA [112] to perform a boosted decision tree analysis
[113], providing an estimate for the maximal sensitivity
at the LHC (see dark blue, dashed line in the right panel
of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative Feynman diagrams for the process
pp ! �� + j with up to five internal (s)top legs.

improve significantly beyond an integrated luminosity of
100 fb�1 due to systematic uncertainties.

For DM masses below mh/2 the invisible Higgs decay
h ! �� is open and constitutes another relevant search
channel at the LHC. These searches have been performed
by the ATLAS [114, 115] and CMS [116] collaborations.
Here we adopt the 95% C.L. limit BRinv < 0.24 [116]
based on an integrated luminosities of 5.1, 19.7, and
2.3 fb�1

at center-of-mass energies of 7, 8, and 13 TeV,
respectively. We compute the invisible decay width us-
ing the loop-induced h�� coupling discussed in Sec. IIIA
and use �SM = 4.03MeV [117] to compute BRinv =
(1 � �SM/�inv)�1. We do not take into account a pos-
sible interference with the dark matter production via
direct et/t-loop considered above as we expect the Higgs
exchange contribution to dominate for an on-shell Higgs.5
Furthermore, the selection criteria for Higgs invisible de-
cay searches are expected to further reduce the contribu-
tion from the direct et/t-loop. The resulting constraint on
the thermal relic scenario is shown in Fig. 8, it excludes
a large range of �m for DM masses below 53GeV. The
exclusion region is also superimposed in the right panel
of Fig. 6 (see blue shaded region labeled by ‘Higgs inv.’).

E. Searches for long-lived particles

For mediator decay lengths that are comparable to
or larger than the size of the LHC detectors the medi-
ator traverses significant parts or all of the detectors.
Due to its strong interaction with the detector mate-
rial the mediator is expected to hadronize and form R-
hadrons [118]. At the LHC R-hadron searches are per-
formed exploiting highly ionizing tracks and an anoma-
lous time-of-flight [119–122]. We use R-hadron searches
to constrain both the region of conversion-driven freeze-
out and the WIMP region. In the entire former region
the mediator decay length is large compared to the size

5 Similarly, we also assume the Higgs exchange contribution to be
negligible in the domain m� > mh/2.
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].
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some uncertain
ty, we observe a significant gap between

the regions probed by prompt and R-hadron searches (see

Sec. IVE for details).
For �m = m

t there exist a small

gap for m
� <

⇠ 56GeV.

D. Loop-induced dark matter
production

In addition to the searches for mediator production

considered in the last section
, direct DM production in

association
with initial state radiation

constitutes an-

other search
channel. Here we interpret searches for

monojet signatures and Higgs invisible decays within the

model considering DM masses above and below the Higgs

threshold m
h/2, respectivel

y.
As the top-content of the proton is negligib

le, the re-

spective
process pp ! �� + j is loop-induced. We show

three exemplary Feynman diagram
s in Fig. 7. Further

diagram
s arise by alternatively

attach
ing the final state

gluon to another t-, et- or g-line or to the gluon vertex
in

the upper diagram
s.We calculate the corresp

onding LHC limits as fol-

lows. For the implementation
of the model we use

FeynRules [93, 94] utilizing FeynArts [95] and

NloCT [96] to calculate the relevan
t UV/R2 countert-

erms [97]. We generate parton-level events with Mad-

Graph5_aMC@NLO [54, 98] using the NNPDF 2.1

set [99]. In this context we make use of the loop-induced

mode [100]
of MG5aMC, which we interface

with

Ninja [101, 102], Golem95 [103] and CutTools [104]

for the internal tensor reduction. To gain statisti
cs we

apply the parton-level
cut p jet

T > 200G
eV. We simu-

late the succeeding parton
shower with Pythia 8 [69].

The detector
simulation

is perform
ed within Check-

MATE 2 [105, 106] using Delphes [107] where jets

are defined via the anti-kT algorit
hm [108] within Fast-

Jet [109, 110].
We confront the simulated

events

with the latest
13TeV monojet analysis implemented in

CheckMATE based on 3.2 fb�1
of data collect

ed by the

ATLAS detector
[111].Since the relevan

t process pp
!

�� + j involves
at

least three heavy particles
in the loop, the corresp

onding

cross-s
ection

is highly loop-suppressed. More precisely
,

we find �(pp
! �� + j) < 10�5

pb for �� = 1, which is

seven orders of magnitude smaller than the leading SM

background. Therefore
, we find that the monojet limits

are relevan
t only for very large values of �� , i.e. �� >

⇠ 7

(for small �m) for which the perturbative calculation
is

already highly questionable. For �m = m
t the limit is

pushed to �� >
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region
denoted by ‘LHC loop-ind.’). This limit

can only be improved
modestly with new data. For il-

lustratio
n we show the projected

sensitivity for 3 ab�1
at

13TeV where we furthermore optimized the cuts by using

TMVA [112] to perform
a boosted decision

tree analysis

[113], providing an estimate for the maximal sensitivity

at the LHC (see dark blue, dashed line in the right panel

of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative
Feynman diagram

s for the process

pp ! �� + j with up to five internal (s)top
legs.

improve significantly beyond an integrate
d luminosity of

100 fb�1
due to systematic uncertain

ties.

For DM masses below m
h/2 the invisible Higgs decay

h ! �� is open and constitutes another relevan
t search

channel at the LHC. These searches have been perform
ed

by the ATLAS [114, 115] and CMS [116] collaboration
s.

Here we adopt the 95% C.L. limit BRinv < 0.24
[116]

based on an integrate
d luminosities

of 5.1, 19.7, and

2.3 fb�1
at center-of-m

ass energies
of 7, 8, and 13TeV,

respectivel
y. We compute the invisible decay width us-

ing the loop-induced h�� coupling discussed in Sec. IIIA

and use �SM = 4.03MeV [117] to compute BRinv =

(1 � �SM/�inv)�1
. We do not take into account a pos-

sible interfere
nce with the dark matter production via

direct et/t-lo
op considered above as we expect the Higgs

exchange contribution to dominate for an on-shell Higgs.5

Furthermore, the selectio
n criteria

for Higgs invisible de-

cay searches are expected to further reduce the contribu-

tion from the direct et/t-lo
op. The resulting constraint on

the thermal relic scenario is shown in Fig. 8, it excludes

a large range of �m for DM masses below 53GeV. The

exclusion region
is also superimposed in the right panel

of Fig. 6 (see blue shaded region
labeled by ‘Higgs inv.’).

E. Searches for long-live
d particle

s

For mediator decay lengths that are comparable to

or larger
than the size of the LHC detector

s the medi-

ator travers
es significant parts or all of the detector

s.

Due to its strong interacti
on with the detector

mate-

rial the mediator is expected to hadronize and form R-

hadrons [118].
At the LHC R-hadron searches are per-

formed exploiting highly ionizing tracks and an anoma-

lous time-of-flight [119–1
22]. We use R-hadron searches

to constrain
both the region

of conversion
-driven freeze-

out and the WIMP region. In the entire former region

the mediator decay length is large compared to the size

5
Similarly,

we also assume the Higgs exchange contribution to be

negligib
le in the domain m

� > m
h/2.
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some uncertainty, we observe a significant gap between
the regions probed by prompt and R-hadron searches (see
Sec. IVE for details). For �m = mt there exist a small
gap for m�

<
⇠ 56GeV.

D. Loop-induced dark matter production

In addition to the searches for mediator production
considered in the last section, direct DM production in
association with initial state radiation constitutes an-
other search channel. Here we interpret searches for
monojet signatures and Higgs invisible decays within the
model considering DM masses above and below the Higgs
threshold mh/2, respectively.

As the top-content of the proton is negligible, the re-
spective process pp ! �� + j is loop-induced. We show
three exemplary Feynman diagrams in Fig. 7. Further
diagrams arise by alternatively attaching the final state
gluon to another t-, et- or g-line or to the gluon vertex in
the upper diagrams.

We calculate the corresponding LHC limits as fol-
lows. For the implementation of the model we use
FeynRules [93, 94] utilizing FeynArts [95] and
NloCT [96] to calculate the relevant UV/R2 countert-
erms [97]. We generate parton-level events with Mad-
Graph5_aMC@NLO [54, 98] using the NNPDF 2.1
set [99]. In this context we make use of the loop-induced
mode [100] of MG5aMC, which we interface with
Ninja [101, 102], Golem95 [103] and CutTools [104]
for the internal tensor reduction. To gain statistics we
apply the parton-level cut p

jet
T > 200GeV. We simu-

late the succeeding parton shower with Pythia 8 [69].
The detector simulation is performed within Check-
MATE 2 [105, 106] using Delphes [107] where jets
are defined via the anti-kT algorithm [108] within Fast-
Jet [109, 110]. We confront the simulated events
with the latest 13TeV monojet analysis implemented in
CheckMATE based on 3.2 fb�1

of data collected by the
ATLAS detector [111].

Since the relevant process pp ! �� + j involves at
least three heavy particles in the loop, the corresponding
cross-section is highly loop-suppressed. More precisely,
we find �(pp ! �� + j) < 10�5 pb for �� = 1, which is
seven orders of magnitude smaller than the leading SM
background. Therefore, we find that the monojet limits
are relevant only for very large values of ��, i.e. ��

>
⇠ 7

(for small �m) for which the perturbative calculation is
already highly questionable. For �m = mt the limit is
pushed to ��

>
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region denoted by ‘LHC loop-ind.’). This limit
can only be improved modestly with new data. For il-
lustration we show the projected sensitivity for 3 ab�1

at
13 TeV where we furthermore optimized the cuts by using
TMVA [112] to perform a boosted decision tree analysis
[113], providing an estimate for the maximal sensitivity
at the LHC (see dark blue, dashed line in the right panel
of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative Feynman diagrams for the process
pp ! �� + j with up to five internal (s)top legs.

improve significantly beyond an integrated luminosity of
100 fb�1 due to systematic uncertainties.

For DM masses below mh/2 the invisible Higgs decay
h ! �� is open and constitutes another relevant search
channel at the LHC. These searches have been performed
by the ATLAS [114, 115] and CMS [116] collaborations.
Here we adopt the 95% C.L. limit BRinv < 0.24 [116]
based on an integrated luminosities of 5.1, 19.7, and
2.3 fb�1

at center-of-mass energies of 7, 8, and 13 TeV,
respectively. We compute the invisible decay width us-
ing the loop-induced h�� coupling discussed in Sec. IIIA
and use �SM = 4.03MeV [117] to compute BRinv =
(1 � �SM/�inv)�1. We do not take into account a pos-
sible interference with the dark matter production via
direct et/t-loop considered above as we expect the Higgs
exchange contribution to dominate for an on-shell Higgs.5
Furthermore, the selection criteria for Higgs invisible de-
cay searches are expected to further reduce the contribu-
tion from the direct et/t-loop. The resulting constraint on
the thermal relic scenario is shown in Fig. 8, it excludes
a large range of �m for DM masses below 53GeV. The
exclusion region is also superimposed in the right panel
of Fig. 6 (see blue shaded region labeled by ‘Higgs inv.’).

E. Searches for long-lived particles

For mediator decay lengths that are comparable to
or larger than the size of the LHC detectors the medi-
ator traverses significant parts or all of the detectors.
Due to its strong interaction with the detector mate-
rial the mediator is expected to hadronize and form R-
hadrons [118]. At the LHC R-hadron searches are per-
formed exploiting highly ionizing tracks and an anoma-
lous time-of-flight [119–122]. We use R-hadron searches
to constrain both the region of conversion-driven freeze-
out and the WIMP region. In the entire former region
the mediator decay length is large compared to the size

5 Similarly, we also assume the Higgs exchange contribution to be
negligible in the domain m� > mh/2.
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some uncertain
ty, we observe a significant gap between

the regions probed by prompt and R-hadron searches (see

Sec. IVE for details).
For �m = m

t there exist a small

gap for m
� <

⇠ 56GeV.

D. Loop-induced dark matter
production

In addition to the searches for mediator production

considered in the last section
, direct DM production in

association
with initial state radiation

constitutes an-

other search
channel. Here we interpret searches for

monojet signatures and Higgs invisible decays within the

model considering DM masses above and below the Higgs

threshold m
h/2, respectivel

y.
As the top-content of the proton is negligib

le, the re-

spective
process pp ! �� + j is loop-induced. We show

three exemplary Feynman diagram
s in Fig. 7. Further

diagram
s arise by alternatively

attach
ing the final state

gluon to another t-, et- or g-line or to the gluon vertex
in

the upper diagram
s.We calculate the corresp

onding LHC limits as fol-

lows. For the implementation
of the model we use

FeynRules [93, 94] utilizing FeynArts [95] and

NloCT [96] to calculate the relevan
t UV/R2 countert-

erms [97]. We generate parton-level events with Mad-

Graph5_aMC@NLO [54, 98] using the NNPDF 2.1

set [99]. In this context we make use of the loop-induced

mode [100]
of MG5aMC, which we interface

with

Ninja [101, 102], Golem95 [103] and CutTools [104]

for the internal tensor reduction. To gain statisti
cs we

apply the parton-level
cut p jet

T > 200G
eV. We simu-

late the succeeding parton
shower with Pythia 8 [69].

The detector
simulation

is perform
ed within Check-

MATE 2 [105, 106] using Delphes [107] where jets

are defined via the anti-kT algorit
hm [108] within Fast-

Jet [109, 110].
We confront the simulated

events

with the latest
13TeV monojet analysis implemented in

CheckMATE based on 3.2 fb�1
of data collect

ed by the

ATLAS detector
[111].Since the relevan

t process pp
!

�� + j involves
at

least three heavy particles
in the loop, the corresp

onding

cross-s
ection

is highly loop-suppressed. More precisely
,

we find �(pp
! �� + j) < 10�5

pb for �� = 1, which is

seven orders of magnitude smaller than the leading SM

background. Therefore
, we find that the monojet limits

are relevan
t only for very large values of �� , i.e. �� >

⇠ 7

(for small �m) for which the perturbative calculation
is

already highly questionable. For �m = m
t the limit is

pushed to �� >
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region
denoted by ‘LHC loop-ind.’). This limit

can only be improved
modestly with new data. For il-

lustratio
n we show the projected

sensitivity for 3 ab�1
at

13TeV where we furthermore optimized the cuts by using

TMVA [112] to perform
a boosted decision

tree analysis

[113], providing an estimate for the maximal sensitivity

at the LHC (see dark blue, dashed line in the right panel

of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative
Feynman diagram

s for the process

pp ! �� + j with up to five internal (s)top
legs.

improve significantly beyond an integrate
d luminosity of

100 fb�1
due to systematic uncertain

ties.

For DM masses below m
h/2 the invisible Higgs decay

h ! �� is open and constitutes another relevan
t search

channel at the LHC. These searches have been perform
ed

by the ATLAS [114, 115] and CMS [116] collaboration
s.

Here we adopt the 95% C.L. limit BRinv < 0.24
[116]

based on an integrate
d luminosities

of 5.1, 19.7, and

2.3 fb�1
at center-of-m

ass energies
of 7, 8, and 13TeV,

respectivel
y. We compute the invisible decay width us-

ing the loop-induced h�� coupling discussed in Sec. IIIA

and use �SM = 4.03MeV [117] to compute BRinv =

(1 � �SM/�inv)�1
. We do not take into account a pos-

sible interfere
nce with the dark matter production via

direct et/t-lo
op considered above as we expect the Higgs

exchange contribution to dominate for an on-shell Higgs.5

Furthermore, the selectio
n criteria

for Higgs invisible de-

cay searches are expected to further reduce the contribu-

tion from the direct et/t-lo
op. The resulting constraint on

the thermal relic scenario is shown in Fig. 8, it excludes

a large range of �m for DM masses below 53GeV. The

exclusion region
is also superimposed in the right panel

of Fig. 6 (see blue shaded region
labeled by ‘Higgs inv.’).

E. Searches for long-live
d particle

s

For mediator decay lengths that are comparable to

or larger
than the size of the LHC detector

s the medi-

ator travers
es significant parts or all of the detector

s.

Due to its strong interacti
on with the detector

mate-

rial the mediator is expected to hadronize and form R-

hadrons [118].
At the LHC R-hadron searches are per-

formed exploiting highly ionizing tracks and an anoma-

lous time-of-flight [119–1
22]. We use R-hadron searches

to constrain
both the region

of conversion
-driven freeze-

out and the WIMP region. In the entire former region

the mediator decay length is large compared to the size

5
Similarly,

we also assume the Higgs exchange contribution to be

negligib
le in the domain m

� > m
h/2.
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some uncertainty, we observe a significant gap between
the regions probed by prompt and R-hadron searches (see
Sec. IVE for details). For �m = mt there exist a small
gap for m�

<
⇠ 56GeV.

D. Loop-induced dark matter production

In addition to the searches for mediator production
considered in the last section, direct DM production in
association with initial state radiation constitutes an-
other search channel. Here we interpret searches for
monojet signatures and Higgs invisible decays within the
model considering DM masses above and below the Higgs
threshold mh/2, respectively.

As the top-content of the proton is negligible, the re-
spective process pp ! �� + j is loop-induced. We show
three exemplary Feynman diagrams in Fig. 7. Further
diagrams arise by alternatively attaching the final state
gluon to another t-, et- or g-line or to the gluon vertex in
the upper diagrams.

We calculate the corresponding LHC limits as fol-
lows. For the implementation of the model we use
FeynRules [93, 94] utilizing FeynArts [95] and
NloCT [96] to calculate the relevant UV/R2 countert-
erms [97]. We generate parton-level events with Mad-
Graph5_aMC@NLO [54, 98] using the NNPDF 2.1
set [99]. In this context we make use of the loop-induced
mode [100] of MG5aMC, which we interface with
Ninja [101, 102], Golem95 [103] and CutTools [104]
for the internal tensor reduction. To gain statistics we
apply the parton-level cut p

jet
T > 200GeV. We simu-

late the succeeding parton shower with Pythia 8 [69].
The detector simulation is performed within Check-
MATE 2 [105, 106] using Delphes [107] where jets
are defined via the anti-kT algorithm [108] within Fast-
Jet [109, 110]. We confront the simulated events
with the latest 13TeV monojet analysis implemented in
CheckMATE based on 3.2 fb�1

of data collected by the
ATLAS detector [111].

Since the relevant process pp ! �� + j involves at
least three heavy particles in the loop, the corresponding
cross-section is highly loop-suppressed. More precisely,
we find �(pp ! �� + j) < 10�5 pb for �� = 1, which is
seven orders of magnitude smaller than the leading SM
background. Therefore, we find that the monojet limits
are relevant only for very large values of ��, i.e. ��

>
⇠ 7

(for small �m) for which the perturbative calculation is
already highly questionable. For �m = mt the limit is
pushed to ��

>
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region denoted by ‘LHC loop-ind.’). This limit
can only be improved modestly with new data. For il-
lustration we show the projected sensitivity for 3 ab�1

at
13 TeV where we furthermore optimized the cuts by using
TMVA [112] to perform a boosted decision tree analysis
[113], providing an estimate for the maximal sensitivity
at the LHC (see dark blue, dashed line in the right panel
of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative Feynman diagrams for the process
pp ! �� + j with up to five internal (s)top legs.

improve significantly beyond an integrated luminosity of
100 fb�1 due to systematic uncertainties.

For DM masses below mh/2 the invisible Higgs decay
h ! �� is open and constitutes another relevant search
channel at the LHC. These searches have been performed
by the ATLAS [114, 115] and CMS [116] collaborations.
Here we adopt the 95% C.L. limit BRinv < 0.24 [116]
based on an integrated luminosities of 5.1, 19.7, and
2.3 fb�1

at center-of-mass energies of 7, 8, and 13 TeV,
respectively. We compute the invisible decay width us-
ing the loop-induced h�� coupling discussed in Sec. IIIA
and use �SM = 4.03MeV [117] to compute BRinv =
(1 � �SM/�inv)�1. We do not take into account a pos-
sible interference with the dark matter production via
direct et/t-loop considered above as we expect the Higgs
exchange contribution to dominate for an on-shell Higgs.5
Furthermore, the selection criteria for Higgs invisible de-
cay searches are expected to further reduce the contribu-
tion from the direct et/t-loop. The resulting constraint on
the thermal relic scenario is shown in Fig. 8, it excludes
a large range of �m for DM masses below 53GeV. The
exclusion region is also superimposed in the right panel
of Fig. 6 (see blue shaded region labeled by ‘Higgs inv.’).

E. Searches for long-lived particles

For mediator decay lengths that are comparable to
or larger than the size of the LHC detectors the medi-
ator traverses significant parts or all of the detectors.
Due to its strong interaction with the detector mate-
rial the mediator is expected to hadronize and form R-
hadrons [118]. At the LHC R-hadron searches are per-
formed exploiting highly ionizing tracks and an anoma-
lous time-of-flight [119–122]. We use R-hadron searches
to constrain both the region of conversion-driven freeze-
out and the WIMP region. In the entire former region
the mediator decay length is large compared to the size

5 Similarly, we also assume the Higgs exchange contribution to be
negligible in the domain m� > mh/2.
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Figure 14: The 95% CL upper limits on the production cross sections of the (upper left) T2tt,
(upper right) T2bb, and (lower) T2qq signal models as a function of the squark and LSP masses
meq and mec0

1
. The meaning of the curves is described in the Fig. 13 caption. For the T2tt model,

we do not present cross section upper limits in the unshaded diagonal region at low mec0
1

for

the reason discussed in the text. The diagonal dotted line shown for this model corresponds to
met � mec0

1
= mt .

on- or off-mass-shell Z (W±) boson (T5qqqqVV model). For the squark models, each of the
produced squarks decays either to a top quark and the ec0

1 (T2tt model), to a bottom quark and
the ec0

1 (T2bb model), or to a light-flavored quark and the ec0
1 (T2qq model).

Using the predicted cross sections with next-to-leading order plus approximate next-to-leading
logarithm accuracy as a reference, gluinos with masses as large as from 2000 to 2310 GeV are
excluded at 95% confidence level, depending on the signal model. The corresponding limits
on the masses of directly produced squarks range from 1190 for top squarks to 1630 GeV for
light-flavored squarks. The results presented here supersede those of Ref. [8], extending the
mass limits of this previous study by, typically, 200 GeV or more.
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some uncertain
ty, we observe a significant gap between

the regions probed by prompt and R-hadron searches (see

Sec. IVE for details).
For �m = m

t there exist a small

gap for m
� <

⇠ 56GeV.

D. Loop-induced dark matter
production

In addition to the searches for mediator production

considered in the last section
, direct DM production in

association
with initial state radiation

constitutes an-

other search
channel. Here we interpret searches for

monojet signatures and Higgs invisible decays within the

model considering DM masses above and below the Higgs

threshold m
h/2, respectivel

y.
As the top-content of the proton is negligib

le, the re-

spective
process pp ! �� + j is loop-induced. We show

three exemplary Feynman diagram
s in Fig. 7. Further

diagram
s arise by alternatively

attach
ing the final state

gluon to another t-, et- or g-line or to the gluon vertex
in

the upper diagram
s.We calculate the corresp

onding LHC limits as fol-

lows. For the implementation
of the model we use

FeynRules [93, 94] utilizing FeynArts [95] and

NloCT [96] to calculate the relevan
t UV/R2 countert-

erms [97]. We generate parton-level events with Mad-

Graph5_aMC@NLO [54, 98] using the NNPDF 2.1

set [99]. In this context we make use of the loop-induced

mode [100]
of MG5aMC, which we interface

with

Ninja [101, 102], Golem95 [103] and CutTools [104]

for the internal tensor reduction. To gain statisti
cs we

apply the parton-level
cut p jet

T > 200G
eV. We simu-

late the succeeding parton
shower with Pythia 8 [69].

The detector
simulation

is perform
ed within Check-

MATE 2 [105, 106] using Delphes [107] where jets

are defined via the anti-kT algorit
hm [108] within Fast-

Jet [109, 110].
We confront the simulated

events

with the latest
13TeV monojet analysis implemented in

CheckMATE based on 3.2 fb�1
of data collect

ed by the

ATLAS detector
[111].Since the relevan

t process pp
!

�� + j involves
at

least three heavy particles
in the loop, the corresp

onding

cross-s
ection

is highly loop-suppressed. More precisely
,

we find �(pp
! �� + j) < 10�5

pb for �� = 1, which is

seven orders of magnitude smaller than the leading SM

background. Therefore
, we find that the monojet limits

are relevan
t only for very large values of �� , i.e. �� >

⇠ 7

(for small �m) for which the perturbative calculation
is

already highly questionable. For �m = m
t the limit is

pushed to �� >
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region
denoted by ‘LHC loop-ind.’). This limit

can only be improved
modestly with new data. For il-

lustratio
n we show the projected

sensitivity for 3 ab�1
at

13TeV where we furthermore optimized the cuts by using

TMVA [112] to perform
a boosted decision

tree analysis

[113], providing an estimate for the maximal sensitivity

at the LHC (see dark blue, dashed line in the right panel

of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative
Feynman diagram

s for the process

pp ! �� + j with up to five internal (s)top
legs.

improve significantly beyond an integrate
d luminosity of

100 fb�1
due to systematic uncertain

ties.

For DM masses below m
h/2 the invisible Higgs decay

h ! �� is open and constitutes another relevan
t search

channel at the LHC. These searches have been perform
ed

by the ATLAS [114, 115] and CMS [116] collaboration
s.

Here we adopt the 95% C.L. limit BRinv < 0.24
[116]

based on an integrate
d luminosities

of 5.1, 19.7, and

2.3 fb�1
at center-of-m

ass energies
of 7, 8, and 13TeV,

respectivel
y. We compute the invisible decay width us-

ing the loop-induced h�� coupling discussed in Sec. IIIA

and use �SM = 4.03MeV [117] to compute BRinv =

(1 � �SM/�inv)�1
. We do not take into account a pos-

sible interfere
nce with the dark matter production via

direct et/t-lo
op considered above as we expect the Higgs

exchange contribution to dominate for an on-shell Higgs.5

Furthermore, the selectio
n criteria

for Higgs invisible de-

cay searches are expected to further reduce the contribu-

tion from the direct et/t-lo
op. The resulting constraint on

the thermal relic scenario is shown in Fig. 8, it excludes

a large range of �m for DM masses below 53GeV. The

exclusion region
is also superimposed in the right panel

of Fig. 6 (see blue shaded region
labeled by ‘Higgs inv.’).

E. Searches for long-live
d particle

s

For mediator decay lengths that are comparable to

or larger
than the size of the LHC detector

s the medi-

ator travers
es significant parts or all of the detector

s.

Due to its strong interacti
on with the detector

mate-

rial the mediator is expected to hadronize and form R-

hadrons [118].
At the LHC R-hadron searches are per-

formed exploiting highly ionizing tracks and an anoma-

lous time-of-flight [119–1
22]. We use R-hadron searches

to constrain
both the region

of conversion
-driven freeze-

out and the WIMP region. In the entire former region

the mediator decay length is large compared to the size

5
Similarly,

we also assume the Higgs exchange contribution to be

negligib
le in the domain m

� > m
h/2.
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some uncertainty, we observe a significant gap between
the regions probed by prompt and R-hadron searches (see
Sec. IVE for details). For �m = mt there exist a small
gap for m�

<
⇠ 56GeV.

D. Loop-induced dark matter production

In addition to the searches for mediator production
considered in the last section, direct DM production in
association with initial state radiation constitutes an-
other search channel. Here we interpret searches for
monojet signatures and Higgs invisible decays within the
model considering DM masses above and below the Higgs
threshold mh/2, respectively.

As the top-content of the proton is negligible, the re-
spective process pp ! �� + j is loop-induced. We show
three exemplary Feynman diagrams in Fig. 7. Further
diagrams arise by alternatively attaching the final state
gluon to another t-, et- or g-line or to the gluon vertex in
the upper diagrams.

We calculate the corresponding LHC limits as fol-
lows. For the implementation of the model we use
FeynRules [93, 94] utilizing FeynArts [95] and
NloCT [96] to calculate the relevant UV/R2 countert-
erms [97]. We generate parton-level events with Mad-
Graph5_aMC@NLO [54, 98] using the NNPDF 2.1
set [99]. In this context we make use of the loop-induced
mode [100] of MG5aMC, which we interface with
Ninja [101, 102], Golem95 [103] and CutTools [104]
for the internal tensor reduction. To gain statistics we
apply the parton-level cut p

jet
T > 200GeV. We simu-

late the succeeding parton shower with Pythia 8 [69].
The detector simulation is performed within Check-
MATE 2 [105, 106] using Delphes [107] where jets
are defined via the anti-kT algorithm [108] within Fast-
Jet [109, 110]. We confront the simulated events
with the latest 13TeV monojet analysis implemented in
CheckMATE based on 3.2 fb�1

of data collected by the
ATLAS detector [111].

Since the relevant process pp ! �� + j involves at
least three heavy particles in the loop, the corresponding
cross-section is highly loop-suppressed. More precisely,
we find �(pp ! �� + j) < 10�5 pb for �� = 1, which is
seven orders of magnitude smaller than the leading SM
background. Therefore, we find that the monojet limits
are relevant only for very large values of ��, i.e. ��

>
⇠ 7

(for small �m) for which the perturbative calculation is
already highly questionable. For �m = mt the limit is
pushed to ��

>
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region denoted by ‘LHC loop-ind.’). This limit
can only be improved modestly with new data. For il-
lustration we show the projected sensitivity for 3 ab�1

at
13 TeV where we furthermore optimized the cuts by using
TMVA [112] to perform a boosted decision tree analysis
[113], providing an estimate for the maximal sensitivity
at the LHC (see dark blue, dashed line in the right panel
of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative Feynman diagrams for the process
pp ! �� + j with up to five internal (s)top legs.

improve significantly beyond an integrated luminosity of
100 fb�1 due to systematic uncertainties.

For DM masses below mh/2 the invisible Higgs decay
h ! �� is open and constitutes another relevant search
channel at the LHC. These searches have been performed
by the ATLAS [114, 115] and CMS [116] collaborations.
Here we adopt the 95% C.L. limit BRinv < 0.24 [116]
based on an integrated luminosities of 5.1, 19.7, and
2.3 fb�1

at center-of-mass energies of 7, 8, and 13 TeV,
respectively. We compute the invisible decay width us-
ing the loop-induced h�� coupling discussed in Sec. IIIA
and use �SM = 4.03MeV [117] to compute BRinv =
(1 � �SM/�inv)�1. We do not take into account a pos-
sible interference with the dark matter production via
direct et/t-loop considered above as we expect the Higgs
exchange contribution to dominate for an on-shell Higgs.5
Furthermore, the selection criteria for Higgs invisible de-
cay searches are expected to further reduce the contribu-
tion from the direct et/t-loop. The resulting constraint on
the thermal relic scenario is shown in Fig. 8, it excludes
a large range of �m for DM masses below 53GeV. The
exclusion region is also superimposed in the right panel
of Fig. 6 (see blue shaded region labeled by ‘Higgs inv.’).

E. Searches for long-lived particles

For mediator decay lengths that are comparable to
or larger than the size of the LHC detectors the medi-
ator traverses significant parts or all of the detectors.
Due to its strong interaction with the detector mate-
rial the mediator is expected to hadronize and form R-
hadrons [118]. At the LHC R-hadron searches are per-
formed exploiting highly ionizing tracks and an anoma-
lous time-of-flight [119–122]. We use R-hadron searches
to constrain both the region of conversion-driven freeze-
out and the WIMP region. In the entire former region
the mediator decay length is large compared to the size

5 Similarly, we also assume the Higgs exchange contribution to be
negligible in the domain m� > mh/2.
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FIG. 5. Same as figure 3, but for scenarios in which the � coupling is fixed to � = 3.5 (S3M_uR, left), � = 4.8 (F3S_uR, centre)
and � = 1 (F3V_uR, right). The area with yellow gradient indicates when the �Y /MY ratio becomes so large that a treatment
involving the narrow-width approximation becomes less and less valid.

When �Y /MY = 0.05 (top row of figure 6) the regions
of the parameter spaces allowed by all constraints always
correspond to configurations featuring mediator masses
MY larger than 3–3.5 TeV, while the lower allowed values
for the DM mass MX differ from case to case. They range
from 1.5 TeV for F3V_uR models to 2.5 TeV for S3M_uR
models. On the other hand, as in section III.2.2 we study
S3M_uR, F3S_uR and F3V_uR scenarios with a specific cou-
pling value � = 3.5, 4.8 and 1 respectively (bottom row
of figure 6), those values being the lowest ones leading
to parameter configurations not excluded by cosmolog-
ical and astrophysical bounds (see section III.1). The
combination with collider constraints further imposes a
lower limit on the mediator mass ranging from 1.5 TeV
for F3V_uR models to 2 TeV in S3M_uR and F3S_uR sce-
narios. The lower bound on the DM mass is instead still
mostly driven by cosmology and astrophysics, and it lies
in the 1.5–2 TeV regime.

Figure 6 also includes projections for the current as-
trophysical and LHC bounds in light of future data. The
impact of future astrophysical experiments is found to
differ from one scenario to another. In the S3M_uR class of
models (first column of the figure), the expected reach of
the PICO-500 experiment is fully complementary to the
constraints originating from the relic density so that the
whole parameter space (both for scenarios with a fixed
width-over-mass ratio and those with a fixed new physics
coupling) could be potentially excluded. F3V_uR models
(right column of the figure) exhibit a similar behaviour so
that the results expected from the PICO-500 experiment
will significantly improve the astrophysical coverage of
the model’s parameter space. However, a large amount
of configurations will this time be left unexplored. On
the contrary, in the F3S_uR class of models (central col-
umn of the figure) will mostly resist to future DD and
ID searches for DM. Future experiments are indeed only
expected to be sensitive to scenarios located in a small
additional part of the currently allowed parameter space,
leaving many options uncovered and open for further ex-

ploration, e.g., at colliders.
To assess the future sensitivity of the LHC to the mod-

els studied, we determine projections for the two nominal
luminosities L = 300 fb�1 and 3000 fb�1, corresponding
to the end of the third operation run of the LHC and to its
high-luminosity (HL-LHC) phase, respectively. Bounds
are computed under the optimistic assumption that the
systematic uncertainties on the background �bkg will be
reduced and scale as �bkg/

p
L = constant. Projected

discovery reaches (for a significance of 5�) are also in-
cluded, demonstrating that the expected improvement is
sizeable, especially for what concerns the HL-LHC phase.
The gain in parameter space coverage hence virtuously
complements the expected reach of future astrophysical
experiments for all scenarios explored, and only bench-
mark setups with mediator and dark matter masses lying
deep in the TeV regime are expected to survive.

V. CONCLUSIONS

In this work, we explore t-channel simplified models
of dark matter in which the Standard Model is extended
by one DM state X and one coloured mediator state Y .
Both new fields are taken to be odd under a new Z2 par-
ity, the SM fields being instead enforced to be even, so
that the theory only features a single new physics cou-
pling vector in the flavour space. For simplicity, we con-
sider models in which the dark matter solely couples to
the right-handed up quark, and we additionally focus on
different possibilities for the spin of the new particles
and the self-conjugate properties of the dark matter. We
hence study six cases with a tri-dimensional parameter
space defined by the mass of the dark matter MX , the
mass of the mediator MY , and the new physics coupling
�. The dark matter is taken to be either a scalar field,
a fermion field or a vector field, and it could be self-
conjugate or not. The mediator is consequently either a
scalar particle (for fermionic DM cases) or a fermion (for
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FIG. 5. Same as figure 3, but for scenarios in which the � coupling is fixed to � = 3.5 (S3M_uR, left), � = 4.8 (F3S_uR, centre)
and � = 1 (F3V_uR, right). The area with yellow gradient indicates when the �Y /MY ratio becomes so large that a treatment
involving the narrow-width approximation becomes less and less valid.

When �Y /MY = 0.05 (top row of figure 6) the regions
of the parameter spaces allowed by all constraints always
correspond to configurations featuring mediator masses
MY larger than 3–3.5 TeV, while the lower allowed values
for the DM mass MX differ from case to case. They range
from 1.5 TeV for F3V_uR models to 2.5 TeV for S3M_uR
models. On the other hand, as in section III.2.2 we study
S3M_uR, F3S_uR and F3V_uR scenarios with a specific cou-
pling value � = 3.5, 4.8 and 1 respectively (bottom row
of figure 6), those values being the lowest ones leading
to parameter configurations not excluded by cosmolog-
ical and astrophysical bounds (see section III.1). The
combination with collider constraints further imposes a
lower limit on the mediator mass ranging from 1.5 TeV
for F3V_uR models to 2 TeV in S3M_uR and F3S_uR sce-
narios. The lower bound on the DM mass is instead still
mostly driven by cosmology and astrophysics, and it lies
in the 1.5–2 TeV regime.

Figure 6 also includes projections for the current as-
trophysical and LHC bounds in light of future data. The
impact of future astrophysical experiments is found to
differ from one scenario to another. In the S3M_uR class of
models (first column of the figure), the expected reach of
the PICO-500 experiment is fully complementary to the
constraints originating from the relic density so that the
whole parameter space (both for scenarios with a fixed
width-over-mass ratio and those with a fixed new physics
coupling) could be potentially excluded. F3V_uR models
(right column of the figure) exhibit a similar behaviour so
that the results expected from the PICO-500 experiment
will significantly improve the astrophysical coverage of
the model’s parameter space. However, a large amount
of configurations will this time be left unexplored. On
the contrary, in the F3S_uR class of models (central col-
umn of the figure) will mostly resist to future DD and
ID searches for DM. Future experiments are indeed only
expected to be sensitive to scenarios located in a small
additional part of the currently allowed parameter space,
leaving many options uncovered and open for further ex-

ploration, e.g., at colliders.
To assess the future sensitivity of the LHC to the mod-

els studied, we determine projections for the two nominal
luminosities L = 300 fb�1 and 3000 fb�1, corresponding
to the end of the third operation run of the LHC and to its
high-luminosity (HL-LHC) phase, respectively. Bounds
are computed under the optimistic assumption that the
systematic uncertainties on the background �bkg will be
reduced and scale as �bkg/

p
L = constant. Projected

discovery reaches (for a significance of 5�) are also in-
cluded, demonstrating that the expected improvement is
sizeable, especially for what concerns the HL-LHC phase.
The gain in parameter space coverage hence virtuously
complements the expected reach of future astrophysical
experiments for all scenarios explored, and only bench-
mark setups with mediator and dark matter masses lying
deep in the TeV regime are expected to survive.

V. CONCLUSIONS

In this work, we explore t-channel simplified models
of dark matter in which the Standard Model is extended
by one DM state X and one coloured mediator state Y .
Both new fields are taken to be odd under a new Z2 par-
ity, the SM fields being instead enforced to be even, so
that the theory only features a single new physics cou-
pling vector in the flavour space. For simplicity, we con-
sider models in which the dark matter solely couples to
the right-handed up quark, and we additionally focus on
different possibilities for the spin of the new particles
and the self-conjugate properties of the dark matter. We
hence study six cases with a tri-dimensional parameter
space defined by the mass of the dark matter MX , the
mass of the mediator MY , and the new physics coupling
�. The dark matter is taken to be either a scalar field,
a fermion field or a vector field, and it could be self-
conjugate or not. The mediator is consequently either a
scalar particle (for fermionic DM cases) or a fermion (for
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some uncertainty, we observe a significant gap between
the regions probed by prompt and R-hadron searches (see
Sec. IVE for details). For �m = mt there exist a small
gap for m�

<
⇠ 56GeV.

D. Loop-induced dark matter production

In addition to the searches for mediator production
considered in the last section, direct DM production in
association with initial state radiation constitutes an-
other search channel. Here we interpret searches for
monojet signatures and Higgs invisible decays within the
model considering DM masses above and below the Higgs
threshold mh/2, respectively.

As the top-content of the proton is negligible, the re-
spective process pp ! �� + j is loop-induced. We show
three exemplary Feynman diagrams in Fig. 7. Further
diagrams arise by alternatively attaching the final state
gluon to another t-, et- or g-line or to the gluon vertex in
the upper diagrams.

We calculate the corresponding LHC limits as fol-
lows. For the implementation of the model we use
FeynRules [93, 94] utilizing FeynArts [95] and
NloCT [96] to calculate the relevant UV/R2 countert-
erms [97]. We generate parton-level events with Mad-
Graph5_aMC@NLO [54, 98] using the NNPDF 2.1
set [99]. In this context we make use of the loop-induced
mode [100] of MG5aMC, which we interface with
Ninja [101, 102], Golem95 [103] and CutTools [104]
for the internal tensor reduction. To gain statistics we
apply the parton-level cut p

jet
T > 200GeV. We simu-

late the succeeding parton shower with Pythia 8 [69].
The detector simulation is performed within Check-
MATE 2 [105, 106] using Delphes [107] where jets
are defined via the anti-kT algorithm [108] within Fast-
Jet [109, 110]. We confront the simulated events
with the latest 13TeV monojet analysis implemented in
CheckMATE based on 3.2 fb�1

of data collected by the
ATLAS detector [111].

Since the relevant process pp ! �� + j involves at
least three heavy particles in the loop, the corresponding
cross-section is highly loop-suppressed. More precisely,
we find �(pp ! �� + j) < 10�5 pb for �� = 1, which is
seven orders of magnitude smaller than the leading SM
background. Therefore, we find that the monojet limits
are relevant only for very large values of ��, i.e. ��

>
⇠ 7

(for small �m) for which the perturbative calculation is
already highly questionable. For �m = mt the limit is
pushed to ��

>
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region denoted by ‘LHC loop-ind.’). This limit
can only be improved modestly with new data. For il-
lustration we show the projected sensitivity for 3 ab�1

at
13 TeV where we furthermore optimized the cuts by using
TMVA [112] to perform a boosted decision tree analysis
[113], providing an estimate for the maximal sensitivity
at the LHC (see dark blue, dashed line in the right panel
of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative Feynman diagrams for the process
pp ! �� + j with up to five internal (s)top legs.

improve significantly beyond an integrated luminosity of
100 fb�1 due to systematic uncertainties.

For DM masses below mh/2 the invisible Higgs decay
h ! �� is open and constitutes another relevant search
channel at the LHC. These searches have been performed
by the ATLAS [114, 115] and CMS [116] collaborations.
Here we adopt the 95% C.L. limit BRinv < 0.24 [116]
based on an integrated luminosities of 5.1, 19.7, and
2.3 fb�1

at center-of-mass energies of 7, 8, and 13 TeV,
respectively. We compute the invisible decay width us-
ing the loop-induced h�� coupling discussed in Sec. IIIA
and use �SM = 4.03MeV [117] to compute BRinv =
(1 � �SM/�inv)�1. We do not take into account a pos-
sible interference with the dark matter production via
direct et/t-loop considered above as we expect the Higgs
exchange contribution to dominate for an on-shell Higgs.5
Furthermore, the selection criteria for Higgs invisible de-
cay searches are expected to further reduce the contribu-
tion from the direct et/t-loop. The resulting constraint on
the thermal relic scenario is shown in Fig. 8, it excludes
a large range of �m for DM masses below 53GeV. The
exclusion region is also superimposed in the right panel
of Fig. 6 (see blue shaded region labeled by ‘Higgs inv.’).

E. Searches for long-lived particles

For mediator decay lengths that are comparable to
or larger than the size of the LHC detectors the medi-
ator traverses significant parts or all of the detectors.
Due to its strong interaction with the detector mate-
rial the mediator is expected to hadronize and form R-
hadrons [118]. At the LHC R-hadron searches are per-
formed exploiting highly ionizing tracks and an anoma-
lous time-of-flight [119–122]. We use R-hadron searches
to constrain both the region of conversion-driven freeze-
out and the WIMP region. In the entire former region
the mediator decay length is large compared to the size

5 Similarly, we also assume the Higgs exchange contribution to be
negligible in the domain m� > mh/2.
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FIG. 1. Tree-level annihilation Feynman diagrams of the SHP model. The symbol f refers to charged fermions, while the V
refers to either W±, Z. The central diagram includes also the u-channel.
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FIG. 2. Feynman diagram for the loop-induced annihilation SS ! gg. The symbol q stands for quarks.

Thanks to these terms, S can annihilate into all SM par-
ticles through the Higgs portal with a coupling that is
proportional to �HS . The annihilation process is rele-
vant for thermalization and freeze-out of S in the early
Universe and can lead to the production of SM particles
in our Galaxy today. Moreover, the Higgs boson may de-
cay into the scalar S producing an observable signature
at colliders. Finally, the scattering of S o↵ quarks, medi-
ated by h, could produce recoil events in direct detection
experiments.

The SHP model is very simple, with only two param-
eters that are relevant for the DM physics: the physical
DM mass mS and the Higgs portal coupling �HS . This
allows us to straight-forwardly constrain the parameters
of the model through the relic density constraint and
from direct and collider searches and astrophysical ob-
servations. In Figs. 1 and 2, we show the Feynman di-
agrams relevant for the annihilation process within the
SHP model. The model contains one diagram for each
fermion, one for each gauge boson W

± and Z and three
diagrams for the annihilation into the Higgs boson. We
do not show the channels with the production of �� and
�Z or �h that are loop induced, thus providing a sub-
dominant contribution to the cross section.

B. Annihilation cross-section

Except for the channel with hh final states, the cross
section � multiplied by the Möller velocity v of DM pairs
annihilating into SM particles i can be expresses as [70]:

�v =
2�2

HS
v
2

0
p
s

|Dh(s)|
2 �h!i(

p
s), (3)

where �h!i(
p
s) is the partial decay width into state i

of the SM Higgs boson evaluated at energy
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where �h is the total Higgs width, which includes all the
kinematically allowed partial decay widths, as well as the
invisible Higgs width �h,inv. For the former, we adopt the
theoretical prediction from Ref. [71], �h,SM = 4.1 MeV.
For the latter, we employ the tree level result, given by:
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where mh is the Higgs mass. We use mh = 125 GeV as
recently measured by ATLAS [72]. The expression for
�v written in Eq. (3) is particularly convenient because
very precise theoretical calculations and measurements
are present for the quantity �h!i (see, e.g., [71]).
In Eq. (4), we write down the propagator within the

commonly used fixed-width prescription. This is typi-
cally a good approximation except when �h is a rapidly
varying function of s. This can, in particular, happen
in the resonant region, mS ⇡ mh/2, where the invisible
decay channel opens up close to the resonance [73]. In
this case, the running of the Higgs width has to be taken
into account by replacing mh in Eq. (5) with the center-
of-mass energy

p
s of the process. However, this e↵ect is

only relevant for sizeable coupling, as quantified at the
end of Sec. III.
For the indirect detection signals, the cross section is

averaged over the DM particle velocity distribution, for
which we adopt the Standard Halo Model (see, e.g., [74]).
However, the cross sections in the SHP are essentially
s-wave, i.e. they do not depend on the velocity. The
only region of the parameter space where the velocity-
averaged annihilation cross-section h�vi depends on v is
very close to the Higgs resonance. While this region is
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FIG. 9. Left panel: Contour regions obtained with a combined fit to cosmic particle flux data (GCE, dSphs and antiprotons).
We also show the upper limits on �HS obtained from ATLAS data [100] (red dashed line) and the HL-LHC projections for
27 TeV [73] (orange dotted line). Direct detection upper limits refer to LZ data [62] (brown dashed line) and projections
to DARWIN (purple dot-dashed). We also report the region of the parameter space compatible with the observed DM relic
abundance via thermal freeze-out (green region) in case of model fBE, including the uncertainty coming from the di↵erent
choice of the QCD correction approach, labelled with QCD A and QCD B. Right panel: Same as in the left panel but for the
region around the resonance mS ⇡ mh/2.

FIG. 10. Same as in the right panel of Fig. 9 but considering the MIN (left panel) and MAX (right panel) DM density
parameters for the GCE analysis.

consistent with collider and direct detection constraints
is for mS ⇡ mh/2, to be precise (10�20) MeV smaller
than mh/2, and �HS = (1.4�1.7)⇥ 10�4. In this region
of the parameter space the GCE is fitted with a reduced
�
2 of about 0.8, which implies that the fit is statistically

appropriate.

As explained in Sec. VIA, there is a quite large un-
certainty related to the exact DM density in the center
of the Milky Way, which in Ref. [29] has been estimated
to be included among the MIN, MED and MAX models.
In Fig. 10, we show the combined results obtained with

the MIN and MAX models observing that a change of
the DM density in the center of the Galaxy has little to
no e↵ect on our conclusions. With these models, there
is still a region very close to the Higgs resonance which
fits well cosmic fluxes data and which is compatible with
the collider and direct detection experiments. The only
quantity that changes is the value of �HS that fits the cos-
mic fluxes data and for which we have the correct relic
abundance. By considering the MIN and MAX model
the coupling can vary in the range (1.2�2.0)⇥ 10�4.
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FIG. 1. Tree-level annihilation Feynman diagrams of the SHP model. The symbol f refers to charged fermions, while the V
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FIG. 2. Feynman diagram for the loop-induced annihilation SS ! gg. The symbol q stands for quarks.

Thanks to these terms, S can annihilate into all SM par-
ticles through the Higgs portal with a coupling that is
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Universe and can lead to the production of SM particles
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• WIMP invisible, detectable via missing energy

• Proton collisions: steeply falling parton luminosity
• Irreducible background from neutrinos

• EFT not suitable for LHC ⇒ simplified models (or
                                             more complex models)

• Often mediator searches more promising

• MET signal still important for establishing dark matter

Summary on WIMP dark matter searches at LHC



II. Searches for Feebly Interacting Massive Particles 
(FIMPS)
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However, if some part of new physics sector thermalises, 
those particles may be produced

Feeble coupling to dark matter ⇒ long-lived particles
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some uncertainty, we observe a significant gap between
the regions probed by prompt and R-hadron searches (see
Sec. IVE for details). For �m = mt there exist a small
gap for m�

<
⇠ 56GeV.

D. Loop-induced dark matter production

In addition to the searches for mediator production
considered in the last section, direct DM production in
association with initial state radiation constitutes an-
other search channel. Here we interpret searches for
monojet signatures and Higgs invisible decays within the
model considering DM masses above and below the Higgs
threshold mh/2, respectively.

As the top-content of the proton is negligible, the re-
spective process pp ! �� + j is loop-induced. We show
three exemplary Feynman diagrams in Fig. 7. Further
diagrams arise by alternatively attaching the final state
gluon to another t-, et- or g-line or to the gluon vertex in
the upper diagrams.

We calculate the corresponding LHC limits as fol-
lows. For the implementation of the model we use
FeynRules [93, 94] utilizing FeynArts [95] and
NloCT [96] to calculate the relevant UV/R2 countert-
erms [97]. We generate parton-level events with Mad-
Graph5_aMC@NLO [54, 98] using the NNPDF 2.1
set [99]. In this context we make use of the loop-induced
mode [100] of MG5aMC, which we interface with
Ninja [101, 102], Golem95 [103] and CutTools [104]
for the internal tensor reduction. To gain statistics we
apply the parton-level cut p

jet
T > 200GeV. We simu-

late the succeeding parton shower with Pythia 8 [69].
The detector simulation is performed within Check-
MATE 2 [105, 106] using Delphes [107] where jets
are defined via the anti-kT algorithm [108] within Fast-
Jet [109, 110]. We confront the simulated events
with the latest 13TeV monojet analysis implemented in
CheckMATE based on 3.2 fb�1

of data collected by the
ATLAS detector [111].

Since the relevant process pp ! �� + j involves at
least three heavy particles in the loop, the corresponding
cross-section is highly loop-suppressed. More precisely,
we find �(pp ! �� + j) < 10�5 pb for �� = 1, which is
seven orders of magnitude smaller than the leading SM
background. Therefore, we find that the monojet limits
are relevant only for very large values of ��, i.e. ��

>
⇠ 7

(for small �m) for which the perturbative calculation is
already highly questionable. For �m = mt the limit is
pushed to ��

>
⇠ 9 cf. right panel of Fig. 6 (dark blue

shaded region denoted by ‘LHC loop-ind.’). This limit
can only be improved modestly with new data. For il-
lustration we show the projected sensitivity for 3 ab�1

at
13 TeV where we furthermore optimized the cuts by using
TMVA [112] to perform a boosted decision tree analysis
[113], providing an estimate for the maximal sensitivity
at the LHC (see dark blue, dashed line in the right panel
of Fig. 6). Note that the sensitivity, however, does not
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FIG. 7. Representative Feynman diagrams for the process
pp ! �� + j with up to five internal (s)top legs.

improve significantly beyond an integrated luminosity of
100 fb�1 due to systematic uncertainties.

For DM masses below mh/2 the invisible Higgs decay
h ! �� is open and constitutes another relevant search
channel at the LHC. These searches have been performed
by the ATLAS [114, 115] and CMS [116] collaborations.
Here we adopt the 95% C.L. limit BRinv < 0.24 [116]
based on an integrated luminosities of 5.1, 19.7, and
2.3 fb�1

at center-of-mass energies of 7, 8, and 13 TeV,
respectively. We compute the invisible decay width us-
ing the loop-induced h�� coupling discussed in Sec. IIIA
and use �SM = 4.03MeV [117] to compute BRinv =
(1 � �SM/�inv)�1. We do not take into account a pos-
sible interference with the dark matter production via
direct et/t-loop considered above as we expect the Higgs
exchange contribution to dominate for an on-shell Higgs.5
Furthermore, the selection criteria for Higgs invisible de-
cay searches are expected to further reduce the contribu-
tion from the direct et/t-loop. The resulting constraint on
the thermal relic scenario is shown in Fig. 8, it excludes
a large range of �m for DM masses below 53GeV. The
exclusion region is also superimposed in the right panel
of Fig. 6 (see blue shaded region labeled by ‘Higgs inv.’).

E. Searches for long-lived particles

For mediator decay lengths that are comparable to
or larger than the size of the LHC detectors the medi-
ator traverses significant parts or all of the detectors.
Due to its strong interaction with the detector mate-
rial the mediator is expected to hadronize and form R-
hadrons [118]. At the LHC R-hadron searches are per-
formed exploiting highly ionizing tracks and an anoma-
lous time-of-flight [119–122]. We use R-hadron searches
to constrain both the region of conversion-driven freeze-
out and the WIMP region. In the entire former region
the mediator decay length is large compared to the size

5 Similarly, we also assume the Higgs exchange contribution to be
negligible in the domain m� > mh/2.
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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choice provides the right relic density defines the bound-
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between �b and ⇥ to provide the right relic density. The
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1

10
100

1000

100

1000

10
4

� g�gq
= 1, �V

= 0.01
MV

m�
[GeV]

M
V
[G

eV
]

M
V

=
2
m

�

Figu
re 38:

Low
er excl

usio
n limits

in the
m�-M

V
plan

e at 95%
CL

for
the

ATL
AS

(blu
e line

s) and
CM

S (red

line
s) mono

-jet
sear

ches
. The

limits
for

the
sim

plifi
ed mode

l (s
olid

line
s),

for
the

EFT
(das

hed
line

s) and
for

the
EFT

app
lyin

g the
Q-tru

nca
tion

(dot
ted

line
s) a

re show
n. Fou

r sli
ces

of t
he para

meter
spac

e:
� g�gq

= 1 ,

�V
= 0.01

MV
(up

per
left

pan
el),

� g�gq
= 1, �

V
= 0.5M

V
(up

per
righ

t pan
el),

� g�gq
= 0.2,

�V
= 0.01

MV

(low
er le

ft p
ane

l) a
nd

� g�gq
= 0.2,

�V
= 0.5M

V
(low

er r
ight

pan
el) a

re d
ispl

ayed
. Th

e bl
ue s

had
ed regi

on in the

left
pan

els r
epre

sent
the

para
meter

s sp
ace

not
allo

win
g a con

sist
ent

solu
tion

for
the

media
tor

wid
th as a

func
tion

of M
V
,m�,

� g�gq
.

39

Results fr
om mono-jet search

es at 
8 TeV LHC

EFT Limit

▪ Re-interpret LHC Run I mono-jet + MET search
es

   [A
TLAS:1502.01518, CMS: 1408.3583]

▪ Simulatio
n: FeyRules/MadGraph/Phythia/D

elphes

Simplified Model 

Limit

q

q̄

�

�̄

g Q

q

q̄

�

�̄

g

Z
�

Fig
ure

2. L
eft p

ane
l: T

he m
ono

jet p
roce

ss fr
om

a qq̄
init

ial s
tate

in the
EFT

fram
ewo

rk.
The

con
-

tact
inte

ract
ion

is re
pres

ente
d by the

shad
ed blob

. De
tails

of t
he p

arti
cle m

edia
ting

the
inte

ract
ion

do not
hav

e to
be s

peci
fied

. Ri
ght

pan
el: T

his
show

s a
UV

reso
luti

on of t
he c

onta
ct in

tera
ctio

n for

an (axi
al)-

vect
or m

edia
tor

Z
0 , ex

chan
ged

in the
s-ch

ann
el.

The
momentu

m tran
sfer

thro
ugh

the

s-ch
ann

el is
den

oted
by Q.

exch
ang

ed in the
s-ch

ann
el. W

e re
main

agn
osti

c to
the

prec
ise o

rigin
of th

e ve
ctor

media
tor

and
its c

oup
ling

with
dark

matte
r an

d qua
rks.

One
exam

ple
of su

ch a m
edia

tor
is a

(axi
al)-

vect
or Z

0 , a massi
ve s

pin-
one

vect
or b

oson
from

a brok
en U(1

)
0 gau

ge s
ymmetry

[40,
41].

A seco
nd exam

ple
is a

com
posi

te v
ecto

r m
edia

tor,
sim

ilar
to the

⇤ in QC
D [42]

. In
eith

er

case
, in

add
ition

to the
usu

al t
erm

s in
the

Stan
dard

Mode
l La

gran
gian

, th
e Lag

rang
ian

with
gen

eral
qua

rk inte
ract

ion
term

s is

L = �
1
4
Z
�
µ�
Z
0 µ� +

1
2
m
2
med

Z
0 µZ

0
µ
+ i⇥̄�

µ ⌅µ⇥
�mDM

⇥̄⇥

+ Z
0
µ
⇥̄�

µ (g⇥V
� g⇥A

�
5 )⇥+ Z

0
µ

�

q

q̄�
µ (gqV

� gqA�
5 )q .

(3.1
)

Her
emmed

is th
e (a

xial
)-ve

ctor
mass

term
and

gV and
gA are

the
vect

or a
nd axia

l cou
plin

gs

resp
ecti

vely
. Th

e da
rk matte

r pa
rtic

le ⇥
is a

Dira
c fe

rmion
with

mass
mDM

, ne
utra

l un
der

the
Stan

dard
Mode

l ga
uge

grou
ps.

The
sum

exte
nds

over
all q

uark
s and

for
sim

plic
ity,

we
assu

me that
the

cou
plin

gs gq
V
and

gqA
are

the
sam

e for
all q

uark
s. While

in gen
eral

,

a Z
0 from

a brok
en U(1

)
0 will

also
hav

e cou
plin

gs to lept
ons

and
gau

ge boso
ns,

we
do

not
con

side
r th

em
here

as t
hey

are
not

rele
van

t fo
r th

e mono
jet

sear
ch.

1 Thi
s sim

plifi
ed

mode
l is

sim
ilar

(alb
eit s

impler
) to

the
mode

l dis
cuss

ed in [31]
. Si

mplifi
ed mode

ls of
vect

or

media
tors

hav
e al

so been
disc

usse
d in [4, 1

8, 3
1, 4

3, 4
4].

While
the

abo
ve Lag

rang
ian

allo
ws f

or b
oth

vect
or a

nd axia
l-ve

ctor
inte

ract
ions

, th
e

phe
nom

eno
logy

and
limits f

rom
the

mono
jet

sear
ch are

sim
ilar

in both
case

s. The
refo

re

for
the

pur
pose

s of
clar

ity,
we f

ocu
s on

one
: th

e ax
ial-v

ecto
r in

tera
ctio

n. I
n the

rem
aind

er

of t
his

arti
cle,

we s
et g⇥

V
= gqV

= 0 and
rede

fine
g⇥ ⇥

g⇥A
and

gq ⇥
ggA

. Th
e ax

ial-v
ecto

r

inte
ract

ion
has

two
adv

anta
ges.

Firs
tly,

this
inte

ract
ion

is non
-zer

o for
Major

ana
dark

matte
r (the

norm
alisa

tion
of o

ur resu
lts

wou
ld chan

ge by a fact
or of f

our
in this

case
),

unli
ke the

vect
or inte

ract
ion,

whi
ch van

ishe
s for

Major
ana

dark
matte

r. Seco
ndly

, th
e

1We as
sum

e th
at t

he c
harg

es a
re c

hos
en so the

U(1)
0 gau

ge s
ymmetry

is a
nom

aly
free

. Th
is m

ay requ
ire

add
ition

al p
arti

cles
.

– 5 –

Jan Heisig (
RWTH Aachen University

)     
      

      
      

      
      

10      
      

      
      

      
     N

ew Physics
 at t

he LHC, Bonn 2015

Te
xt

Y

Y

LLP Workshop | Karri Folan DiPetrillo | 18.10.2017

The ATLAS Detector 12

Many thanks to  
Heather Russell for the 
ATLAS and LLP figures!

__
Anomalous tracks
(Heavy stable charged
 particle searches)
c⌧Y > 1m



Rates for standard coupling (� = �0)

j
i

SM
SM

SM
�

b̃1
SM

b̃1
SM

�

Freeze
out!

CE satisfied!

�
H = 1

DPG Münster 2017 - Benedikt Lülf

Coupled BMEs

6/10

Rates for standard coupling (� = �0)
j

i

SM
SM

SM
�

b̃1
SM

b̃1
SM
�

Freeze out!

CE satisfied!

�
H = 1

DPG Münster 2017 - Benedikt Lülf

Coupled BMEs

6/10

Rates for standard coupling (� = �0)

j
i

SM
SM

SM
�

b̃1
SM

b̃1
SM
�

Freeze
out!

CE satisfied!

�
H = 1

DPG Münster 2017 - Benedikt Lülf

Coupled BMEs

6/10

Rates for standard coupling (� = �0)

j
i

SM
SM

SM
�

b̃1
SM

b̃1
SM

�

Freeze out!

CE satisfied!

�
H = 1

DPG Münster 2017 - Benedikt Lülf

Coupled BMEs

6/10

p

p

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
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that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
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by the gray dashed line in Fig. 4. Furthermore, the gray
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responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Figure 3: Plots from Ref. [43].

very similar results but with a different position of the 2-body threshold �m = m f while for240

f = t , the mediator becomes detector stable for �m < mt such that HSCP searches provide241

the best sensitivity to this scenario. We will comment on the case of a leptophilic model as242

well as non-minimal models below.243

3.2.1 Quarkphilic minimal model244

To cover the range of cosmologically preferred decay length within the scenario, different245

LLP searches come into play. This concerns – in decreasing order of the targeted lifetime246

– searches for HSCPs, disappearing tracks, and displaced vertices as well as missing energy247

searches whose sensitivity could, however, extend to longer lifetimes depending on the inclu-248

siveness of the search.249

In Fig. 6, we show some of the key distributions relevant for these searches. The up-250

per left panel shows the track length distributions for two benchmarks with �m = 31 GeV251

(c⌧ ' 1 cm) and �m = 8 GeV (c⌧ ' 30 cm). For small �m, a large fraction of charged252

R-hadrons decay outside the tracker (ltrk ¶ 50 cm), leading to highly ionizing tracks. Those253

decaying within the tracker but traversing multiple inner layers can give rise to disappearing254

tracks as the visible decay products are relatively soft and may not lead to a hit in the next layer.255

For larger�m, b-jets from R-hadron decays carry more energy, leading to displaced b-jets and256

missing energy events. However, since �m < 40 GeV is required by the CDFO mechanism,257

the displaced jets are relatively soft, making detection challenging and often requiring hard258

jets from initial state radiation (ISR) to meet trigger requirements.259

[JH: Further describe distributions in Fig. 6 and discuss what this implies.]260

[JH: We may use other BM points than on [46].]261

[JH: More discussion on light quarks / tops]262

3.2.2 Leptophilic minimal model263

[JH: Describe leptophilic case. Include results from [47]. We can stay brief concentrating on the264

differences to the quarkphilic case.]265

Alternatively one can consider scenarios where the mediator and DM are linked to the SM266

through couplings with leptons (leptophilic models). This includes the possibility of scalar DM267

and vector-like lepton mediators [43], or fermion majorana DM and scalar mediator (slepton-268

like) [47]. Here we use the latter as an illustrative case. The relevant interaction is the yukawa269

coupling y� among the mediator, the dark matter, and the SM lepton. We enter in CDFO270

regime for such coupling y� Æ 10�6. Within that regime, neglecting bound state formation271

[CITE Jan’s paper] and Higgs-mediator coupling, it was shown that the DM relic abundance272

8

Non-thermalized dark matter: 
long-lived particle constraints

[Bélanger et al. 1811.05478]
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viable parameter space



‘Just’ thermalised case

Conversion-driven freeze-out (CDFO):

[JH
 et al 2404.16086]

[Garny et al 1705.09292; D’Agnolo et al 1705.08450]
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Current LHC constraints

[JH et al 2404.16086]



HL-LHC projections

[JH et al 2404.16086]
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• FIMPs not directly produced in collisions

• But from decay of other new physics states
• Feeble coupling ⇒ long-lived particle
• Prominent low-background searches, statistically limited

• Promising channels at HL-LHC

Summary on FIMP dark matter searches at LHC



III. Searches for light dark matter
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Intensity frontier

• ‘Low’-energy e+e--colliders: 
  BarBar, Belle-II   

• Fixed target experiments
  Electron beams: E137, E141(SLAC),   
                          E774 (Fermilab), 
                          NA64e (CERN), HPS (JLab) 
  Proton beams:   CHARM, NA62 (CERN), 
                          nu-Cal
                          …

Experimental approaches

LHC auxiliary detectors 
(FASER,CODEX-b, MATHUSLA, …)

Fixed target spectrometer (HPS, 
DarkQuest, NA64, LDMX,M3…)Beam dump (DUNE, ICARUS, SBND, SHADOWS,…) 

LHC main detectors (LHCb, CMS, ATLAS,…)

Meson/Lepton facilities (NA62, 
PIONEER, REDTOP, Mu3e,…)

colliders (e.g., Belle II, …)e+e−

beam mediator
SM

SM
mediatorbeam

mediator

SM

SM
20



Dark photon model

Massive dark photon      coupling to hyper charge:

L � � ✏

2 cos ✓W
F 0
µ⌫B

µ⌫ ! ✏

2
F 0
µ⌫F

µ⌫

Lint � �e✏JµA0
µ

A0
µ

Induces interaction to matter current:

⇒ dark photon interacts with SM fermions just as a photon 
but suppressed by   .✏



Dark photon model

Massive dark photon      coupling to hyper charge:

L � � ✏

2 cos ✓W
F 0
µ⌫B

µ⌫ ! ✏

2
F 0
µ⌫F

µ⌫

Lint � �e✏JµA0
µ

A0
µ

Induces interaction to matter current:

⇒ dark photon interacts with SM fermions just as a photon 
but suppressed by   .✏

LA0� = �g�A
0
µ�̄�

µ�

Interaction to dark matter, e.g.:



Dark photon decays

• The dark photon couples democratically to charged particles via kinetic mixing
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Dark photon decays
• The dark photon couples democratically to charged particles via kinetic mixing
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Dark photon decay channels

�`+`� ⇠ ✏2↵mA0 ⇥ (phase-space)

Dark photon decays
• The dark photon couples democratically to charged particles via kinetic mixing
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Dark photon decay channels

�`+`� ⇠ ✏2↵mA0 ⇥ (phase-space)

Dark photon decays
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Figure 3.3: Existing limits on the massive dark photon for mA0 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (A1 [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), ⌫-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g � 2)e [194] are also included.

signals released in direct detection dark matter experiments. The experimental limits in the case of
the invisible dark photon are discussed in section 3.1.3 below.

3.1 Limits on the parameters " and mA0

As discussed, the space of the parameters (the mixing " and the mass mA0 of the dark photon) is
best spanned in two regions according on whether the mass mA0 is larger or smaller than twice the
mass of the electron: Roughly 1 MeV.

3.1.1 Constraints for mA0 > 1 MeV with A0 decays to visible final states

Two kinds of experiments provide the existing limits on the visible massive dark photon in the region
of mA0 > 1 MeV: experiments at colliders and at fixed-target or beam dumps. In both cases
the experiments search for resonances over a smooth background, with a vertex prompt or slightly
displaced with respect to the beam interaction point in case of collider, or highly displaced in case
of beam dump based experiments. The two categories are highly complementary, being the first
category mostly sensitive to relatively large values of the mixing parameter ", (" > 10�3) and the
dark photon mass (up to several tens of GeV for pp collider experiments), while the second is sensitive
to relatively small values (10�7 ⇠< " ⇠< 10�3) in the low mass range, mA0 less than few GeV.

• Experiments at colliders. These experiments search for resonances in the invariant mass dis-
tribution of e+e�, µ+µ� pairs. Different dark-photon production mechanisms are used in the
different experiments: meson decays (⇡0 ! �A0, NA48/2 [184]), Bremsstrahlung (e�Z !
e�ZA0, A1 [176]), annihilation (e+e� ! �A0, BaBar [179]), and all these processes in differ-
ent searches at KLOE [180, 181, 182, 183]. In a proton-proton (pp) collider the dark photon
is produced via the � � A0 mixing in all the processes where an off-shell photon �⇤ with mass
m(�⇤) is produced: meson decays, Bremsstrahlung, and Drell-Yan production. LHCb [210, 177]
has performed a search for dark photon decaying in µ+µ� final states using 1.6 fb�1 of data
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Figure 3.3: Existing limits on the massive dark photon for mA0 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (A1 [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), ⌫-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g � 2)e [194] are also included.

signals released in direct detection dark matter experiments. The experimental limits in the case of
the invisible dark photon are discussed in section 3.1.3 below.

3.1 Limits on the parameters " and mA0

As discussed, the space of the parameters (the mixing " and the mass mA0 of the dark photon) is
best spanned in two regions according on whether the mass mA0 is larger or smaller than twice the
mass of the electron: Roughly 1 MeV.

3.1.1 Constraints for mA0 > 1 MeV with A0 decays to visible final states

Two kinds of experiments provide the existing limits on the visible massive dark photon in the region
of mA0 > 1 MeV: experiments at colliders and at fixed-target or beam dumps. In both cases
the experiments search for resonances over a smooth background, with a vertex prompt or slightly
displaced with respect to the beam interaction point in case of collider, or highly displaced in case
of beam dump based experiments. The two categories are highly complementary, being the first
category mostly sensitive to relatively large values of the mixing parameter ", (" > 10�3) and the
dark photon mass (up to several tens of GeV for pp collider experiments), while the second is sensitive
to relatively small values (10�7 ⇠< " ⇠< 10�3) in the low mass range, mA0 less than few GeV.

• Experiments at colliders. These experiments search for resonances in the invariant mass dis-
tribution of e+e�, µ+µ� pairs. Different dark-photon production mechanisms are used in the
different experiments: meson decays (⇡0 ! �A0, NA48/2 [184]), Bremsstrahlung (e�Z !
e�ZA0, A1 [176]), annihilation (e+e� ! �A0, BaBar [179]), and all these processes in differ-
ent searches at KLOE [180, 181, 182, 183]. In a proton-proton (pp) collider the dark photon
is produced via the � � A0 mixing in all the processes where an off-shell photon �⇤ with mass
m(�⇤) is produced: meson decays, Bremsstrahlung, and Drell-Yan production. LHCb [210, 177]
has performed a search for dark photon decaying in µ+µ� final states using 1.6 fb�1 of data
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Figure 3.3: Existing limits on the massive dark photon for mA0 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (A1 [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), ⌫-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g � 2)e [194] are also included.

signals released in direct detection dark matter experiments. The experimental limits in the case of
the invisible dark photon are discussed in section 3.1.3 below.

3.1 Limits on the parameters " and mA0

As discussed, the space of the parameters (the mixing " and the mass mA0 of the dark photon) is
best spanned in two regions according on whether the mass mA0 is larger or smaller than twice the
mass of the electron: Roughly 1 MeV.

3.1.1 Constraints for mA0 > 1 MeV with A0 decays to visible final states

Two kinds of experiments provide the existing limits on the visible massive dark photon in the region
of mA0 > 1 MeV: experiments at colliders and at fixed-target or beam dumps. In both cases
the experiments search for resonances over a smooth background, with a vertex prompt or slightly
displaced with respect to the beam interaction point in case of collider, or highly displaced in case
of beam dump based experiments. The two categories are highly complementary, being the first
category mostly sensitive to relatively large values of the mixing parameter ", (" > 10�3) and the
dark photon mass (up to several tens of GeV for pp collider experiments), while the second is sensitive
to relatively small values (10�7 ⇠< " ⇠< 10�3) in the low mass range, mA0 less than few GeV.

• Experiments at colliders. These experiments search for resonances in the invariant mass dis-
tribution of e+e�, µ+µ� pairs. Different dark-photon production mechanisms are used in the
different experiments: meson decays (⇡0 ! �A0, NA48/2 [184]), Bremsstrahlung (e�Z !
e�ZA0, A1 [176]), annihilation (e+e� ! �A0, BaBar [179]), and all these processes in differ-
ent searches at KLOE [180, 181, 182, 183]. In a proton-proton (pp) collider the dark photon
is produced via the � � A0 mixing in all the processes where an off-shell photon �⇤ with mass
m(�⇤) is produced: meson decays, Bremsstrahlung, and Drell-Yan production. LHCb [210, 177]
has performed a search for dark photon decaying in µ+µ� final states using 1.6 fb�1 of data

Dark photon searches

Decay into leptons: Long-lived searches

Coherent interaction with 
nuclei of fixed target

A0 e+

e�

E137 at SLAC

too short-lived



D
ar

k 
ph

ot
on

 d
ec

ay
s

•
T

he
 d

ar
k 

ph
ot

on
 c

ou
pl

es
 d

em
oc

ra
tic

al
ly

 t
o 

ch
ar

ge
d 

pa
rt

ic
le

s 
vi

a 
ki

ne
tic

 m
ix

in
g

10
!
2

0.
1

1
10
!
9

10
!
8

10
!
7

10
!
6

10
!
5

10
!
4

10
!
3

10
!
2

10
!
2

0.
1

1 10
!
9

10
!
8

10
!
7

10
!
6

10
!
5

10
!
4

10
!
3

10
!
2

m
A'
!GeV

"

Ε

A
' D
ec
ay
Le
ng
th
cΤ

Pr
om
pt
!$10

Μm
"

D
isp
la
ce
d
!$1 cm

"
D
isp
la
ce
d
!&1 cm

"
In
vi
si
bl
e
!&100

cm
"

In
vi
si
bl
e
!&100

m
"

m
A

0
[G

eV
]

BrA0

[E
ss

ig
, H

ar
ni

k,
 K

ap
la

n,
 T

or
o]

[B
B,

 P
os

pe
lo

v, 
R

itz
]

Γ A
′ ∼

ϵ2 α
m A

′ 

25

D
ar

k 
ph

ot
on

 d
ec

ay
s

•
T

he
 d

ar
k 

ph
ot

on
 c

ou
pl

es
 d

em
oc

ra
tic

al
ly

 t
o 

ch
ar

ge
d 

pa
rt

ic
le

s 
vi

a 
ki

ne
tic

 m
ix

in
g

10
!
2

0.
1

1
10
!
9

10
!
8

10
!
7

10
!
6

10
!
5

10
!
4

10
!
3

10
!
2

10
!
2

0.
1

1 10
!
9

10
!
8

10
!
7

10
!
6

10
!
5

10
!
4

10
!
3

10
!
2

m
A'
!GeV

"

Ε

A
' D
ec
ay
Le
ng
th
cΤ

Pr
om
pt
!$10

Μm
"

D
isp
la
ce
d
!$1 cm

"
D
isp
la
ce
d
!&1 cm

"
In
vi
si
bl
e
!&100

cm
"

In
vi
si
bl
e
!&100

m
"

m
A

0
[G

eV
]

BrA0

[E
ss

ig
, H

ar
ni

k,
 K

ap
la

n,
 T

or
o]

[B
B,

 P
os

pe
lo

v, 
R

itz
]

Γ A
′ ∼

ϵ2 α
m A

′ 

25

Dark
 photon decay

s

•
The d

ark
 photon co

uples 
dem

ocra
tica

lly 
to ch

arg
ed part

icle
s vi

a k
inetic

 mixing

10
!2

0.1

1

10
!9

10
!8

10
!7

10
!6

10
!5

10
!4

10
!3

10
!2

10
!2

0.1

1

10
!9

10
!8

10
!7

10
!6

10
!5

10
!4

10
!3

10
!2

mA'
!GeV"

Ε

A' D
eca
y L
eng
th c
Τ

Pro
mpt
!$10 Μm"

Dis
plac
ed !$1 cm"

Dis
plac
ed !&1 cm"

Inv
isib
le !&100 cm

"
Inv
isib
le !&100 m

"

mA
0
[G
eV

]

B
rA

0

[Essig
, Harn

ik, K
aplan

, To
ro]

[BB, Po
spelo

v, R
itz]

Γ A′ 
∼ ϵ2 α mA′ 

25

Dark
 photon decay

s

•
The d

ark
 photon co

uples 
dem

ocra
tica

lly 
to ch

arg
ed part

icle
s vi

a k
inetic

 mixing

10
!2

0.1

1

10
!9

10
!8

10
!7

10
!6

10
!5

10
!4

10
!3

10
!2

10
!2

0.1

1

10
!9

10
!8

10
!7

10
!6

10
!5

10
!4

10
!3

10
!2

mA'
!GeV"

Ε

A' D
eca
y L
eng
th c
Τ

Pro
mpt
!$10 Μm"

Dis
plac
ed !$1 cm"

Dis
plac
ed !&1 cm"

Inv
isib
le !&100 cm

"
Inv
isib
le !&100 m

"

mA
0
[G
eV

]

B
rA

0

[Essig
, Harn

ik, K
aplan

, To
ro]

[BB, Po
spelo

v, R
itz]

Γ A′ 
∼ ϵ2 α mA′ 

25

A0

e�

�

36 CHAPTER 3. PHENOMENOLOGY OF THE MASSIVE DARK PHOTON

 [GeV]A'm
3−10 2−10 1−10 1 10 210 310

ε

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10
e(g-2
)

BaBar

CMS

LHCb

A1

NA48/2

KLOE

E137

E141

NA64(e)

E774

SN1987A

nu-Cal
CHARM

Figure 3.3: Existing limits on the massive dark photon for mA0 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (A1 [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), ⌫-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g � 2)e [194] are also included.

signals released in direct detection dark matter experiments. The experimental limits in the case of
the invisible dark photon are discussed in section 3.1.3 below.

3.1 Limits on the parameters " and mA0

As discussed, the space of the parameters (the mixing " and the mass mA0 of the dark photon) is
best spanned in two regions according on whether the mass mA0 is larger or smaller than twice the
mass of the electron: Roughly 1 MeV.

3.1.1 Constraints for mA0 > 1 MeV with A0 decays to visible final states

Two kinds of experiments provide the existing limits on the visible massive dark photon in the region
of mA0 > 1 MeV: experiments at colliders and at fixed-target or beam dumps. In both cases
the experiments search for resonances over a smooth background, with a vertex prompt or slightly
displaced with respect to the beam interaction point in case of collider, or highly displaced in case
of beam dump based experiments. The two categories are highly complementary, being the first
category mostly sensitive to relatively large values of the mixing parameter ", (" > 10�3) and the
dark photon mass (up to several tens of GeV for pp collider experiments), while the second is sensitive
to relatively small values (10�7 ⇠< " ⇠< 10�3) in the low mass range, mA0 less than few GeV.

• Experiments at colliders. These experiments search for resonances in the invariant mass dis-
tribution of e+e�, µ+µ� pairs. Different dark-photon production mechanisms are used in the
different experiments: meson decays (⇡0 ! �A0, NA48/2 [184]), Bremsstrahlung (e�Z !
e�ZA0, A1 [176]), annihilation (e+e� ! �A0, BaBar [179]), and all these processes in differ-
ent searches at KLOE [180, 181, 182, 183]. In a proton-proton (pp) collider the dark photon
is produced via the � � A0 mixing in all the processes where an off-shell photon �⇤ with mass
m(�⇤) is produced: meson decays, Bremsstrahlung, and Drell-Yan production. LHCb [210, 177]
has performed a search for dark photon decaying in µ+µ� final states using 1.6 fb�1 of data
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Figure 3.3: Existing limits on the massive dark photon for mA0 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (A1 [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), ⌫-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g � 2)e [194] are also included.

signals released in direct detection dark matter experiments. The experimental limits in the case of
the invisible dark photon are discussed in section 3.1.3 below.

3.1 Limits on the parameters " and mA0

As discussed, the space of the parameters (the mixing " and the mass mA0 of the dark photon) is
best spanned in two regions according on whether the mass mA0 is larger or smaller than twice the
mass of the electron: Roughly 1 MeV.

3.1.1 Constraints for mA0 > 1 MeV with A0 decays to visible final states

Two kinds of experiments provide the existing limits on the visible massive dark photon in the region
of mA0 > 1 MeV: experiments at colliders and at fixed-target or beam dumps. In both cases
the experiments search for resonances over a smooth background, with a vertex prompt or slightly
displaced with respect to the beam interaction point in case of collider, or highly displaced in case
of beam dump based experiments. The two categories are highly complementary, being the first
category mostly sensitive to relatively large values of the mixing parameter ", (" > 10�3) and the
dark photon mass (up to several tens of GeV for pp collider experiments), while the second is sensitive
to relatively small values (10�7 ⇠< " ⇠< 10�3) in the low mass range, mA0 less than few GeV.

• Experiments at colliders. These experiments search for resonances in the invariant mass dis-
tribution of e+e�, µ+µ� pairs. Different dark-photon production mechanisms are used in the
different experiments: meson decays (⇡0 ! �A0, NA48/2 [184]), Bremsstrahlung (e�Z !
e�ZA0, A1 [176]), annihilation (e+e� ! �A0, BaBar [179]), and all these processes in differ-
ent searches at KLOE [180, 181, 182, 183]. In a proton-proton (pp) collider the dark photon
is produced via the � � A0 mixing in all the processes where an off-shell photon �⇤ with mass
m(�⇤) is produced: meson decays, Bremsstrahlung, and Drell-Yan production. LHCb [210, 177]
has performed a search for dark photon decaying in µ+µ� final states using 1.6 fb�1 of data
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Figure 3.4: Colored curves are projections for existing and proposed experiments on the massive dark
photon for mA0 > 1 MeV: Belle-II [195] at SuperKEKb; LHCb upgrade [196, 197] at the LHC; NA62 in dump
mode [198] and NA64(e)++ [131] at the SPS; FASER and FASER2 [199] at the LHC; SeaQuest [200] at
Fermilab; HPS [201] at JLAB; an NA64-like experiment at AWAKE [202], and an experiment dedicated to
dark photon searches at MESA [203, 204]. For masses above 10 GeV projections obtained for ATLAS/CMS
during the high luminosity phase of the LHC (HL-LHC [205]) and for experiments running at a future FCC-
ee [206], LHeC/FCC-eh [207], and FCC-hh [205] are also shown. The vertical red line shows the allowed
range of couplings of a new gauge boson X to electrons that could explain the 8Be anomaly [208, 209]. The
existing limits are shown as gray areas. The bottom plot is revised from [14].

collected at the LHC pp collisions at 13 TeV centre-of-mass energy. CMS [178] has performed
the same search using 137 fb�1 of fully reconstructed data and 96.6 fb�1 of data collected
with a reduced trigger information.

Fig. 3.3 shows the existing limits for NA48/2, A1, LHCb, and BaBar; only one set of limits
from KLOE is shown since the others have been superseded by the limits from BaBar.

• Beam-dump experiments. These experiments use the collisions of an electron or proton beam
with a fixed-target or a dump to generate the dark photon via Bremsstrahlung (electron and
proton beams), meson production and QCD processes (proton beams only). The products
of the collisions are mostly absorbed in the dump and the dark photon is searched for as a
displaced vertex with two opposite charged tracks in the decay volume of the experiment.

Fig. 3.3 shows the limits from experiments at extracted electron beams (E141 [186] and
E137 [187, 188, 189] at SLAC, E774 [185] at Fermilab) and at extracted proton beams from
CHARM at CERN ([192] based on CHARM data [211]).

In addition, bounds on energy losses in supernovae provide further limits in the region of small
masses. These limits where discussed in [212, 213] and updated in [193, 214] by including the effect
of finite temperature and plasma density.

Also the electron magnetic moment, with its very precise experimental determination, can be
used to set an indirect limit [194]. These limits are included in Fig. 3.3.

Recent constraints from ATLAS [215, 216] and CMS [217] would nominally cover the interesting
region around 1 GeV for " between 10�6 and 10�2 but unfortunately they have been framed within
a restrictive model and are not on the same footing that the limits included in Fig. 3.3.
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Dark photon searches

Decay into leptons: Long-lived searches

Coherent interaction with 
nuclei of fixed target
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Dark photon model

Massive dark photon      coupling to hyper charge:

L � � ✏

2 cos ✓W
F 0
µ⌫B

µ⌫ ! ✏

2
F 0
µ⌫F

µ⌫

Lint � �e✏JµA0
µ

A0
µ

Induces interaction to matter current:

⇒ dark photon interacts with SM fermions just as a photon 
but suppressed by   .✏

LA0� = �g�A
0
µ�̄�

µ�

Interaction to dark matter, e.g.:



Dark matter searches

Price for both producing DM (rare process) and detecting its scattering (rare process): 

Nsignal∝𝜀4

Can we “skip” the detection part?

Beam-dump drawback
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• Missing energy strategy:

• Dark matter detection:
Dark photon decays

• The dark photon couples democratically to charged particles via kinetic mixing
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Dark photon decays

• The dark photon couples democratically to charged particles via kinetic mixing
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Dark photon decays

• The dark photon couples democratically to charged particles via kinetic mixing
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Dark photon decays

• The dark photon couples democratically to charged particles via kinetic mixing
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Dark matter searches
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FIG. 4: The top row shows the NA64 limits in the (y;m�) plane obtained for ↵D = 0.5 (left panel) and ↵D = 0.1 (right panel)
from the full 2016-2018 data set. The bottom row shows the NA64 constraints in the (↵D;m�) plane on the pseudo-Dirac (left
panel) and Majorana (right panel) DM. The limits are shown in in comparison with bounds obtained in Refs.[12, 13, 25–27]
from the results of the LSND [24, 34], E137 [35], MiniBooNE [37], BABAR [39], and direct detection [57] experiments. The
favored parameters to account for the observed relic DM density for the scalar, pseudo-Dirac and Majorana type of light DM
are shown as the lowest solid line in top plots; see, e.g. [16].

[36, 38], which was the dominant source of systematic
uncertainties on the expected number of signal events.
The total signal e�ciency ✏A0 for high- (low-) intensity
runs varied from 0.53± 0.09 (0.69±0.09) to 0.48±0.08
(0.55±0.07) decreasing for the higher A0 masses.

Using constraints on the cross section of the DM an-
nihilation freeze-out [see Eq.(2)], and obtained limits on
mixing strength, one can derive constraints on the LDM
models, which are shown in the (y;m�) and (↵D;m�)
planes in Fig. 4 for masses m� . 1 GeV. On the same
plot one can also see the favored y parameter curves for
scalar, pseudo-Dirac (with a small splitting) and Majo-
rana scenario of LDM obtained by taking into account the
observed relic DM density [16]. The limits on the variable
y are calculated under the convention ↵D = 0.1 and 0.5,
and mA0 = 3m� [13, 14] and shown also for comparison
with bounds from other experiments. This choice of the
↵D region is compatible with the bounds derived based

on the running of the dark gauge coupling arguments of
Refs. [49, 58]. It should be noted that for smaller values
of ↵D the NA64 limits will be stronger, due to the fact
that the signal rate in our case scales as ✏2, instead of
✏4↵D as for beam dump searches. The bounds on ↵D for
the case of pseudo-Dirac fermions shown in Fig. 4 (left
panel in the bottom row) were calculated by taking the
value f = 0.25, while for the Majorana case (right panel)
the value f = 3 in Eq.(2) [38] was used [59]. One can
see that using the NA64 approach allows us to obtain
more stringent bounds on ✏, y, ↵D for the mass range
m� . 0.1 GeV than the limits obtained from the results
of classical beam dump experiments, thus, demonstrating
its power for the dark matter search. Further improving
of the sensitivity is expected after the NA64 detector up-
grade.
We gratefully acknowledge the support of the CERN
management and sta↵ and the technical sta↵s of the
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Decay into dark matter:



• Common benchmark: dark photon, kinetic mixing

• Lifetime range from prompt to long-lived
• Intensity frontier: B-factories and fixed target experiments

• Prompt searches background-limited

• Long-lived searches luminosity- and baseline-limited

• Fixed target experiments: dark matter search beyond
  missing energy

Summary on light dark matter searches


