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Few words about me … �

Deborah Pinna

- Scientist at University of Wisconsin-Madison (based 

at CERN)

- PhD in Zurich at UZH

- originally from Sardinia (Italy)


Research

- Searches for Dark Matter, Beyond the Standard 

Model particles and Standard Model measurements 
at the CMS Experiment


Hobbies

- climbing, painting, traveling
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Dark matter, why? �

r

v(r) =
GM(r)

r

rr

Different empirical evidence of DM from astrophysical observations at different scales


- first indication from Zwicky’s dispersion velocity measurements of galaxies in Coma 
cluster


- existence of DM confirmed by measurements of stars and gas circular velocities within a 
galaxy by Ford and Rubin


- from Newtonian dynamics expected velocity v(r) of these objects: 


\
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Different empirical evidence of DM from astrophysical observations at different scales


- first indication from Zwicky’s dispersion velocity measurements of galaxies in Coma 
cluster


- existence of DM confirmed by measurements of stars and gas circular velocities within a 
galaxy by Ford and Rubin


- from Newtonian dynamics expected velocity v(r) of these objects: 
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disk

observed

Is this what we measured?

- v ≈ const. → M ∝ r

- non-luminous matter halo with spherical 

distribution in galaxy outer part

halo

Dark matter, why? �
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Different empirical evidence of DM from astrophysical observations at different scales


- previous examples are based on gravity description, many attempt to explain by 
Modified Newtonian Dynamics (MOND)


- from gravitational lensing confirmation of non-luminous matter presence in the universe


Merging of two clusters of galaxies


- stars behave as collisionless particles 
(orange and white)


- intracluster hot gas experiences ram 
pressure, distributed toward the system 
centre after collision (pink clumps)


Dark matter, why? �
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- From lensing highest mass density 
regions shown by blue regions
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Merging of two clusters of galaxies


- stars behave as collisionless particles 
(orange and white)


- intracluster hot gas experiences ram 
pressure, distributed toward the system 
centre after collision (pink clumps)


- From lensing highest mass density 
regions shown by blue regions

- If only visible matter in galaxies the highest mass concentration would coincide 
with hot gas distribution


- The observed separation points to presence of collisionless DM. This without 
assumptions on gravitational force law description

Dark matter, why? �
Different empirical evidence of DM from astrophysical observations at different scales


- previous examples are based on gravity description, many attempt to explain by 
Modified Newtonian Dynamics (MOND)


- from gravitational lensing confirmation of non-luminous matter presence in the universe
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What do we know about DM?�

dark matter

DM characteristics


- stable - on cosmological scale, relic density


- electrically neutral - does not significantly emit, reflect, 
or absorb light


- massive - interacts gravitationally


- not made of baryons (protons, neutrons) - 25% of our 
universe is made of DM from Cosmic Microwave


A possible DM candidate in the Standard Model?
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What’s beyond the Standard Model for DM?�
Recap


Empirical evidence of DM from astrophysical observations at different scales

- interacts gravitationally, long lived and neutral

- no information about its nature


We saw what DM cannot be, but what can be DM?


- most studied class of theories: let’s assume DM is a weakly interacting massive particle

SM

SM

SM

SM

SM

SM

Assuming DM-SM interactions enables different searches:


- indirect detection, 
search for stable final SM products (neutrinos, gamma rays, positrons, 
antiprotons and their antiparticles) from annihilation of DM particles 


- direct detection,  
search for nuclear recoils produced in the elastic scattering of DM 
particles on nuclei


- colliders,  
search for DM particles produced in high energy collisions 
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Complementarity essential: eg. info about lifetime in case of DM 
discovery at colliders (~10-7s), particle properties compared with 
cosmological constraints

SM

SM

SM

SM

SM
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- electron (muon), from tracks in inner tracker and energy in calorimeter (track in muon spectrometer) 


- photon, from energy deposits in electromagnetic calorimeter 


- jets from quarks and gluons, produced partons hadronize in colour-neutral particles groups, so-called 
jet. Parton energy and momentum reconstructed clustering all particles from hadronization

inner tracker calorimeter magnet muon system

￼22

How can we detect particles at colliders?�
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How can we detect particles at colliders?�
inner tracker calorimeter magnet muon system

- electron (muon), from tracks in inner tracker and energy in calorimeter (track in muon spectrometer) 


- photon, from energy deposits in electromagnetic calorimeter


- jets from quarks and gluons, produced partons hadronize in colour-neutral particles groups, so-called 
jet. Parton energy and momentum reconstructed clustering all particles from hadronization


- Dark matter?
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How can we detect particles at colliders?�

dark matter

Properties


- stable


- electrically neutral 


- massive 
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DM signature at colliders�
DM could be produced at colliders (rare process)


- no direct trace in the detector, but could create a pT 
imbalance (MET)


- conservation of momentum:


- no information about longitudinal momentum of 
colliding partons


- but total initial parton pT=0


- need to be conserved after the collision￼ 


- if ￼  some particles escaped the detector 

carrying ￼ 


- ￼  = missing transverse energy (MET)


to see the invisible we need the visible …


- need visible particle to which DM particle recoils against


- “mono-X searches”: X includes jets, vector bosons, top, …


∑ p T = 0

∑ p T! = 0

Emiss
T = − ∑ p T

| Emiss
T |

DM

top

DM

DM

MET
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Dark matter phenomenology: guess “who”�

We do not have information about the DM nature, how to discover DM?


- we can remain very general and make very little assumptions


- eg. for this board: “is it a 2D shape?”

- we can make be make more assumptions and tests more specific models


- eg. for this board: “is it a 2D shape, yellow color and with only 90° angles?”
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Beyond SM mediator


- one new mediator (spin-1 or spin-0), one DM particle


- set of parameters (mDM, mmed, gq, gDM) 


Higgs portal DM

- the SM-DM mediator could be the Higgs boson (spin-0)


- Higgs decay branching fractions not yet sufficiently constrained


SUSY models


- see more on N. Strobbe’s talk


￼33

Dark matter? phenomenology at colliders�
simpler
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more complex
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choose X to increase xsec or bkg 
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DM

DM
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Simplified 
models:  

SM/BSM 
mediator
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Complete 
models:  

eg. MSSM

Beyond SM mediator


- one new mediator (spin-1 or spin-0), one DM particle


- set of parameters (mDM, mmed, gq, gDM) 


Higgs portal DM

- the SM-DM mediator could be the Higgs boson (spin-0)


- Higgs decay branching fractions not yet sufficiently constrained


SUSY models


￼35
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Recap


- DM could be produced at colliders, rare process


- long lived and neutral, will appear as MET


Signature: which DM process we want to study? 


- phenomenology, eg. simplified model


- X visible particles, which decays?


- allow to identify main characteristics of process of interest 
(signal)

How do we search for DM at colliders?�

￼36
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Figure 1: Example Feynman graphs for the DMSIMP model with a spin-1 mediator (Z0, left)
and spin-0 mediator (f, right). DM particles are produced via a mediator that couples to SM
quarks. Jets are produced from initial state radiation. Note that while all quark flavours could
contribute to the loop on the right-hand side, only top quarks give a significant contribution.

values:
L ⇢ Â

q
Z
0
µq̄gµ(g

V

q � g
A

q g5)q � Z
0
µc̄gµ(g

V

DM
� g

A

DM
g5)c , (1)

where Z
0
µ is the DM mediator, c is the DM candidate, and q/q̄ denote the SM quarks. The free

parameters are the masses mmed and mDM of mediator and DM candidate, as well as the four
coupling parameters g

V
q , g

A
q , g

V

DM
and g

A

DM
, which define the chiral properties of the mediator

coupling to the SM quarks and DM candidate. This interaction structure is a generalized ver-
sion of the SM Z boson, which couples to SM fermions with a mixture of axial-vector (A) and
vector (V) couplings. In order to simplify the parameter space, only mediators with pure A
couplings (gA

q 6= 0, g
A

DM
6= 0, but g

V
q = g

V

DM
= 0) or pure V couplings (gV

q 6= 0, g
V

DM
6= 0, but

g
A
q = g

A

DM
= 0) are considered. Additionally the quark couplings are assumed to be identical

for all quark flavours. The coupling shorthands gq and gDM are used to represent the A or V
couplings in either case:

LV ⇢ gq Â
q

Z
0
µq̄gµq � gDMZ

0
µc̄gµc , (2)

and
LA ⇢ �gq Â

q
Z
0
µq̄gµg5q + gDMZ

0
µc̄gµg5c . (3)

This choice of couplings reduces the number of free parameters to four: mDM, mmed, gq and297

gDM.298

In a similar manner to the separation of the vector and axial-vector components of the cou-299

plings of the spin-1 mediator, separate scalar (S) and pseudo-scalar (P) coupling scenarios are300

considered for the spin-0 mediator. The MFV assumption is implemented by requiring the cou-301

plings of the mediator to the quarks be proportional to yq =
p

2mq/v, where v = 246 GeV is302

the vacuum expectation value of the SM Higgs boson:303

LS ⇢ �
gqp

2 Â
q

Fyqq̄q � gDMFc̄c , (4)

LP ⇢ �i
gqp

2 Â
q

Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305

jet
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Pre-selection


- in this case, large values of MET (from DM), 
1 jet with high pT (for energy conservation), 
no jets from b-quarks
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How do we search for DM at colliders?�
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Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305
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Figure 1: Example Feynman graphs for the DMSIMP model with a spin-1 mediator (Z0, left)
and spin-0 mediator (f, right). DM particles are produced via a mediator that couples to SM
quarks. Jets are produced from initial state radiation. Note that while all quark flavours could
contribute to the loop on the right-hand side, only top quarks give a significant contribution.

values:
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q
Z
0
µq̄gµ(g

V

q � g
A

q g5)q � Z
0
µc̄gµ(g

V

DM
� g

A

DM
g5)c , (1)

where Z
0
µ is the DM mediator, c is the DM candidate, and q/q̄ denote the SM quarks. The free

parameters are the masses mmed and mDM of mediator and DM candidate, as well as the four
coupling parameters g

V
q , g

A
q , g

V

DM
and g

A

DM
, which define the chiral properties of the mediator

coupling to the SM quarks and DM candidate. This interaction structure is a generalized ver-
sion of the SM Z boson, which couples to SM fermions with a mixture of axial-vector (A) and
vector (V) couplings. In order to simplify the parameter space, only mediators with pure A
couplings (gA

q 6= 0, g
A

DM
6= 0, but g

V
q = g

V

DM
= 0) or pure V couplings (gV

q 6= 0, g
V

DM
6= 0, but

g
A
q = g

A

DM
= 0) are considered. Additionally the quark couplings are assumed to be identical

for all quark flavours. The coupling shorthands gq and gDM are used to represent the A or V
couplings in either case:

LV ⇢ gq Â
q

Z
0
µq̄gµq � gDMZ

0
µc̄gµc , (2)

and
LA ⇢ �gq Â

q
Z
0
µq̄gµg5q + gDMZ

0
µc̄gµg5c . (3)

This choice of couplings reduces the number of free parameters to four: mDM, mmed, gq and297

gDM.298

In a similar manner to the separation of the vector and axial-vector components of the cou-299

plings of the spin-1 mediator, separate scalar (S) and pseudo-scalar (P) coupling scenarios are300

considered for the spin-0 mediator. The MFV assumption is implemented by requiring the cou-301

plings of the mediator to the quarks be proportional to yq =
p

2mq/v, where v = 246 GeV is302

the vacuum expectation value of the SM Higgs boson:303

LS ⇢ �
gqp

2 Â
q

Fyqq̄q � gDMFc̄c , (4)

LP ⇢ �i
gqp

2 Â
q

Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305
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Figure 2.4: Leading order Feynman diagrams for DY+jets production with two oppositely charged, same
flavour leptons and two b jets in the final state.

Process Order calculation Value (fb)
‡ (pp æ ZZ + X) ◊ BR(Z æ ll̄, Z æ bb̄), M(ll) > 40 GeV NLO 65

‡ (pp æ Z + jets) ◊ BR(Z æ ll̄) NNLO 3.048 · 106

‡
!
pp æ tt̄

"
NNLL 1.65 · 105

‡ (pp æ t) (t ≠ channel) NLO 4.192 · 104

‡ (pp æ t) (s ≠ channel) NLO 3.19 · 103

‡ (pp æ t) (tW ≠ channel) NLO 7.87 · 103

‡
!
pp æ t̄

"
(t ≠ channel) NLO 2.265 · 104

‡
!
pp æ t̄

"
(s ≠ channel) NLO 1.44 · 103

‡
!
pp æ t̄

"
(tW ≠ channel) NLO 7.87 · 103

Table 2.3: Cross sections for DY+jets, calculated using FEWZ code [18], tt̄ [19] and single top processes
(s-channel [20], t-channel [21], tW-channel [22]), which constitute the main backgrounds for this work. In the
table the orders of cross section calculation are also presented.

In fact there are two jets and two oppositely charged leptons which come from di�erent W
bosons or are the result of mis-identifications. Furthermore, in these events large missing
transverse energy can be observed due to neutrinos in the final state.

The background cross sections at
Ô

s = 7 TeV, predicted by theory at the highest order
available, are shown in Table 2.3. The background processes cross sections are orders of
magnitude higher than the signal cross section for the final state of interest, as can be seen
in Table 2.3. lThis makes it very challenging to extract evidence of Z diboson events from
data. The analysis strategy used to separate signal from the overwhelming background is
presented in Chap. 5.

2.3.3 Previous results

Prior to the LHC, diboson searches have been undertaken at the Large Electron-Positron
(LEP) collider [23, 24] at CERN and at the Tevatron collider [25] at Fermilab. LEP is
an electron-positron collider with a center of mass energy

Ô
s up to about 200 GeV, while

Tevatron is a proton-antiproton collider with
Ô

s = 1.96 TeV.
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Figure 1: Example Feynman graphs for the DMSIMP model with a spin-1 mediator (Z0, left)
and spin-0 mediator (f, right). DM particles are produced via a mediator that couples to SM
quarks. Jets are produced from initial state radiation. Note that while all quark flavours could
contribute to the loop on the right-hand side, only top quarks give a significant contribution.

values:
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q
Z
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µq̄gµ(g

V

q � g
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q g5)q � Z
0
µc̄gµ(g

V

DM
� g

A

DM
g5)c , (1)

where Z
0
µ is the DM mediator, c is the DM candidate, and q/q̄ denote the SM quarks. The free

parameters are the masses mmed and mDM of mediator and DM candidate, as well as the four
coupling parameters g

V
q , g

A
q , g

V

DM
and g

A

DM
, which define the chiral properties of the mediator

coupling to the SM quarks and DM candidate. This interaction structure is a generalized ver-
sion of the SM Z boson, which couples to SM fermions with a mixture of axial-vector (A) and
vector (V) couplings. In order to simplify the parameter space, only mediators with pure A
couplings (gA

q 6= 0, g
A

DM
6= 0, but g

V
q = g

V

DM
= 0) or pure V couplings (gV

q 6= 0, g
V

DM
6= 0, but

g
A
q = g

A

DM
= 0) are considered. Additionally the quark couplings are assumed to be identical

for all quark flavours. The coupling shorthands gq and gDM are used to represent the A or V
couplings in either case:

LV ⇢ gq Â
q

Z
0
µq̄gµq � gDMZ

0
µc̄gµc , (2)

and
LA ⇢ �gq Â

q
Z
0
µq̄gµg5q + gDMZ

0
µc̄gµg5c . (3)

This choice of couplings reduces the number of free parameters to four: mDM, mmed, gq and297

gDM.298

In a similar manner to the separation of the vector and axial-vector components of the cou-299

plings of the spin-1 mediator, separate scalar (S) and pseudo-scalar (P) coupling scenarios are300

considered for the spin-0 mediator. The MFV assumption is implemented by requiring the cou-301

plings of the mediator to the quarks be proportional to yq =
p

2mq/v, where v = 246 GeV is302

the vacuum expectation value of the SM Higgs boson:303

LS ⇢ �
gqp

2 Â
q

Fyqq̄q � gDMFc̄c , (4)

LP ⇢ �i
gqp

2 Â
q

Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305
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Figure 2.4: Leading order Feynman diagrams for DY+jets production with two oppositely charged, same
flavour leptons and two b jets in the final state.

Process Order calculation Value (fb)
‡ (pp æ ZZ + X) ◊ BR(Z æ ll̄, Z æ bb̄), M(ll) > 40 GeV NLO 65

‡ (pp æ Z + jets) ◊ BR(Z æ ll̄) NNLO 3.048 · 106

‡
!
pp æ tt̄

"
NNLL 1.65 · 105

‡ (pp æ t) (t ≠ channel) NLO 4.192 · 104

‡ (pp æ t) (s ≠ channel) NLO 3.19 · 103

‡ (pp æ t) (tW ≠ channel) NLO 7.87 · 103

‡
!
pp æ t̄

"
(t ≠ channel) NLO 2.265 · 104

‡
!
pp æ t̄

"
(s ≠ channel) NLO 1.44 · 103

‡
!
pp æ t̄

"
(tW ≠ channel) NLO 7.87 · 103

Table 2.3: Cross sections for DY+jets, calculated using FEWZ code [18], tt̄ [19] and single top processes
(s-channel [20], t-channel [21], tW-channel [22]), which constitute the main backgrounds for this work. In the
table the orders of cross section calculation are also presented.

In fact there are two jets and two oppositely charged leptons which come from di�erent W
bosons or are the result of mis-identifications. Furthermore, in these events large missing
transverse energy can be observed due to neutrinos in the final state.

The background cross sections at
Ô

s = 7 TeV, predicted by theory at the highest order
available, are shown in Table 2.3. The background processes cross sections are orders of
magnitude higher than the signal cross section for the final state of interest, as can be seen
in Table 2.3. lThis makes it very challenging to extract evidence of Z diboson events from
data. The analysis strategy used to separate signal from the overwhelming background is
presented in Chap. 5.

2.3.3 Previous results

Prior to the LHC, diboson searches have been undertaken at the Large Electron-Positron
(LEP) collider [23, 24] at CERN and at the Tevatron collider [25] at Fermilab. LEP is
an electron-positron collider with a center of mass energy

Ô
s up to about 200 GeV, while

Tevatron is a proton-antiproton collider with
Ô

s = 1.96 TeV.
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Figure 1: Example Feynman graphs for the DMSIMP model with a spin-1 mediator (Z0, left)
and spin-0 mediator (f, right). DM particles are produced via a mediator that couples to SM
quarks. Jets are produced from initial state radiation. Note that while all quark flavours could
contribute to the loop on the right-hand side, only top quarks give a significant contribution.

values:
L ⇢ Â

q
Z
0
µq̄gµ(g

V

q � g
A

q g5)q � Z
0
µc̄gµ(g

V

DM
� g

A

DM
g5)c , (1)

where Z
0
µ is the DM mediator, c is the DM candidate, and q/q̄ denote the SM quarks. The free

parameters are the masses mmed and mDM of mediator and DM candidate, as well as the four
coupling parameters g

V
q , g

A
q , g

V

DM
and g

A

DM
, which define the chiral properties of the mediator

coupling to the SM quarks and DM candidate. This interaction structure is a generalized ver-
sion of the SM Z boson, which couples to SM fermions with a mixture of axial-vector (A) and
vector (V) couplings. In order to simplify the parameter space, only mediators with pure A
couplings (gA

q 6= 0, g
A

DM
6= 0, but g

V
q = g

V

DM
= 0) or pure V couplings (gV

q 6= 0, g
V

DM
6= 0, but

g
A
q = g

A

DM
= 0) are considered. Additionally the quark couplings are assumed to be identical

for all quark flavours. The coupling shorthands gq and gDM are used to represent the A or V
couplings in either case:

LV ⇢ gq Â
q

Z
0
µq̄gµq � gDMZ

0
µc̄gµc , (2)

and
LA ⇢ �gq Â

q
Z
0
µq̄gµg5q + gDMZ

0
µc̄gµg5c . (3)

This choice of couplings reduces the number of free parameters to four: mDM, mmed, gq and297

gDM.298

In a similar manner to the separation of the vector and axial-vector components of the cou-299

plings of the spin-1 mediator, separate scalar (S) and pseudo-scalar (P) coupling scenarios are300

considered for the spin-0 mediator. The MFV assumption is implemented by requiring the cou-301

plings of the mediator to the quarks be proportional to yq =
p

2mq/v, where v = 246 GeV is302

the vacuum expectation value of the SM Higgs boson:303

LS ⇢ �
gqp

2 Â
q

Fyqq̄q � gDMFc̄c , (4)

LP ⇢ �i
gqp

2 Â
q

Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305
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Figure 2.4: Leading order Feynman diagrams for DY+jets production with two oppositely charged, same
flavour leptons and two b jets in the final state.

Process Order calculation Value (fb)
‡ (pp æ ZZ + X) ◊ BR(Z æ ll̄, Z æ bb̄), M(ll) > 40 GeV NLO 65

‡ (pp æ Z + jets) ◊ BR(Z æ ll̄) NNLO 3.048 · 106

‡
!
pp æ tt̄

"
NNLL 1.65 · 105

‡ (pp æ t) (t ≠ channel) NLO 4.192 · 104

‡ (pp æ t) (s ≠ channel) NLO 3.19 · 103

‡ (pp æ t) (tW ≠ channel) NLO 7.87 · 103

‡
!
pp æ t̄

"
(t ≠ channel) NLO 2.265 · 104

‡
!
pp æ t̄

"
(s ≠ channel) NLO 1.44 · 103

‡
!
pp æ t̄

"
(tW ≠ channel) NLO 7.87 · 103

Table 2.3: Cross sections for DY+jets, calculated using FEWZ code [18], tt̄ [19] and single top processes
(s-channel [20], t-channel [21], tW-channel [22]), which constitute the main backgrounds for this work. In the
table the orders of cross section calculation are also presented.

In fact there are two jets and two oppositely charged leptons which come from di�erent W
bosons or are the result of mis-identifications. Furthermore, in these events large missing
transverse energy can be observed due to neutrinos in the final state.

The background cross sections at
Ô

s = 7 TeV, predicted by theory at the highest order
available, are shown in Table 2.3. The background processes cross sections are orders of
magnitude higher than the signal cross section for the final state of interest, as can be seen
in Table 2.3. lThis makes it very challenging to extract evidence of Z diboson events from
data. The analysis strategy used to separate signal from the overwhelming background is
presented in Chap. 5.

2.3.3 Previous results

Prior to the LHC, diboson searches have been undertaken at the Large Electron-Positron
(LEP) collider [23, 24] at CERN and at the Tevatron collider [25] at Fermilab. LEP is
an electron-positron collider with a center of mass energy

Ô
s up to about 200 GeV, while

Tevatron is a proton-antiproton collider with
Ô

s = 1.96 TeV.
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Figure 1: Example Feynman graphs for the DMSIMP model with a spin-1 mediator (Z0, left)
and spin-0 mediator (f, right). DM particles are produced via a mediator that couples to SM
quarks. Jets are produced from initial state radiation. Note that while all quark flavours could
contribute to the loop on the right-hand side, only top quarks give a significant contribution.

values:
L ⇢ Â

q
Z
0
µq̄gµ(g

V

q � g
A

q g5)q � Z
0
µc̄gµ(g

V

DM
� g

A

DM
g5)c , (1)

where Z
0
µ is the DM mediator, c is the DM candidate, and q/q̄ denote the SM quarks. The free

parameters are the masses mmed and mDM of mediator and DM candidate, as well as the four
coupling parameters g

V
q , g

A
q , g

V

DM
and g

A

DM
, which define the chiral properties of the mediator

coupling to the SM quarks and DM candidate. This interaction structure is a generalized ver-
sion of the SM Z boson, which couples to SM fermions with a mixture of axial-vector (A) and
vector (V) couplings. In order to simplify the parameter space, only mediators with pure A
couplings (gA

q 6= 0, g
A

DM
6= 0, but g

V
q = g

V

DM
= 0) or pure V couplings (gV

q 6= 0, g
V

DM
6= 0, but

g
A
q = g

A

DM
= 0) are considered. Additionally the quark couplings are assumed to be identical

for all quark flavours. The coupling shorthands gq and gDM are used to represent the A or V
couplings in either case:

LV ⇢ gq Â
q

Z
0
µq̄gµq � gDMZ

0
µc̄gµc , (2)

and
LA ⇢ �gq Â

q
Z
0
µq̄gµg5q + gDMZ

0
µc̄gµg5c . (3)

This choice of couplings reduces the number of free parameters to four: mDM, mmed, gq and297

gDM.298

In a similar manner to the separation of the vector and axial-vector components of the cou-299

plings of the spin-1 mediator, separate scalar (S) and pseudo-scalar (P) coupling scenarios are300

considered for the spin-0 mediator. The MFV assumption is implemented by requiring the cou-301

plings of the mediator to the quarks be proportional to yq =
p

2mq/v, where v = 246 GeV is302

the vacuum expectation value of the SM Higgs boson:303

LS ⇢ �
gqp

2 Â
q

Fyqq̄q � gDMFc̄c , (4)

LP ⇢ �i
gqp

2 Â
q

Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305
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Figure 2.4: Leading order Feynman diagrams for DY+jets production with two oppositely charged, same
flavour leptons and two b jets in the final state.

Process Order calculation Value (fb)
‡ (pp æ ZZ + X) ◊ BR(Z æ ll̄, Z æ bb̄), M(ll) > 40 GeV NLO 65

‡ (pp æ Z + jets) ◊ BR(Z æ ll̄) NNLO 3.048 · 106

‡
!
pp æ tt̄

"
NNLL 1.65 · 105

‡ (pp æ t) (t ≠ channel) NLO 4.192 · 104

‡ (pp æ t) (s ≠ channel) NLO 3.19 · 103

‡ (pp æ t) (tW ≠ channel) NLO 7.87 · 103

‡
!
pp æ t̄

"
(t ≠ channel) NLO 2.265 · 104

‡
!
pp æ t̄

"
(s ≠ channel) NLO 1.44 · 103

‡
!
pp æ t̄

"
(tW ≠ channel) NLO 7.87 · 103

Table 2.3: Cross sections for DY+jets, calculated using FEWZ code [18], tt̄ [19] and single top processes
(s-channel [20], t-channel [21], tW-channel [22]), which constitute the main backgrounds for this work. In the
table the orders of cross section calculation are also presented.

In fact there are two jets and two oppositely charged leptons which come from di�erent W
bosons or are the result of mis-identifications. Furthermore, in these events large missing
transverse energy can be observed due to neutrinos in the final state.

The background cross sections at
Ô

s = 7 TeV, predicted by theory at the highest order
available, are shown in Table 2.3. The background processes cross sections are orders of
magnitude higher than the signal cross section for the final state of interest, as can be seen
in Table 2.3. lThis makes it very challenging to extract evidence of Z diboson events from
data. The analysis strategy used to separate signal from the overwhelming background is
presented in Chap. 5.

2.3.3 Previous results

Prior to the LHC, diboson searches have been undertaken at the Large Electron-Positron
(LEP) collider [23, 24] at CERN and at the Tevatron collider [25] at Fermilab. LEP is
an electron-positron collider with a center of mass energy

Ô
s up to about 200 GeV, while

Tevatron is a proton-antiproton collider with
Ô

s = 1.96 TeV.
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Figure 5.7: Distributions of the number of jets and b-tagged jets, of the pT of the leading-, trailing-
in-pT jets, of the lepton and of Emiss

T for the 13 TeV hadronic channel after preselection. The solid
histograms for the simulated SM backgrounds are summed cumulatively and rescaled to luminosity.
The grey hatched band represents the associated total uncertainty. The data are represented by
solid points on which the horizontal bar indicates the width of the bin and the vertical one the
associated statical uncertainty. In the lower plots the ratio between data and the total SM background
is presented with the associated statistical uncertainty. One simulated signal model based on the
production process of Figure 5.1(a) is also included for comparison.
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Table 19: Expected event yields with 2.2 fb�1of data in the signal regions of the single-lepton
channel. The expected background is quoted from simulation (MC). The expected signal con-
tamination is quoted for two mc-Mf hypotheses. The errors on the expected background from
simulation include only statistical uncertainties.

SR E/T >160
TT 27.21 ± 1.17

WJets 4.80 ± 0.53
DY 0.13 ± 0.03

SingleTop 8.58 ± 1.25
QCD 0.00 ± 0.00

Z! nn 0.10 ± 0.07
ttV 3.20 ± 0.10
VV 2.10 ± 0.21

Backgrounds 46.12 ± 1.81
sc: Mc1 GeV, Mf10 GeV 9.10 ± 4.31

sc: Mc50 GeV, Mf300 GeV 0.98 ± 0.05
Data 50.00 ± 7.07
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Figure 35: Distribution of E/T used in the single-lepton (left) and hadronic (right) resolved chan-
nels for the respective shape analysis, normalized to in integrated luminosity of 1.32 fb�1.
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Figure 5.13: Distribution of �„(j1,2, Emiss
T ) after applying the hadronic preselection for the 13 TeV

analysis. The solid histograms for the simulated SM backgrounds are summed cumulatively and
rescaled to luminosity and the grey hatched band represents the associated statistical uncertainty.
The data are represented by solid points on which the horizontal bar indicates the width of the bin
and the vertical one the associated statical uncertainty. In the lower plots the ratio between data
and the total SM background is presented with the associated statistical uncertainty. One simulated
signal model based on the production process of Figure 5.1(a) is also included for comparison.

The selection criteria for �„(j1,..,6, E
miss
T ) is optimized, after preselection, to increase

expected significance for various DM signals and it is presented in Table 5.5.

5.3.4 Data-driven background estimate

In the presented analysis, SM background predictions in the SR are improved by em-
ploying CRs enriched in specific SM contributions. As mentioned above, the subdom-
inant SM backgrounds are estimated instead from simulation.

In the 13 TeV analysis, the E
miss
T distributions in the CRs and SR are fitted simul-

taneously in the signal extraction procedure, Section 6.2. This technique improves
the background estimation, constraining the predicted SR normalization via the back-
ground enriched regions. It also accounts for possible signal contamination in the CRs.

For the 8 TeV analysis, data-to-simulation scaling factors (SFs) are extracted from the
CRs. Two orthogonal CRs are defined, one enriched in the tt̄ background and another
dominated by W+jets events. In both regions, the remaining contributions from sub-
dominant backgrounds are subtracted from data. The SFs are calculated by matching
simultaneously to data the MT distribution in the tt̄ CR and the E

miss
T distribution

in the W+jets CR. In this procedure, the shapes of the simulated distributions are
maintained fixed constructing probability density functions (PDFs) and their normal-
izations are determined from data as parameters of the fit. The RooFit toolkit for data
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Recap


- DM could be produced at colliders, rare process


- long lived and neutral, will appear as MET


1- Selection


- many SM processes can have similar characteristics (or 
fake them) as the signal - SM background


- these SM processes are much more probable than signal

- require additional criteria to enhance the signal vs 

background - signal region (SR)
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gq gDM
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�

Figure 1: Example Feynman graphs for the DMSIMP model with a spin-1 mediator (Z0, left)
and spin-0 mediator (f, right). DM particles are produced via a mediator that couples to SM
quarks. Jets are produced from initial state radiation. Note that while all quark flavours could
contribute to the loop on the right-hand side, only top quarks give a significant contribution.

values:
L ⇢ Â

q
Z
0
µq̄gµ(g

V

q � g
A

q g5)q � Z
0
µc̄gµ(g

V

DM
� g

A

DM
g5)c , (1)

where Z
0
µ is the DM mediator, c is the DM candidate, and q/q̄ denote the SM quarks. The free

parameters are the masses mmed and mDM of mediator and DM candidate, as well as the four
coupling parameters g

V
q , g

A
q , g

V

DM
and g

A

DM
, which define the chiral properties of the mediator

coupling to the SM quarks and DM candidate. This interaction structure is a generalized ver-
sion of the SM Z boson, which couples to SM fermions with a mixture of axial-vector (A) and
vector (V) couplings. In order to simplify the parameter space, only mediators with pure A
couplings (gA

q 6= 0, g
A

DM
6= 0, but g

V
q = g

V

DM
= 0) or pure V couplings (gV

q 6= 0, g
V

DM
6= 0, but

g
A
q = g

A

DM
= 0) are considered. Additionally the quark couplings are assumed to be identical

for all quark flavours. The coupling shorthands gq and gDM are used to represent the A or V
couplings in either case:

LV ⇢ gq Â
q

Z
0
µq̄gµq � gDMZ

0
µc̄gµc , (2)

and
LA ⇢ �gq Â

q
Z
0
µq̄gµg5q + gDMZ

0
µc̄gµg5c . (3)

This choice of couplings reduces the number of free parameters to four: mDM, mmed, gq and297

gDM.298

In a similar manner to the separation of the vector and axial-vector components of the cou-299

plings of the spin-1 mediator, separate scalar (S) and pseudo-scalar (P) coupling scenarios are300

considered for the spin-0 mediator. The MFV assumption is implemented by requiring the cou-301

plings of the mediator to the quarks be proportional to yq =
p

2mq/v, where v = 246 GeV is302

the vacuum expectation value of the SM Higgs boson:303

LS ⇢ �
gqp

2 Â
q

Fyqq̄q � gDMFc̄c , (4)

LP ⇢ �i
gqp

2 Â
q

Fyqq̄g5q � igDMFc̄g5c , (5)

where F denotes the mediator. Like in the spin-1 case, this interaction is inspired by the familiar304

structure of the SM, in this case the Higgs interaction is a blueprint for the scalar mediator.305
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Figure 2.4: Leading order Feynman diagrams for DY+jets production with two oppositely charged, same
flavour leptons and two b jets in the final state.

Process Order calculation Value (fb)
‡ (pp æ ZZ + X) ◊ BR(Z æ ll̄, Z æ bb̄), M(ll) > 40 GeV NLO 65

‡ (pp æ Z + jets) ◊ BR(Z æ ll̄) NNLO 3.048 · 106

‡
!
pp æ tt̄

"
NNLL 1.65 · 105

‡ (pp æ t) (t ≠ channel) NLO 4.192 · 104

‡ (pp æ t) (s ≠ channel) NLO 3.19 · 103

‡ (pp æ t) (tW ≠ channel) NLO 7.87 · 103

‡
!
pp æ t̄

"
(t ≠ channel) NLO 2.265 · 104

‡
!
pp æ t̄

"
(s ≠ channel) NLO 1.44 · 103

‡
!
pp æ t̄

"
(tW ≠ channel) NLO 7.87 · 103

Table 2.3: Cross sections for DY+jets, calculated using FEWZ code [18], tt̄ [19] and single top processes
(s-channel [20], t-channel [21], tW-channel [22]), which constitute the main backgrounds for this work. In the
table the orders of cross section calculation are also presented.

In fact there are two jets and two oppositely charged leptons which come from di�erent W
bosons or are the result of mis-identifications. Furthermore, in these events large missing
transverse energy can be observed due to neutrinos in the final state.

The background cross sections at
Ô

s = 7 TeV, predicted by theory at the highest order
available, are shown in Table 2.3. The background processes cross sections are orders of
magnitude higher than the signal cross section for the final state of interest, as can be seen
in Table 2.3. lThis makes it very challenging to extract evidence of Z diboson events from
data. The analysis strategy used to separate signal from the overwhelming background is
presented in Chap. 5.

2.3.3 Previous results

Prior to the LHC, diboson searches have been undertaken at the Large Electron-Positron
(LEP) collider [23, 24] at CERN and at the Tevatron collider [25] at Fermilab. LEP is
an electron-positron collider with a center of mass energy

Ô
s up to about 200 GeV, while

Tevatron is a proton-antiproton collider with
Ô

s = 1.96 TeV.
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Figure 5.7: Distributions of the number of jets and b-tagged jets, of the pT of the leading-, trailing-
in-pT jets, of the lepton and of Emiss

T for the 13 TeV hadronic channel after preselection. The solid
histograms for the simulated SM backgrounds are summed cumulatively and rescaled to luminosity.
The grey hatched band represents the associated total uncertainty. The data are represented by
solid points on which the horizontal bar indicates the width of the bin and the vertical one the
associated statical uncertainty. In the lower plots the ratio between data and the total SM background
is presented with the associated statistical uncertainty. One simulated signal model based on the
production process of Figure 5.1(a) is also included for comparison.

74

10.1 Shape analysis 51

Table 19: Expected event yields with 2.2 fb�1of data in the signal regions of the single-lepton
channel. The expected background is quoted from simulation (MC). The expected signal con-
tamination is quoted for two mc-Mf hypotheses. The errors on the expected background from
simulation include only statistical uncertainties.

SR E/T >160
TT 27.21 ± 1.17

WJets 4.80 ± 0.53
DY 0.13 ± 0.03

SingleTop 8.58 ± 1.25
QCD 0.00 ± 0.00

Z! nn 0.10 ± 0.07
ttV 3.20 ± 0.10
VV 2.10 ± 0.21

Backgrounds 46.12 ± 1.81
sc: Mc1 GeV, Mf10 GeV 9.10 ± 4.31

sc: Mc50 GeV, Mf300 GeV 0.98 ± 0.05
Data 50.00 ± 7.07
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Figure 35: Distribution of E/T used in the single-lepton (left) and hadronic (right) resolved chan-
nels for the respective shape analysis, normalized to in integrated luminosity of 1.32 fb�1.
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Figure 5.13: Distribution of �„(j1,2, Emiss
T ) after applying the hadronic preselection for the 13 TeV

analysis. The solid histograms for the simulated SM backgrounds are summed cumulatively and
rescaled to luminosity and the grey hatched band represents the associated statistical uncertainty.
The data are represented by solid points on which the horizontal bar indicates the width of the bin
and the vertical one the associated statical uncertainty. In the lower plots the ratio between data
and the total SM background is presented with the associated statistical uncertainty. One simulated
signal model based on the production process of Figure 5.1(a) is also included for comparison.

The selection criteria for �„(j1,..,6, E
miss
T ) is optimized, after preselection, to increase

expected significance for various DM signals and it is presented in Table 5.5.

5.3.4 Data-driven background estimate

In the presented analysis, SM background predictions in the SR are improved by em-
ploying CRs enriched in specific SM contributions. As mentioned above, the subdom-
inant SM backgrounds are estimated instead from simulation.

In the 13 TeV analysis, the E
miss
T distributions in the CRs and SR are fitted simul-

taneously in the signal extraction procedure, Section 6.2. This technique improves
the background estimation, constraining the predicted SR normalization via the back-
ground enriched regions. It also accounts for possible signal contamination in the CRs.

For the 8 TeV analysis, data-to-simulation scaling factors (SFs) are extracted from the
CRs. Two orthogonal CRs are defined, one enriched in the tt̄ background and another
dominated by W+jets events. In both regions, the remaining contributions from sub-
dominant backgrounds are subtracted from data. The SFs are calculated by matching
simultaneously to data the MT distribution in the tt̄ CR and the E

miss
T distribution

in the W+jets CR. In this procedure, the shapes of the simulated distributions are
maintained fixed constructing probability density functions (PDFs) and their normal-
izations are determined from data as parameters of the fit. The RooFit toolkit for data
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Recap


- DM could be produced at colliders, rare process


- long lived and neutral, will appear as MET


2- Background


- DM production is a rare process. We need a precise modeling and evaluation of SM bkg 
in SR essential to “see” the signal


- Achieved through use of multiple control regions (CRs)


- CR definition: similar to the SR, good purity in bkg we want to check, no signal
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Table 19: Expected event yields with 2.2 fb�1of data in the signal regions of the single-lepton
channel. The expected background is quoted from simulation (MC). The expected signal con-
tamination is quoted for two mc-Mf hypotheses. The errors on the expected background from
simulation include only statistical uncertainties.

SR E/T >160
TT 27.21 ± 1.17

WJets 4.80 ± 0.53
DY 0.13 ± 0.03

SingleTop 8.58 ± 1.25
QCD 0.00 ± 0.00

Z! nn 0.10 ± 0.07
ttV 3.20 ± 0.10
VV 2.10 ± 0.21

Backgrounds 46.12 ± 1.81
sc: Mc1 GeV, Mf10 GeV 9.10 ± 4.31

sc: Mc50 GeV, Mf300 GeV 0.98 ± 0.05
Data 50.00 ± 7.07
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Figure 35: Distribution of E/T used in the single-lepton (left) and hadronic (right) resolved chan-
nels for the respective shape analysis, normalized to in integrated luminosity of 1.32 fb�1.
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Figure 28: Distributions of E/T in HAD-tt1l (top-left),HAD-QCD (top-right), HAD-Vjets
(central-left) , HAD-Wlnu (central-right) and HAD-Zll (bottom). The hatched region repre-
sents the statistical uncertainty in the background prediction. The error bars on the data-to-
background ratio take into account both the statistical uncertainty in data and in the back-
ground prediction. The horizontal bar on each data point indicates the width of the bin.
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Figure 28: Distributions of E/T in HAD-tt1l (top-left),HAD-QCD (top-right), HAD-Vjets
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ground prediction. The horizontal bar on each data point indicates the width of the bin.

tt(1l)

W+jets

signal region
control regions



 Deborah Pinna - UW  10 July 2024                                

How do we search for DM at colliders?�
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Recap


- DM could be produced at colliders, rare process


- long lived and neutral, will appear as MET


3- Results


- DM appears as excess of events in MET tail in SR wrt 
SM background


- no very striking signature, eg. mass peak, mT 

kinematic endpoint


- excess of events in data. Did we find DM? 


- no excess, interpret result in terms of model parameters 
Mmed
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±2σ
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Data analysis: strategy 
1. DM appear as event excess in MET tail wrt SM  

- look for excess in region enriched in signal 
(signal region - SR) 

2. Essential good modeling and evaluation of other 
processes in SR (background - bkg) 

- improve bkg description from region deprived of 
signal and enhanced in bkg (control region - CR) 

- CR must be kinematically similar to SR 

3. Compare SM predictions with data 

- excess of events in data. Did we find DM?  

                                                                        

SR

DM signal
SM bkg
data

MET

SM bkg
data

SM bkg
data

MET…

CRs

MET

26

DM signal
SM bkg
data

MET

SM bkg
data…MET

SM bkg
data

accurate E calibration/resolution of visible objects ("fake" MET from mis-measured jets)


precise particle reconstruction and identification


mitigate effects from additional pp collisions (pile-up) 


MET thresholds affected by trigger (very high collision rates)

Experimental challenges



Signature: large MET and ≥1 high-pT jet/vector boson

mono-jet mono-V(=W,Z)

DM

DM

V
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Reminder:


choose X to increase xsec or bkg rejection

vector axial-vector

gq
X

q

Vµq̄�
µq gq

X

q

Aµq̄�
µ�5q

choose X to exploit coupling ∝ to quark 
mass (or increase xsec)

scalar pseudoscalar
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�p
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yf f̄�
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1 - Selection: events categorized based on jet nature

MET > 250 GeV

≥ 1 jets, pT (j1) > 250 GeV

machine learning technique to 
identify V hadronic decays


categories based on MVA 
score


jet mass consistent with V

DM

DM

not selected as mono-V


≥ 1 jets, pT (j) > 100 GeV

b-tagged jets veto


DM

DM

mono-V mono-jet

DM+jet/V search�

2- Bkg: 

- Z(vv)+jets and W(lv)+jets from CRs


3- Results: combined fit of SRs, CRs


- systematic unc. included as nuisance 
parameters

CMS: EXO-20-004 

[large-cone jet,  
eg. R=0.8]J j [small-cone jet,  

eg. R=0.4]
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Figure 3: Comparison between data and the background prediction in the monojet signal re-
gions before and after the simultaneous fit. The fit includes all control samples and the signal
region in all categories and both data taking years, and the background-only fit model is used.
The resulting distributions are shown separately for 2017 (left) and 2018 (right column). Tem-
plates for two signal hypothesis are shown overlaid as dark blue and dark red solid lines. The
last bin includes the overflow. In the middle panels, ratios of data to the pre-fit background pre-
diction (red open points) and post-fit background prediction (blue solid points) are shown. The
gray band in the lower panels indicates the post-fit uncertainty after combining all the system-
atic uncertainties. Finally, the distribution of the pulls, defined as the difference between data
and the post-fit background prediction divided by the quadratic sum of the post-fit uncertainty
in the prediction and statistical uncertainty in data, is shown in the lower panels.
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Figure 4: Comparison between data and the background prediction in the mono-V signal re-
gions before and after the simultaneous fit. The fit includes all control samples and the signal
region in all categories and both data taking years, and the background-only fit model is used.
The resulting distributions are shown separately for 2017 (left column) and 2018 (right column),
as well as for the low- and high-purity categories (upper and lower rows, respectively).

signal region mono-V signal region mono-jet

prefit: as from simulation


post-fit: after allowing simulation to vary within 
unc and the scaling factors from CRs
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6. Results and interpretation 17

Figure 6: Exclusion limits at 95% CL on the signal strength µ = s/stheo in the mmed-mDM plane
for the coupling values of gq = 0.25, gc = 1.0 for an axial-vector (upper) or vector (lower) me-
diator. The blue solid line indicates the observed exclusion boundary µ = 1. The blue dashed
and dotted lines represent the expected exclusion and the the 68% confidence level interval
around the expected boundary, respectively. Parameter combinations with larger values of µ
(indicated by a darker shade in the color scale) are excluded. The observed exclusion reaches
up to mmed = 2.0 TeV for low values of mDM = 1 GeV (2.2 TeV expected). Yellow solid and
dashed lines represent the observed and expected exclusion boundaries from Ref. [20]. The
gray dashed line indicates the diagonal mmed = 2mDM, above which only off-shell mediator
production contributes to the jet+p

miss
T final state. The steep increase of the signal strength

limit above the diagonal leads to fluctuations of the exclusion contour, which are due to finite
precision in the interpolation method in this region. The gray solid lines represent parameter
combinations for which the simplified model reproduces the observed DM relic density in the
universe under the assumption of a thermal freeze-out mechanism [57, 76].

DM+jet/V search�

￼47
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Figure 7: Exclusion limits at 95% CL on the couplings gc (left) and gq (right) for an axial-vector
mediator. In each panel, the result is shown as a function of the mediator mass mmed, with the
mass of the DM candidate fixed to mDM = mmed/3. In either case, only one coupling is varied,
while the other coupling is fixed at its default value (gq = 0.25 or gc = 1.0).

Figure 8: Upper limits at 95% CL on the signal strength µ = s/stheo as a function of mmed for
scenarios with scalar (left) and pseudoscalar (right) mediators and coupling values of gq = 1.0,
gc = 1.0, for a constant value of mDM = 1 GeV. The red solid line indicates the exclusion
boundary µ = 1. In the case of a pseudoscalar mediator, mmed values up to 480 GeV are ex-
cluded (440 GeV expected).

Simplified pseudo model Simplified axial-vector model

μ=𝜎/𝜎th, μ=1 exclude the theory value, μ<1 exclude 

below theory value, μ>1 does not exclude theory value


parameter: cannot scan all parameters at once. Fixed 
ones only affect xsec but not kinematic (selection)

here μ=𝜎/𝜎th, in on z axis (notice here log10(μ))


parameter: here we scan 2 parameters at the time

CMS: EXO-20-004 

see also N. Strobbe’s talk

3- Results: interpretation in terms of DM model, upper limits at 95% CL on cross section

http://cds.cern.ch/record/2771676?ln=en
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Figure 7: Exclusion limits at 95% CL on the couplings gc (left) and gq (right) for an axial-vector
mediator. In each panel, the result is shown as a function of the mediator mass mmed, with the
mass of the DM candidate fixed to mDM = mmed/3. In either case, only one coupling is varied,
while the other coupling is fixed at its default value (gq = 0.25 or gc = 1.0).

Figure 8: Upper limits at 95% CL on the signal strength µ = s/stheo as a function of mmed for
scenarios with scalar (left) and pseudoscalar (right) mediators and coupling values of gq = 1.0,
gc = 1.0, for a constant value of mDM = 1 GeV. The red solid line indicates the exclusion
boundary µ = 1. In the case of a pseudoscalar mediator, mmed values up to 480 GeV are ex-
cluded (440 GeV expected).
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μ=𝜎/𝜎th, μ=1 exclude the theory value, μ<1 exclude 

below theory value, μ>1 does not exclude theory value
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ones only affect xsec but not kinematic (selection)

here μ=𝜎/𝜎th, in on z axis (notice here log10(μ))


parameter: here we scan 2 parameters at the time
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see also N. Strobbe’s talk

3- Results: interpretation in terms of DM model, upper limits at 95% CL on cross section
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3- Results: interpretation in terms of DM model, upper limits at 95% CL on cross section
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3- Results: interpretation in terms of DM model, upper limits at 95% CL on cross section
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DM particle non-relativistic: dominant DM-nuclei interactions described by spin-independent and spin-
dependent scattering cross section


vector/scalar mediator lead to a SI interaction

axial-vector/pseudo-scalar lead to SD interaction


comparison is very model dependent

DD bounds may be valid for multiple models, LHC limits hold exclusively for considered simpl. model

￼51

DM+jet/V: interplay with direct detection�

Comparison

comparisons 
recommendations 

[arXiv:1603.04156]
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A.2 Comparison of simplified model results to direct detection experiments813

The constraints placed on the s-channel simplified models imply bounds on the interaction814

cross section between DM candidates and nuclei. The fixed-coupling exclusion curves in the815

mmed-mDM plane are translated point-by-point using the formulae described in Ref. [76], which816

depends on the coupling choices gq = 0.25 and gc = 1.0 and depends on the specific signal817

model. The resulting curves in the mDM-sDM�nucleon plane are compared to the results from818

direct detection experiments (DD) in Fig. 18. Qualitatively, the result from this search is only819

weakly dependent on mDM so long as mDM < mmed/2, leading to stringent constraints also at820

low values of mDM. The sensitivity of most DD experiments is limited in this regime as the821

small value of mDM translates into a reduced signal-to-noise ratio for such experiments rela-822

tive to the case of more massive DM. Depending on the mediator coupling type, the resulting823

couplings between DM particles and nuclei are either spin dependent (axial-vector) or inde-824

pendent (vector couplings). In the spin dependent case, the sensitivity of DD experiments is825

limited relative to collider searches as a consequence of incoherence effects in the DM-nucleus826

scattering.827

Figure 18: Comparison of the simplified model constraints from this search (red line) to results
from direction detection experiments (blue lines). The comparison is shown separately for
vector (left) and axial-vector mediators (right), which translate into spin-independent and spin-
dependent DM-nucleon couplings.
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3- Results: lower limits at 90% CL on interaction cross section between DM candidates and the nuclei

https://arxiv.org/pdf/1603.04156.pdf
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DM particle non-relativistic: dominant DM-nuclei interactions described by spin-independent and spin-
dependent scattering cross section


vector/scalar mediator lead to a SI interaction

axial-vector/pseudo-scalar lead to SD interaction
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DD bounds may be valid for multiple models, LHC limits hold exclusively for considered simpl. model
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3- Results: lower limits at 90% CL on interaction cross section between DM candidates and the nuclei
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Simplified models�

￼53

2m
𝛘=

mZ’v

boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0
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channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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boson fusion (VBF) followed by the Higgs boson decay into DM particles can also lead to events with
large Emiss

T and two or more jets. Especially the ggH signal has a contribution comparable to or even
stronger than the VH process, since its cross section is about 20 times larger and the jets originating from
initial state radiation are more central than in the VBF process. The free parameter of this model is the
branching ratio BH!inv.. The cross sections for the di�erent Higgs boson production modes are taken to
be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production (a) in association with a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [20]; (b) via decay of the Higgs boson H
produced in association with the vector boson [9–13]; (c) in association with a final-state Z 0 boson via an additional
heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain a
Z 0 boson in the final state; the Z 0 boson is allowed to decay only hadronically. The Z 0

! tt̄ decay
channel, kinematically allowed for very heavy Z 0 resonances, is expected to contribute only negligibly to
the selected signal events and therefore the branching ratio BZ0!t t̄ is set to zero. In the first model, the
so-called dark-fermion model, the intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as
well as the lighter DM candidate fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a
free parameter of the model, in addition to the DM candidate mass m�1 , the mediator mass mZ0, and the Z 0

couplings to �1�2 (gDM) and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined
by the choice of the mass and coupling parameter values, assuming that the only allowed decay modes are
�2 ! Z 0�1, Z 0

! qq̄ and Z 0
! �2�1. Under these assumptions the decay widths are small compared to

the experimental dijet and large-radius-jet mass resolutions. In the second, so-called dark-Higgs model,
a dark-sector Higgs boson hD which decays to a �� pair is radiated from the Z 0 boson as illustrated in
Figure 1(d). The masses mhD , m�, mZ0 and the constants gSM and gDM are free parameters of the model.
The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0. Similar to the
dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined by the values of the
mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks or radiate an hD
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- 2 jets (large |𝛥ηjj|, small |𝛥Φjj|), MET > 180-250 GeV 

2- Bkg:

- V+jets  main bkg from CRs 

DM-SM interactions mediated by Higgs boson


- direct coupling to DM enhance H invisible decays (SM ~0.1%)


Higgs production as in SM


- gluon fusion (MET+j)            

- associated VH (MET+V)         

vector-boson fusion (MET+2jets) 
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CHAPTER 3. EXPERIMENTAL APPARATUS

Figure 3.5: Schematic overview of the CMS tracker detector in the r-z plane [10].

particles of typically 1% for pT = 100 GeV [90].

3.2.2 Inner tracking detectors

The CMS inner tracking system [91–93] allows charged particles pattern recognition.
Exploiting the e�ect of the solenoid magnet, the momentum of charged particles is
then measured.

The tracker features silicon pixels and microstrip detectors. A schematic view of the
tracker system is shown in Figure 3.5.

Silicon pixels are placed close to the interaction point and constitute the innermost
layer of the tracker. Silicon pixel detectors are grouped in layers, three for the barrel
positioned at radii r = 4.4, 7.3 and 10.2 cm, and two for the endcaps positioned at z

values on both sides, with z = ±34.5 and ±46.5 cm. This configuration allows to pre-
cisely reconstruct primary and secondary vertices (Section 4.2.2), and to discriminate
heavy flavour from light flavour quarks. Silicon pixel detectors have a spatial resolution
of better than 10 µm in the r ≠ „ plane and of about 20 µm in the z-axis [87].

Silicon microstrips surround the pixel detector and are grouped in three larger sub-
systems: Tracker Inner Barrel and Disks (TIB/TID), Tracker Outer Barrel (TOB),
and Tracker End Cap (TEC). Silicon microstrips have a resolution between 35 µm and
52 µm depending on the direction [87].

The tracker system has a total length of 5.8 m and a diameter of 2.6 m, and it covers
a pseudorapidity region up to |÷| < 2.5. Using only the information from the inner
tracking system, the expected momentum resolution for a muon as a function of its
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Feynman diagrams are shown in Fig. 1. The VH-tag includes both a search for ZH produc-
tion, in which the Z boson decays to a pair of leptons (e, µ) or b quarks, and one where a
Lorentz-boosted W or Z boson decays to light-flavor quarks, whose corresponding hadroniza-
tion products are reconstructed as a single large-radius jet. Additional sensitivity is achieved
by including a search for gg ! gH production (hereafter referred to as ggH), where a high-pT
Higgs boson candidate is produced in association with jets from initial-state radiation. When
these searches are combined to set an upper limit on B(H ! inv), SM production cross sections
are assumed. The result of this combination is also interpreted in the context of Higgs-portal
models of DM interactions [9–12], in which the 125 GeV Higgs boson plays the role of a medi-
ator between the SM and DM particles, thereby allowing for the possibility of producing DM
candidates.
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Figure 1: Leading order Feynman diagrams for the main production processes targeted in the
combination: VBF (left), VH (middle), and ggH (right).

This Letter is organized as follows: after a brief description of the CMS detector in Section 2,
the event reconstruction in Section 3, and the simulated signal and background processes in
Section 4, Section 5 is dedicated to the event selection requirements followed by a detailed
description of the analysis strategy in Section 6. Section 7 reports the results of the VBF search
in terms of upper limits on B(H ! inv). Section 8 reports the upper limit on B(H ! inv) from
a combination of the aforementioned searches for invisible decays of the Higgs boson based
on 13 TeV data collected in 2016 while, in Section 9, results from a more complete combination,
involving also similar analyses performed on the 7 and 8 TeV data sets, are presented. The
Letter is summarized in Section 10.

2 The CMS detector
The CMS detector is a multi-purpose apparatus designed to study a wide range of physics
processes in both pp and heavy ion collisions. The central feature of the experiment is a su-
perconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T parallel
to the beam direction. Within the solenoid volume a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL) are installed, each composed of a barrel and two endcap sections. The tracker
system measures the momentum of charged particles up to |h| = 2.5, while the ECAL and
HCAL provide coverage up to |h| = 3.0. In addition, the steel and quartz-fiber Cherenkov
hadron forward calorimeter extends the coverage to |h| = 5.0. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid, which cover
up to |h| = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The first level (L1) is
composed of custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software-based system which runs a version of the CMS full event
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2

Feynman diagrams are shown in Fig. 1. The VH-tag includes both a search for ZH produc-
tion, in which the Z boson decays to a pair of leptons (e, µ) or b quarks, and one where a
Lorentz-boosted W or Z boson decays to light-flavor quarks, whose corresponding hadroniza-
tion products are reconstructed as a single large-radius jet. Additional sensitivity is achieved
by including a search for gg ! gH production (hereafter referred to as ggH), where a high-pT
Higgs boson candidate is produced in association with jets from initial-state radiation. When
these searches are combined to set an upper limit on B(H ! inv), SM production cross sections
are assumed. The result of this combination is also interpreted in the context of Higgs-portal
models of DM interactions [9–12], in which the 125 GeV Higgs boson plays the role of a medi-
ator between the SM and DM particles, thereby allowing for the possibility of producing DM
candidates.
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Figure 1: Leading order Feynman diagrams for the main production processes targeted in the
combination: VBF (left), VH (middle), and ggH (right).

This Letter is organized as follows: after a brief description of the CMS detector in Section 2,
the event reconstruction in Section 3, and the simulated signal and background processes in
Section 4, Section 5 is dedicated to the event selection requirements followed by a detailed
description of the analysis strategy in Section 6. Section 7 reports the results of the VBF search
in terms of upper limits on B(H ! inv). Section 8 reports the upper limit on B(H ! inv) from
a combination of the aforementioned searches for invisible decays of the Higgs boson based
on 13 TeV data collected in 2016 while, in Section 9, results from a more complete combination,
involving also similar analyses performed on the 7 and 8 TeV data sets, are presented. The
Letter is summarized in Section 10.

2 The CMS detector
The CMS detector is a multi-purpose apparatus designed to study a wide range of physics
processes in both pp and heavy ion collisions. The central feature of the experiment is a su-
perconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T parallel
to the beam direction. Within the solenoid volume a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL) are installed, each composed of a barrel and two endcap sections. The tracker
system measures the momentum of charged particles up to |h| = 2.5, while the ECAL and
HCAL provide coverage up to |h| = 3.0. In addition, the steel and quartz-fiber Cherenkov
hadron forward calorimeter extends the coverage to |h| = 5.0. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid, which cover
up to |h| = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The first level (L1) is
composed of custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software-based system which runs a version of the CMS full event
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The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in
terms of the DM-nucleon scattering cross section. The sensitivity of these experiments depends
mainly on the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the
Higgs boson invisible width (Ginv) can be translated, within an effective field theory approach,
into a spin-independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9].
This translation is performed assuming that the DM candidate is either a scalar or a Majorana
fermion, and both the central value and the uncertainty of the dimensionless nuclear form-
factor fN are taken from the recommendations of Ref. [78]. The conversion from B(H ! inv) to
Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since

BR(H→inv) <0.19(0.15) obs(exp.)

3- Results: 
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Feynman diagrams are shown in Fig. 1. The VH-tag includes both a search for ZH produc-
tion, in which the Z boson decays to a pair of leptons (e, µ) or b quarks, and one where a
Lorentz-boosted W or Z boson decays to light-flavor quarks, whose corresponding hadroniza-
tion products are reconstructed as a single large-radius jet. Additional sensitivity is achieved
by including a search for gg ! gH production (hereafter referred to as ggH), where a high-pT
Higgs boson candidate is produced in association with jets from initial-state radiation. When
these searches are combined to set an upper limit on B(H ! inv), SM production cross sections
are assumed. The result of this combination is also interpreted in the context of Higgs-portal
models of DM interactions [9–12], in which the 125 GeV Higgs boson plays the role of a medi-
ator between the SM and DM particles, thereby allowing for the possibility of producing DM
candidates.
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Figure 1: Leading order Feynman diagrams for the main production processes targeted in the
combination: VBF (left), VH (middle), and ggH (right).

This Letter is organized as follows: after a brief description of the CMS detector in Section 2,
the event reconstruction in Section 3, and the simulated signal and background processes in
Section 4, Section 5 is dedicated to the event selection requirements followed by a detailed
description of the analysis strategy in Section 6. Section 7 reports the results of the VBF search
in terms of upper limits on B(H ! inv). Section 8 reports the upper limit on B(H ! inv) from
a combination of the aforementioned searches for invisible decays of the Higgs boson based
on 13 TeV data collected in 2016 while, in Section 9, results from a more complete combination,
involving also similar analyses performed on the 7 and 8 TeV data sets, are presented. The
Letter is summarized in Section 10.

2 The CMS detector
The CMS detector is a multi-purpose apparatus designed to study a wide range of physics
processes in both pp and heavy ion collisions. The central feature of the experiment is a su-
perconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T parallel
to the beam direction. Within the solenoid volume a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL) are installed, each composed of a barrel and two endcap sections. The tracker
system measures the momentum of charged particles up to |h| = 2.5, while the ECAL and
HCAL provide coverage up to |h| = 3.0. In addition, the steel and quartz-fiber Cherenkov
hadron forward calorimeter extends the coverage to |h| = 5.0. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid, which cover
up to |h| = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The first level (L1) is
composed of custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software-based system which runs a version of the CMS full event
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renormalizable models predicting a vectorial DM candidate require an extended dark Higgs
sector, which may lead to modifications of kinematic distributions assumed for the invisible
Higgs boson signal, such interpretation is not provided in the context of this Letter. Figure 10
(right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering cross
section as a function of mc, for both the scalar and the fermion DM scenarios. These limits are
computed at 90% CL so that they can be compared with those from direct detection experiments
such as XENON1T [79], LUX [80], PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-
10 [84] which provide the strongest constraints in the mc range probed by this search. In the
context of Higgs-portal models, the result presented in this Letter provides the most stringent
limits for mc smaller than 18 (7) GeV, assuming a fermion (scalar) DM candidate.
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Figure 10: On the left, observed 95% CL upper limits on (s/sSM)B(H ! inv) for a Higgs
boson with a mass of 125.09 GeV, whose production cross section varies as a function of the
coupling modifiers kV and kF. Their best estimate, along with the 68% and 95% CL contours
from Ref. [4], are also reported. The SM prediction corresponds to kV = kF = 1. On the right,
90% CL upper limits on the spin-independent DM-nucleon scattering cross section in Higgs-
portal models, assuming a scalar (solid orange) or fermion (dashed red) DM candidate. Limits
are computed as a function of mc and are compared to those from the XENON1T [79], LUX [80],
PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-10 [84] experiments.

10 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton (pp) collision
data at a center-of-mass energy

p
s = 13 TeV, collected by the CMS experiment in 2016 and

corresponding to an integrated luminosity of 35.9 fb�1. The search targets events in which a
Higgs boson is produced through vector boson fusion (VBF). The data are found to be consis-
tent with the predicted standard model (SM) backgrounds. An observed (expected) upper limit
of 0.33 (0.25) is set, at 95% confidence level (CL), on the branching fraction of the Higgs boson
decay to invisible particles, B(H ! inv), by means of a binned likelihood fit to the dijet mass
distribution. In addition, upper limits are set on the product of the cross section and branching
fraction of an SM-like Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using pp
collision data collected at

p
s = 7, 8, and 13 TeV (2015 and 2016), is also presented. The com-

bination includes searches targeting Higgs boson production via VBF, in association with a
vector boson (with hadronic decays of the W boson and hadronic or leptonic decays of the Z

https://arxiv.org/abs/1809.05937
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
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produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
(�H)2 + (�q)2.
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as

p
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This paper presents a dedicated search for single top quarks produced in association with DM candidates,
exploiting final-state signatures characterised by the presence of: large ⇢miss

T ; jets, possibly arising from the
fragmentation of 1-hadrons (1-jets); and one or two charged leptons, either electrons or muons (✓ = 4, `).
The analysis is conducted using proton–proton (??) collisions at a centre-of-mass energy

p
B = 13 TeV

produced at the LHC and collected by ATLAS between 2015 and 2018, for a dataset corresponding to
139 fb�1. Three analysis channels, characterised by di�erent lepton or jet multiplicities, are optimised
to target di�erent processes: tW1L and tW2L (single-lepton and dilepton final states, respectively) for
the C,+DM events and tj1L for C-channel DM production. The results are interpreted in the context of
2HDM+0 models, considering various assumptions about the most relevant parameters, <0, <�

± , and
tan V. Furthermore, the mutually exclusive tW1L and tW2L analysis channels are statistically combined to
maximise the sensitivity to C,+DM processes.

Previous searches for 2HDM+0 models targeted associated production of DM candidates with Higgs or
/ bosons, as well as DM and a CC̄ pair (referred to as DMCC̄) (see Ref. [24] for CMS and Ref. [22] and
references therein for ATLAS). This search is targeting the unexplored models within ATLAS where
DM produced in association with single top quarks(for CMS results, see Ref. [25]). The analysis is also
sensitive to DMCC̄ processes in regions of the parameter space where the DMC and DMCC̄ production rates
are similar.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.
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Figure 1: Representative diagrams of the dark-matter particle j pair production from the 2HDM+0 model considered
in this analysis: (a)–(b) through the C-channel, and (c)–(d) through the C, channel.

2 ATLAS detector

The ATLAS detector [26] is a multipurpose particle detector with a forward–backward symmetric
cylindrical geometry and nearly 4c coverage in solid angle.1 The inner tracking detector consists of pixel
and microstrip silicon detectors covering the pseudorapidity region |[ | < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region |[ | < 2.0. A new inner pixel layer,
the insertable B-layer [27, 28], was added at a mean radius of 3.3 cm during the period between Run 1 and
Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing an axial
2 T magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector. The
positive G-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive H-axis
pointing upwards, while the beam direction defines the I-axis. Cylindrical coordinates (A , q) are used in the transverse plane, q
being the azimuthal angle around the I-axis. The pseudorapidity [ is defined in terms of the polar angle \ by [ = � ln tan(\/2).
Rapidity is defined as H = 0.5 ln[(⇢ + ?I)/(⇢ � ?I)] where ⇢ denotes the energy and ?I is the component of the momentum
along the beam direction. The angular distance �' is defined as
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Table 3: Systematic uncertainties considered in the search for nonresonant signals. The rela-
tive impact of the uncertainties on the background yield estimates is shown for two dilepton
invariant mass thresholds, 1 and 3 TeV. The uncertainty in the jet misidentification background
has a negligible effect on the overall background estimate and is not listed.

Uncertainty source
Impact on background [%]
m`` > 1 TeV m`` > 3 TeV
ee µµ ee µµ

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9
Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 — 0.6
Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7 3.0 9.4 10.2
Cross section for other simulated backgrounds 0.6 0.8 0.2 0.4
Z peak normalization 2.3 5.0 2.0 5.0
Simulated sample size 0.4 0.4 1.3 1.6
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.

1 - Selection: resonance appears as peak wrt SM invariant 
mass spectrum


 2 electrons or 2 opp-sign muons


2 - Bkg: 

- Z(ll) main bkg, normalized from CR

- QCD multi-jet, W+jets with mis-identified leptons from CR


3 - Results: compare SM predictions with data, fit to dilepton 
invariant mass (systematic unc. included as nuisance parameters)
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Figure 9: Summary of upper limits at 95% CL on the masses of the DM particle, which is
assumed to be a Dirac fermion, and its associated mediator, in a simplified model of DM pro-
duction via a (left) vector or (right) axial-vector mediator. The parameter exclusion regions are
obtained by comparing the limits on the product of the production cross section and the branch-
ing fraction for decay to a Z boson with the values obtained from calculations in the simplified
model. For each combination of the DM particle and mediator mass values, the width of the
mediator is taken into account in the limit calculation. The curves with the hatching represent
the excluded regions. The solid gray curves, marked as “Wh2 � 0.12”, correspond to parameter
regions that reproduce the observed DM relic density in the universe [6, 47, 95, 96], with the
hatched area indicating the region where the DM relic abundance exceeds the observed value.

sis [97, 98]. For the considered models, the limits range from 5.9 to 8.9 TeV, depending on the
model. These results are the best to date and improve on the previous most stringent limits by
0.5–1.0 TeV [27].

For the CI model, there can be significant negative interference between the signal and the SM
DY process. This can lead to a negative effective signal prediction in some of the mass bins
or even an overall negative signal contribution for high values of L. The interference term
is therefore taken into account explicitly in the limit calculation. For the combination of the
electron and muon channels, a universal CI is assumed.

The resulting limits for the dielectron, dimuon, and combined channels are shown in Fig. 11.
The limits are given separately for the eight distinct CI models. The lower limit on L ranges
from 23.9 to 36.4 TeV, depending on the model, an improvement over previous CMS results
by 3.5–4.5 TeV [27]. Using the same framework of contact interactions, ATLAS has set limits of
up to 35.8 TeV [32]. Signal yields in the LR and RL models are reduced (enhanced) compared
to LL and RR in the constructive (destructive) case. However, due to the improved signal-to-
background ratio in the negative cos q⇤ bin for these models, the reduced sensitivity is mostly
recovered in the constructive case, while in the destructive case the increased sensitivity com-
pared to LL and RR is increased even further. The splitting of the event sample into two cos q⇤

ranges improves the limits by ⇡1 TeV in the case of destructive interference and ⇡3 TeV in the
case of constructive interference.
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Figure 9: Summary of upper limits at 95% CL on the masses of the DM particle, which is
assumed to be a Dirac fermion, and its associated mediator, in a simplified model of DM pro-
duction via a (left) vector or (right) axial-vector mediator. The parameter exclusion regions are
obtained by comparing the limits on the product of the production cross section and the branch-
ing fraction for decay to a Z boson with the values obtained from calculations in the simplified
model. For each combination of the DM particle and mediator mass values, the width of the
mediator is taken into account in the limit calculation. The curves with the hatching represent
the excluded regions. The solid gray curves, marked as “Wh2 � 0.12”, correspond to parameter
regions that reproduce the observed DM relic density in the universe [6, 47, 95, 96], with the
hatched area indicating the region where the DM relic abundance exceeds the observed value.

sis [97, 98]. For the considered models, the limits range from 5.9 to 8.9 TeV, depending on the
model. These results are the best to date and improve on the previous most stringent limits by
0.5–1.0 TeV [27].

For the CI model, there can be significant negative interference between the signal and the SM
DY process. This can lead to a negative effective signal prediction in some of the mass bins
or even an overall negative signal contribution for high values of L. The interference term
is therefore taken into account explicitly in the limit calculation. For the combination of the
electron and muon channels, a universal CI is assumed.

The resulting limits for the dielectron, dimuon, and combined channels are shown in Fig. 11.
The limits are given separately for the eight distinct CI models. The lower limit on L ranges
from 23.9 to 36.4 TeV, depending on the model, an improvement over previous CMS results
by 3.5–4.5 TeV [27]. Using the same framework of contact interactions, ATLAS has set limits of
up to 35.8 TeV [32]. Signal yields in the LR and RL models are reduced (enhanced) compared
to LL and RR in the constructive (destructive) case. However, due to the improved signal-to-
background ratio in the negative cos q⇤ bin for these models, the reduced sensitivity is mostly
recovered in the constructive case, while in the destructive case the increased sensitivity com-
pared to LL and RR is increased even further. The splitting of the event sample into two cos q⇤

ranges improves the limits by ⇡1 TeV in the case of destructive interference and ⇡3 TeV in the
case of constructive interference.
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