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Dark matter search at LHC
- Abundant evidence for the presence of dark sector  

- Two big explanations: gravitational effects and matter (→ new particle!)  

- Considering the existence of a new particle as DM candidate: 
- DM and SM particles in thermal equilibrium in the past  

- As the Universe expands, the annihilation depletes the DM density and freeze out  

- DM abundance determined by annihilation cross-section at freeze-out 
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‣ DM and SM particles in thermal equilibrium in the past 
‣ As the Universe expands, the annihilation depletes the DM density and freeze out 
‣ DM abundance  determined by annihilation cross-section at freeze-out

Dark Matter?

WIMP miracle
➔ Motivation to consider  
     collider searches for DM

The WIMP Miracle

M. Lindner MPIK EPS-HEP, Venice, 5-12 July 2017 4

Evolution of original DM density: 

è Boltzmann equation

è thermal freeze-out 

BSM motivated new physics @TeV:
è automatically ~ correct abundance
è typical WIMP mass O(EW scale)

inflation è many e-folds 

Reheating è all particle types produced
Evolution of original plasma by:

- expansion (dilution)
- decays
- interactions à conversion processes

Two big explanations : gravitational effects and matter (→ new particle!) 
Consider new particle approach to further characterize the DM
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‣ DM and SM particles in thermal equilibrium in the past 
‣ As the Universe expands, the annihilation depletes the DM density and freeze out 
‣ DM abundance  determined by annihilation cross-section at freeze-out

Dark Matter?

WIMP miracle
➔ Motivation to consider  
     collider searches for DM
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Evolution of original DM density: 

è Boltzmann equation

è thermal freeze-out 

BSM motivated new physics @TeV:
è automatically ~ correct abundance
è typical WIMP mass O(EW scale)

inflation è many e-folds 

Reheating è all particle types produced
Evolution of original plasma by:

- expansion (dilution)
- decays
- interactions à conversion processes

Two big explanations : gravitational effects and matter (→ new particle!) 
Consider new particle approach to further characterize the DM
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☞DM at the weak scale (WIMPS)! 
Motivation to consider                                  

collider searches for DM
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Experimental probes

What can we do at LHC?  
- Direct search for WIMP & mediator particles 
- WIMP search in cascade decays  

- e.g. SUSY, Kaluza-Klein… 
- Hidden (dark) sector search 
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Experimental Probes
DM

DM

SM

SM DM DM

SM SM

DM DM

DM DM

Indirect detection Direct detection Astrophysical probes
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Collider searches for Dark Matter?

What can we do at LHC? 
‣Direct search for WIMP & mediator particles 

‣WIMP search in cascade decays 
E.g, Neutralino in SUSY, Kaluza-Klein photon in UED 

‣Hidden (dark) sector search

Experimental Probes

DM

DM

SM

SM

DM

DM

SM

SM DM DM

SM SM

DM DM

DM DM

Indirect detection Direct detection Astrophysical probes

☞Collider searches means DM production
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DM at Collider: models
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Zeynep Demiragli29

We need a model

Effective field theories Simplified models

Mediator energies >>  
energy transfer at the LHC 

Mediator is light enough to be produced at 
the LHC!

• mass of the mediator
• mass of the DM
• coupling to quarks
• couplign to DM 

Effective field theories (EFT)

• Contact interaction theory 
• Model independent: compares with DD  

• parameters: mDM, cut-off scale 
• used in LHC Run 1
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DM at Collider: models
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Zeynep Demiragli29

We need a model

Effective field theories Simplified models

Mediator energies >>  
energy transfer at the LHC 

Mediator is light enough to be produced at 
the LHC!

• mass of the mediator
• mass of the DM
• coupling to quarks
• couplign to DM 

• Contact interaction theory 
• Model independent: compares with DD  

• 2 parameters: mDM, cut-off 
scale

Effective field theories (EFT)

Zeynep Demiragli29

We need a model

Effective field theories Simplified models

Mediator energies >>  
energy transfer at the LHC 

Mediator is light enough to be produced at 
the LHC!

• mass of the mediator
• mass of the DM
• coupling to quarks
• couplign to DM 

Simplified models

• Mediators: vector, axial-vector, 
scalar, pseudoscalar 

• Model dependent  
• 4 parameters: mmed, mDM, 

gq, gDM

mass of the mediator 
mass of the DM 
couplings to quarks 
couplings to DM
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Simplified Models
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SM→mediator→DM 
☞ mono-X searches

SM→mediator→SM 
☞ Visible signature
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D A R K  M E D I AT O R
• A simplified model of a dark matter mediator
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

• gq

➩ETmiss+ jet,W/Z/H, 𝛾, tt,… 
Searches for deviations from              

the SM expectations  
interpretation model dependent

➩di-jet, ditop, dilepton 
resonances 

Bump hunt searches 
~model independent

• gDM 
• gq
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tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

χ

χ
_

χ
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Experimental signatures
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SM→mediator→DM 
☞ mono-X searches

• gDM 
• gq
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mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

χ

χ
_

χ

DM in the final state, invisible:  
missing energy + 
need One jet = hadronization of a gluon  
from Initial State Radiation (ISR) 
of the incoming parton to tag the event 
(aditional signatures: W,Z,𝛾 possible ISR)

jet

missing energy

SM→mediator→SM 
☞ Visible signature
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tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

• gq

no DM in the final state, visible:  
Two jets = hadronization of quarks  
resonance in di-jet invariant mass 
(alternative signatures: di-leptons)



E. Di Marco GEMMA workshop5 June 2018

Experimental signatures
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SM→mediator→DM 
☞ mono-X searches

• gDM 
• gq
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mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 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cross section

higher resonance mass
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missing energy + 
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jet

missing energy

SM→mediator→SM 
☞ Visible signature

Javier Duarte 
Fermilab

50 100 200 300 1000 2000
 [GeV]Z'M

2−10

1−10

1

qg'

 = 10%Z'/MΓ

 = 30%Z'/MΓ

qq→Z'

95% CL exclusions

!8

D A R K  M E D I AT O R
• A simplified model of a dark matter mediator

191

Z0
B
(mmed)

q

q

c(mDM)

c(mDM)g

g
0
q gDM

Z0
B
(mmed)

q

q

q

q

g
0
q g

0
q

Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

• gq

no DM in the final state, visible:  
Two jets = hadronization of quarks  
resonance in di-jet invariant mass 
(alternative signatures: di-leptons)

VBF Higgs invisible  and other searches
in V. Ippolito’s talk
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Complementarity of searches
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LHC Mono-X  
searches

TJavier Duarte 
Fermilab

D M  C O M P L E M E N TA R I T Y

!46

EXPERIMENTAL INITIATIVES 31

mA = 2mχ

mχ

mA’

visible dark photon searches

missing momentum/mass/energy  
& DM scattering searches

miniBoone, NA64, 

(proposed) LDMX, BDX, SBN, DarkLight,


        PADME, SHiP, …

HPS, LHCb, APEX

(proposed) SeaQuest, 

                   MAGIX,…

experiment types:

proton / electron 

beam dumps / fixed target 
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missing momentum/mass/energy  
& DM scattering searches
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proton / electron 
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Compare with ID/DD searches
- Limits on (mDM, mmed) plane can be convertd in limits on the (mDM, σDM-n) 

plane to compare with ID/DD dark matter experiments 

- For axial-vector mediator with universal quark                                                     
coupling gq’, mediator-nucleon coupling is 

!10

Javier Duarte 
Fermilab

S E N S I T I V I T Y  T O  D A R K  M AT T E R

!44

• We can convert these limits in the (mM, mDM) plane into limits in 
the (mDM, σSD) plane to compare with ID/DD DM experiments
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where µNc = mNmDM/(mN + mDM) is the DM-nucleon reduced mass with
mN ' 0.939 GeV, and for a vector mediator, f (g

0
q) = 3g

0
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s =

�0.09 [119]. Under the assumption that the coupling g
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q is universal, these

factors are equal, f
p = f

n = 0.32g
0
q. As DD experiments quote 90% CL

limits, the CMS limits are also recalculated to match this confidence level.
Fig. B.13 shows the AV and V limits translated into the SD and SI planes,
respectively, and compared to DD and ID experiments [307, 308, 309, 310,
311, 312, 313, 314].

B.5 Summary
This appendix presents two searches for narrow resonances decaying into a
pair of jets, performed using proton-proton collisions at

p
s = 13 TeV corre-

sponding to an integrated luminosity of 12.9 fb�1. The first is a low-mass
search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and the second is a high-
mass search based on particle-flow jets. The dijet mass spectra are observed
to be smoothly falling distributions. In the analyzed data samples, there
is no evidence for resonant particle production. Generic upper limits are
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The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the mDM–�SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

mDM–�SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, the exclusion contour

must pass through two values of �SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�SI =
f2(gq)g2DMµ2
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⇡M4
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, (4.1)

where µn� = mnmDM/(mn+mDM) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)
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For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn
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These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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Figure 2: A comparison of LHC results to the mDM–�SI (a) and mDM–�SD (b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and gDM = 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�SD =
3f2(gq)g2DMµ2

n�

⇡M4
med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

fp,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.
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where µNc = mNmDM/(mN + mDM) is the DM-nucleon reduced mass with
mN ' 0.939 GeV, and for a vector mediator, f (g
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where, in general, the factor f (g
0
q) could be different for protons and neu-

trons and depends separately on the individual quark-mediator couplings
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with D(p)
u = D(n)

d = 0.84, D(p)
d = D(n)

u = �0.43, and D(p)
s = D(n)

s =

�0.09 [119]. Under the assumption that the coupling g
0
q is universal, these

factors are equal, f
p = f

n = 0.32g
0
q. As DD experiments quote 90% CL

limits, the CMS limits are also recalculated to match this confidence level.
Fig. B.13 shows the AV and V limits translated into the SD and SI planes,
respectively, and compared to DD and ID experiments [307, 308, 309, 310,
311, 312, 313, 314].

B.5 Summary
This appendix presents two searches for narrow resonances decaying into a
pair of jets, performed using proton-proton collisions at

p
s = 13 TeV corre-

sponding to an integrated luminosity of 12.9 fb�1. The first is a low-mass
search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and the second is a high-
mass search based on particle-flow jets. The dijet mass spectra are observed
to be smoothly falling distributions. In the analyzed data samples, there
is no evidence for resonant particle production. Generic upper limits are
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The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe
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interactions.
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presentation of results obtained from these procedures. These plots show the minimum
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The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the mDM–�SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

mDM–�SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, the exclusion contour

must pass through two values of �SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form
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where µn� = mnmDM/(mn+mDM) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,
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and hence
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For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn
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These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and gDM = 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.
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where µNc = mNmDM/(mN + mDM) is the DM-nucleon reduced mass with
mN ' 0.939 GeV, and for a vector mediator, f (g

0
q) = 3g

0
q. Similarly, the SD

DM-nucleon cross section can be written as [292]:

sSD
DM-p =

3 f
2(g

0
q)g

2
DMµNc

pm
4
med

(B.15)

' 2.4 ⇥ 10�42 cm2 ·
 

g
0
qgDM

0.25

!2 ✓
1 TeV
mmed

◆4 ⇣ µNc

1 GeV

⌘2
, (B.16)

where, in general, the factor f (g
0
q) could be different for protons and neu-

trons and depends separately on the individual quark-mediator couplings
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with D(p)
u = D(n)

d = 0.84, D(p)
d = D(n)

u = �0.43, and D(p)
s = D(n)

s =

�0.09 [119]. Under the assumption that the coupling g
0
q is universal, these

factors are equal, f
p = f

n = 0.32g
0
q. As DD experiments quote 90% CL

limits, the CMS limits are also recalculated to match this confidence level.
Fig. B.13 shows the AV and V limits translated into the SD and SI planes,
respectively, and compared to DD and ID experiments [307, 308, 309, 310,
311, 312, 313, 314].

B.5 Summary
This appendix presents two searches for narrow resonances decaying into a
pair of jets, performed using proton-proton collisions at

p
s = 13 TeV corre-

sponding to an integrated luminosity of 12.9 fb�1. The first is a low-mass
search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and the second is a high-
mass search based on particle-flow jets. The dijet mass spectra are observed
to be smoothly falling distributions. In the analyzed data samples, there
is no evidence for resonant particle production. Generic upper limits are
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The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the mDM–�SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

mDM–�SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, the exclusion contour

must pass through two values of �SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�SI =
f2(gq)g2DMµ2
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⇡M4
med

, (4.1)

where µn� = mnmDM/(mn+mDM) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence
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For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
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These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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Figure 2: A comparison of LHC results to the mDM–�SI (a) and mDM–�SD (b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and gDM = 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.
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the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically
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and therefore the size of a typical cross section is
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�SD =
3f2(gq)g2DMµ2

n�

⇡M4
med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

fp,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn

v

2

4
X

q=u,d,s

fn,p
q gq +

2

27
fn,p
TG

X

Q=c,b,t

gQ

3

5 . (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.
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Figure 2: A comparison of LHC results to the mDM–�SI (a) and mDM–�SD (b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and gDM = 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG = 1�

P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

fn,p
d ) and [49] (for fn,p

s ) and read fn
u = 0.019, fn

d = 0.045 and fn
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3 gq , (4.5)

and therefore the size of a typical cross section is
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�SD =
3f2(gq)g2DMµ2

n�

⇡M4
med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

fp,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)
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• Map DM-nucleon cross section onto LHC simplified model parameters

LHC Direct detection 

• Spin independent DM-nucleon cross section: 

• For scalar mediator:

229

the form [292]:

sSI
DM-N =

f
2(g

0
q)g

2
DMµNc

pm
4
med

(B.13)

' 6.9 ⇥ 10�41 cm2 ·
 

g
0
qgDM

0.25

!2 ✓
1 TeV
mmed

◆4 ⇣ µNc

1 GeV

⌘2
, (B.14)

where µNc = mNmDM/(mN + mDM) is the DM-nucleon reduced mass with
mN ' 0.939 GeV, and for a vector mediator, f (g

0
q) = 3g

0
q. Similarly, the SD

DM-nucleon cross section can be written as [292]:

sSD
DM-p =

3 f
2(g

0
q)g

2
DMµNc

pm
4
med

(B.15)

' 2.4 ⇥ 10�42 cm2 ·
 

g
0
qgDM

0.25

!2 ✓
1 TeV
mmed

◆4 ⇣ µNc

1 GeV

⌘2
, (B.16)

where, in general, the factor f (g
0
q) could be different for protons and neu-

trons and depends separately on the individual quark-mediator couplings
g

0
u, g

0
d, and g

0
s:

f
p,n(g

0
u, g

0
d, g

0
s) = D(p,n)

u g
0
u + D(p,n)

d g
0
d + D(p,n)

s g
0
s , (B.17)

with D(p)
u = D(n)

d = 0.84, D(p)
d = D(n)

u = �0.43, and D(p)
s = D(n)

s =

�0.09 [119]. Under the assumption that the coupling g
0
q is universal, these

factors are equal, f
p = f

n = 0.32g
0
q. As DD experiments quote 90% CL

limits, the CMS limits are also recalculated to match this confidence level.
Fig. B.13 shows the AV and V limits translated into the SD and SI planes,
respectively, and compared to DD and ID experiments [307, 308, 309, 310,
311, 312, 313, 314].

B.5 Summary
This appendix presents two searches for narrow resonances decaying into a
pair of jets, performed using proton-proton collisions at

p
s = 13 TeV corre-

sponding to an integrated luminosity of 12.9 fb�1. The first is a low-mass
search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and the second is a high-
mass search based on particle-flow jets. The dijet mass spectra are observed
to be smoothly falling distributions. In the analyzed data samples, there
is no evidence for resonant particle production. Generic upper limits are

For axial-vector mediator with universal quark 
coupling gq’, mediator-nucleon coupling is

arXiv:1603.04156
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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Gqq
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

χ

χ
_

χ
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The experimental setup
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LHC & its experiments
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DPG
Mar 18 G. Dissertori

LHC ring: 
27 km circumference

Our laboratory

4

CMS
ATLAS

General 
Purpose, 

pp, heavy ions

LHCb

B-Physics, rare decays 
CP Violation

ALICE

Heavy ions, pp
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Jets

!13

1) Jets 

Build jets from 
appropriate constituents: 
calorimeter-level,  
PFlow, tracks, …

�3

Jet Energy Correction (JEC) Uncertainties 
 

o  Pileup	uncertainty	
dominant	below	50	GeV		

o  JetFlavorQCD	sizable	
uncertainty	for	inclusive	
jets,	but	smaller	for	other	
analyses	

o  Other	important	
uncertainXes:	absolute	
scale	within	|η|<3	and	
relaXve	scale	at	|η|>3	

o  Minimum	uncertainty		of	
~0.7%	at	pT=300	GeV	and		
|η|<3	
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

χ

χ
_

χ

jet

jet
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MET

!14
�3

2) MET 

Add together well-
calibrated electrons, 
muons, …

Add all jets 
passing some 
threshold criterion, 
properly calibrated

Add remaining activity 
(your input of choice) 
not associated to an 
object → “soft term”

Vector needed for sum to 
equal zero is the missing 

transverse momentum (MET)

=Missing Transverse Energy
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mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

χ

χ
_

χ

missing energy



E. Di Marco GEMMA workshop5 June 2018

The price of so much data: pile-up

LHC produced ~5 × 1015 pp collisions up to 2017 
Number of simultaneous proton-proton collisions per bunch crossing:  

𝓛 x total cross section x bunch separation time  
~1.5 x 1034 cm-2s-1 x 100 mb x 25 ns ~38 

!15
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Mar 18 G. Dissertori

Consequence: “Pile Up”

9

Number of simultaneous proton-proton collisions per bunch crossing: 

!  x  total cross section  x  bunch separation time  
~ 1.5 x 1034 cm-2s-1  x  100 mb x 25 ns  ~ 38  !  

But the experiments managed to retain their 
excellent physics reconstruction performance 

DPG
Mar 18 G. Dissertori

Consequence: “Pile Up”

9

Number of simultaneous proton-proton collisions per bunch crossing: 

!  x  total cross section  x  bunch separation time  
~ 1.5 x 1034 cm-2s-1  x  100 mb x 25 ns  ~ 38  !  

But the experiments managed to retain their 
excellent physics reconstruction performance 

Consequences on the particles reconstruction 
ATLAS & CMS managed to maintain high performances
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Mono-X searches
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mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
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Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass
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Mono-X searches

!17

Zeynep Demiragli4

What is the signature of dark matter?

• DM assumed to be weakly interacting, and will 
leave no signature in the detector! 
• we can record these events if the DM is produced 

in association to an initial state radiation

Total transverse momentum in the event has to be 
balanced! Initial transverse momenta = 0 !

observable: Missing transverse momentum  (pTmiss) 
defined as the imbalance in the transverse momentum 

of all particles that interact with the detectors

The existence of pTmiss in the event => Dark Matter ?

Mono-X Searches: Experimental Signature
Experimental signature: MET + X 

- DM assumed to be weakly interacting, and will 
leave no signature in the detector!  
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Mono-X searches
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Zeynep Demiragli4

What is the signature of dark matter?

• DM assumed to be weakly interacting, and will 
leave no signature in the detector! 
• we can record these events if the DM is produced 

in association to an initial state radiation

Total transverse momentum in the event has to be 
balanced! Initial transverse momenta = 0 !

observable: Missing transverse momentum  (pTmiss) 
defined as the imbalance in the transverse momentum 

of all particles that interact with the detectors

The existence of pTmiss in the event => Dark Matter ?

Mono-X Searches: Experimental Signature

Experimental signature: MET + X 

- DM assumed to be weakly interacting, and will 
leave no signature in the detector!  

- we can record these events if the DM is produced  
in association to an initial state radiation 
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Mono-X searches
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Zeynep Demiragli4

What is the signature of dark matter?

• DM assumed to be weakly interacting, and will 
leave no signature in the detector! 
• we can record these events if the DM is produced 

in association to an initial state radiation

Total transverse momentum in the event has to be 
balanced! Initial transverse momenta = 0 !

observable: Missing transverse momentum  (pTmiss) 
defined as the imbalance in the transverse momentum 

of all particles that interact with the detectors

The existence of pTmiss in the event => Dark Matter ?

Mono-X Searches: Experimental Signature
Experimental signature: MET + X 

- DM assumed to be weakly interacting, and will 
leave no signature in the detector!  

- we can record these events if the DM is produced  
in association to an initial state radiation 

Total transverse momentum in the event needs to be 
balanced.
Initial transverse momenta = 0 !

 key observable: Missing transverse momentum (pT
miss) 
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Detector challenges
- Triggering these events: both CMS & ATLAS 

rely on inclusive pT
miss triggers.  

- CMS: pT
miss > 120 GeV / ATLAS: pT

miss > 90 GeV 

- to sustain low thresholds, mitigate the pileup 
contribution to MET resolution 

- Spurious detector signals can cause fake 
missing transverse momentum!  
- Anomalous high pTmiss can be due to:  

- Beam halo particles 

- Particles striking sensors in the calorimeter 
photodetectors 

- Dead cells in the calorimeters 

- Noise in readout box electronics in calorimeters 

!20 Zeynep Demiragli7

Spurious detector signals can cause fake 
missing transverse momentum!

Anomalous high pTmiss can be due to:

• Beam halo particles 
• Particles striking sensors in the calorimeter 

photodetectors 
• Dead cells in the calorimeters  
• Noise in readout box electronics in 

calorimeters

Offline: Anomalous pTmiss signals
CMS: JME-16-004 

Francesco Pandolfi Discovery Physics at the Energy Frontier, 27.11.17
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2. Searches for broad excesses

A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics

8

• Excesses in the tails


• Background estimation crucial

1. Direct searches for resonances Search for  
Dark Matter…

… or Supersymmetry

signal:  
excess in the MET tail
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SM background
- Strategy is to estimate all the “known” standard model processes in the final 

state of interest, and look for deviations from standard model that is 
compatible with the signal expectation

!21

Zeynep Demiragli
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Strategy is to estimate all the “known” standard model 
processes in the final state of interest, and look for 

deviations from standard model that is compatible with the 
signal expectation.

Z ν

ν
Z’ X

X

Dark Matter Signal

Not so easy to distinguish! Identical in signature.  

Conclusion: Have to measure the standard model 
background very precisely (with lowest possible uncertainty)

Irreducible largest  
background (Standard Model)

What about the Standard Model backgrounds?

CMS: EXO-16-048 
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Strategy is to estimate all the “known” standard model 
processes in the final state of interest, and look for 

deviations from standard model that is compatible with the 
signal expectation.

Z ν

ν
Z’ X

X

Dark Matter Signal

Not so easy to distinguish! Identical in signature.  

Conclusion: Have to measure the standard model 
background very precisely (with lowest possible uncertainty)

Irreducible largest  
background (Standard Model)

What about the Standard Model backgrounds?

CMS: EXO-16-048 
Two experimental challenges

Reconstructed
mono-jet event

  

q/g

invisible

Challenge 1: Triggering

Online: particle flow p
miss
T

with threshold ⇠ 100 GeV.

O✏ine: threshold ⇠ 250 GeV

Challenges: maintain low
threshold and rate with good

p
miss
T resolution

Challenge 2: SM backgrounds

Looks just like signal!
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p
miss
T resolution

Challenge 2: SM backgrounds

  

q/g

Z

⇧

⇧

Looks just like signal!
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Reconstructed  
mono-jet event

SM background 
Identical signature!
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Z→νν background estimation
- Z(νν)+jets: it constitutes >50% of the total background 

- Z(ll) pT spectrum is very similar to Z(νν) pTmiss 
spectrum.  
- It can be used to estimate the irreducible background 

The Z(ll)+jets removing the charged leptons 
mimicks the Z(νν)+jets events

!22

Zeynep Demiragli12

Z ν

ν

Monojet leading background estimation

Z(νν)+jets:  Irreducible background and makes up 50-80% of the total 
background estimation! 

Question: What other standard model processes can we use to 
estimate the leading background more precisely? 

Z l

l

statistically limited
~no theory uncertainties

μuon (2)

μuon (1) Jet

Take out muons
MET 

If we remove the muons from a Z→μμ event, it mimics a Z→νν event
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Zeynep Demiragli12

Z ν

ν

Monojet leading background estimation

Z(νν)+jets:  Irreducible background and makes up 50-80% of the total 
background estimation! 

Question: What other standard model processes can we use to 
estimate the leading background more precisely? 

Z l

l

statistically limited
~no theory uncertainties

μuon (2)

μuon (1) Jet

Take out muons
MET 

If we remove the muons from a Z→μμ event, it mimics a Z→νν event

Estimating SM backgrounds

Estimate invisible backgrounds using visible processes in control data

�!

  

q/g

Z

l

l

I Z ! ⌫⌫ spectra are
analogous to Z ! ``,
modulo lepton ID

I p
miss
T ⇡ p

Z!⌫⌫

T

S. Narayanan (MIT) CIPANP18 29/05/2018 9 / 32
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Z→νν background estimation

- Z(νν)+jets: it constitutes >50% of the total background 

• Exploit all possible orthogonal control regions 
(V+jets) 

• Need state of the art prediction of the differential 
rates, uncertainties on V+jets/Z(νν)+jets

!23

Zeynep Demiragli12

Z ν

ν

Monojet leading background estimation

Z(νν)+jets:  Irreducible background and makes up 50-80% of the total 
background estimation! 

Question: What other standard model processes can we use to 
estimate the leading background more precisely? 

Z l

l

statistically limited
~no theory uncertainties

μuon (2)

μuon (1) Jet

Take out muons
MET 

If we remove the muons from a Z→μμ event, it mimics a Z→νν event

Zeynep Demiragli13

Z ν

ν

Z l

l

statistically limited
~no theory uncertainties

ɣ

statistically rich!
large theory uncertainties

W l

v

statistically ~ Z (νν)
large theory uncertainties

Monojet leading background estimation

Z(νν)+jets:  Irreducible background and makes up 50-80% of the total 
background estimation! 

• Estimated multiple orthogonal control regions. 
• Leading to precision measurement to test the standard model

State of the art differential predictions, uncertainties and the correlation schema on the ratios
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Main control regions

!24

Additional control regions

I Very few Z ! µµ events above U > 1 TeV

I This is where signal sits ) need a good background estimate

I Additionally, non-negligible W ! `⌫ component in SR

W CR to estimate W
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𝛾 as a proxy for Z(νν)

33

MET+X searches, or “mono-X”

Backgrounds

One key challenge of the mono-jet analysis is modeling  
Z+jets and W+jets background at very high boson pT 

Check with visible W and Z decays, but 
invisible decays of the Z occurs 6x more often than visible 

Visible Z Control Regions, Post-Fit

Z(ll) as a proxy for Z(νν)

Showing that detector effects  
and SM backgrounds are             

well understood
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Results: no signal

!25
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Strategy is to estimate all the “known” standard model 
processes in the final state of interest, and look for 

deviations from standard model that is compatible with the 
signal expectation.

Z ν

ν
Z’ X

X

Dark Matter Signal

Not so easy to distinguish! Identical in signature.  

Conclusion: Have to measure the standard model 
background very precisely (with lowest possible uncertainty)

Irreducible largest  
background (Standard Model)

What about the Standard Model backgrounds?

CMS: EXO-16-048 

Clear challenge: 

• The shape of signal and backgrounds are 
similar  
☞ the MET tail is the sensitive part of the 
spectrum 
☞ need to control the SM background at % 
level

28

Leading to a “PRECISION” search
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No significant deviation from standard 
model was observed :(

ATLAS: EXOT-2016-27 
CMS: EXO-16-048 
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Vector mediator limits

!26

Zeynep Demiragli30

Most sensitive DM production search at a collider!
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Most sensitive DM production search at a collider!
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Pushing the limit on mmed to >1.5 TeV 
Pushing the limit on couplings <5%

Interpretation depends on the chosen model.  
E.g.: vector mediator, fixing 2/4 parameters among mmed, mDM, gq, gDM, scanning 
the others

fix: 
gq, gDM,

fix: 
mmed, gDM,
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Dark mediator searches

Javier Duarte 
Fermilab
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95% CL exclusions
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D A R K  M E D I AT O R
• A simplified model of a dark matter mediator

191

Z0
B
(mmed)

q

q

c(mDM)

c(mDM)g

g
0
q gDM

Z0
B
(mmed)

q

q

q

q

g
0
q g

0
q

Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

• gq
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6 TeV dijet event

!28

Mediator 
Searches

X

X
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Francesco Pandolfi Discovery Physics at the Energy Frontier, 27.11.17
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Higgs discovery

A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics

7

1. Direct searches for resonances

• Localized excess


• Striking signature


• Access to high-mass resonances

Dijet Resonances

signal:  
bump in the di-jet mass
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high mass di-jet spectra
- Collect data with jets trigger 

- Cluster and select two jets  

- Fit di-jet invariant mass 

- Huge background!

!29

Javier Duarte 
Fermilab

• With HT > 900 GeV 
trigger, high mass 
spectrum fit starts at  
mjj > 1.25 TeV 
 
 

• χ2/dof = 1.0 

• How do we get 
constraints on  
dark matter models?
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PLB 769 (2017) 520 
EXO-16-056
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3 Dijet mass spectrum and fit

600 800 1000 1200 1400 1600 1800 2000

 [p
b/

Te
V]

jj
/d

m
σd

 (13 TeV)-127 fb
CMSPreliminary Data

Fit
gg (0.75 TeV)
qg (1.20 TeV)
qq (1.60 TeV)

 / ndf = 20.3 / 20 = 1.02χ
Wide Calo-jets

 < 2.04 TeVjj0.49 < m
| < 1.3η∆| < 2.5, |η|

610

510

410

310

210

10

1

1−10

Dijet mass [TeV]

U
nc

er
ta

in
ty

(D
at

a-
Fi

t)

3−
2−
1−
0
1
2
3

0.6 0.8 1 1.2 1.4 1.6 1.8 2

 [p
b/

Te
V]

jj
/d

m
σd

 (13 TeV)-136 fb
CMSPreliminary Data

Fit
gg (2.0 TeV)
qg (4.0 TeV)
qq (6.0 TeV)

 / ndf = 38.9 / 39 = 1.02χ
Wide PF-jets

 > 1.25 TeVjjm
| < 1.3η∆| < 2.5, |η|

410

310

210

10

1

1−10

2−10

3−10

4−10

Dijet mass [TeV]

U
nc

er
ta

in
ty

(D
at

a-
Fi

t)

3−
2−
1−
0
1
2
3

2 3 4 5 6 7 8

Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences

“LHC is a mediator machine”

19 April 2018 Alps 2018 - John Butler (Boston University) 13
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Signature: 2 high pT jets,
same as search for leptophobic Z 0.

mjj is the discriminant,
search for bump on a smooth,
falling background.
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high mass di-jet spectra
- Collect data with jets trigger 

- Cluster and select two jets  

- Fit di-jet invariant mass 

- Huge background!

!30
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• With HT > 900 GeV 
trigger, high mass 
spectrum fit starts at  
mjj > 1.25 TeV 
 
 

• χ2/dof = 1.0 

• How do we get 
constraints on  
dark matter models?
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Note: with HT>~900 GeV,
high mass spectrum to fit starts at mjj>1.25 TeV

=> need alternatives for lower masses



E. Di Marco GEMMA workshop5 June 2018

dark mediator interpretation
- A simplified model of a dark matter mediator

!31
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D A R K  M E D I AT O R
• A simplified model of a dark matter mediator
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

weaker quark 
coupling 
→ smaller 

cross section

higher resonance mass

weaker quark 
coupling 

→ smaller cross 
section

higher resonance mass



E. Di Marco GEMMA workshop5 June 2018

Javier Duarte 
Fermilab

50 100 200 300 1000 2000
 [GeV]Z'M

2−10

1−10

1

qg'
 = 10%Z'/MΓ

 = 30%Z'/MΓ

qq→Z'
95% CL exclusions

Z width

!9

D A R K  M E D I AT O R
• Precision measurements of the Z boson width from LEP

LEP

dark mediator interpretation

!32

Precision measurements of the Z boson width from LEP  
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D A R K  M E D I AT O R
• UA2 dijet search at the SppS at CERN, 1993

SppS—LEP

—

dark mediator interpretation
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UA2 dijet search at the SppS at CERN, 1993  



E. Di Marco GEMMA workshop5 June 2018
Javier Duarte 
Fermilab

50 100 200 300 1000 2000
 [GeV]Z'M

2−10

1−10

1
qg'

 = 10%Z'/MΓ

 = 30%Z'/MΓ

qq→Z'
95% CL exclusions

UA2 CDF Run1 CDF Run2

Z width

!11

D A R K  M E D I AT O R
• CDF dijet search at the Tevatron at Fermilab, 2009

SppS—LEP
Tevatron

dark mediator interpretation
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CDF dijet search at the Tevatron at Fermilab, 2009  
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• CMS dijet search the LHC (8 TeV), 2012

D A R K  M E D I AT O R

LHC 
8 TeV

Tevatron
SppS—LEP

dark mediator interpretation
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LHC dijet search the LHC (8 TeV), 2012 
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• Higher energy only let us exclude new physics at high mass
D A R K  M E D I AT O R PLB 769 (2017) 520 

EXO-16-056
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• Higher energy only let us exclude new physics at high mass
D A R K  M E D I AT O R PLB 769 (2017) 520 
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LHC 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LHC 
13 TeVTevatron

SppS—LEP

dark mediator interpretation
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LHC dijet search the LHC (13TeV)

Higher energies probes only higher masses of DM mediators
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Low mass di-jets

- Data scouting (CMS) / Trigger-object 
Level Analysis (ATLAS):                                         
lower trigger thresholds 
by recording only information necessary to 
perform certain analyses:  

- ☞ reduced information saved
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• Data scouting: lower trigger thresholds  
by recording only information  
necessary to perform certain analyses  
(to get around data-taking constraints) 
 
 

• Boosted dijets + associated ISR jet:  
Use ISR jet to get above the  
trigger thresholds

!15

T W O  M E T H O D S

Z ′

q

q̄

g

q̄

q

1

191

Z0
B
(mmed)

q

q

c(mDM)

c(mDM)g

g
0
q gDM

Z0
B
(mmed)

q

q

q

q

g
0
q g

0
q

Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
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Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

Javier Duarte 
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T R I G G E R  L I M I TAT I O N S

• Two limitations for standard stream given data 
acquisition and computing resources: 
                                       

• CPU time < ~100s ms 

• Total Bandwidth = event size × event rate < ~1 GB/s  
                              =     1 MB    ×    1 kHz    < ~1 GB/s

Can we shrink size to increase rate??
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low-mass dijet spectra
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• Expanded CMS reach down to 600 GeV
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

PLB 769 (2017) 520 
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LHC 
13 TeV

D A R K  M E D I AT O R
Expands LHC reach down to ~600 GeV
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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Boosted di-jets
- At high pT, the quarks are boosted into a single large-radius jet  
- ISR gets us above the trigger threshold

!39
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B O O S T E D  D I J E T  T O P O L O G Y
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• At high pT, the quarks are boosted into a single 
large-radius jet 

• ISR gets us above the trigger threshold 

smaller QCD 
background too!

Ingredients: 
1. High pT jets 
2. Jet substructure topology 

Backgrounds: 
1. QCD 
2. SM candles: W/Z+jets

Javier Duarte 
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E X E C U T I V E  S U M M A R Y
• Online selection: 

• jet pT > 360 GeV (m > 30 GeV) or  
HT > 900 GeV 

• Offline selection: 

• jet pT > 500 GeV, |η| < 2.5 

• Substructure selection: 

• Soft drop jet mass > 40 GeV  

• N12DDT (5% QCD eff. WP) 

• Backgrounds:  

• QCD  

• SM Candles: W/Z + jets
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Figure 3: (a) Schematic of a 1-prong jet, showing the dominant soft (green) and collinear

(blue) radiation, as well as the characteristic scales zs and ✓cc. (b) Schematic of a 2-

prong jet, showing the dominant soft (green), collinear (blue), and collinear-soft (orange)

radiation, as well as the characteristic scales, zs, ✓cc, zcs, and ✓12.

ment itself allows for a powerful understanding of the jet’s energy and angular structure.

Arguments along these lines are ubiquitous in the e↵ective field theory (EFT) community.

For example, in Soft Collinear E↵ective Theory (SCET) [108–111], they are used to identify

the appropriate EFT modes required to describe a particular set of measurements.

In the context of power counting, soft and collinear emissions are defined by their

parametric scalings. A soft emission, denoted by s, is defined by

zs ⌧ 1 , ✓sx ⇠ 1 . (2.12)

Here, zs is the momentum fraction, as defined in Eq. (2.2), and ✓sx is the angle to any

other particle x in the jet, including other soft particles. The scaling ✓sx ⇠ 1 means that

✓sx is not assigned any parametric scaling associated with the measurement. A collinear

emission, denoted by c, is defined by

zc ⇠ 1 , ✓cc ⌧ 1 , ✓cs ⇠ 1 . (2.13)

Here, ✓cc is the angle between two collinear particles, while ✓cs is the angle between a

collinear particle and a soft particle. In an EFT context, overlaps between soft and collinear

regions are systematically removed using the zero-bin procedure [112], but this is not

relevant for the arguments here. The soft and collinear modes are illustrated in Fig. 3a

and their scalings are summaried in Table 1a.

We now use the simple example of e2 to demonstrate how an applied measurement

sets the scaling of soft and collinear radiation.7 The analysis of more general observables

7In this analysis, we do not consider the scale set by the jet radius, R. For R ⌧ 1, the jet radius must

also be considered in the power counting and the scale R appears in perturbative calculations. For recent

work on the resummation of logarithms associated with this scale, see Refs. [113–116].
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and their scalings are summaried in Table 1a.

We now use the simple example of e2 to demonstrate how an applied measurement
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Figure 6. Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to 1000GeV.
Data are shown as black points. The multijet background prediction, including uncertainties, is
shown by the shaded bands. Contributions from the W and Z boson, and top quark background
processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z′ boson signal at a
mass of 135GeV is also indicated. In the bottom panel, the ratio of the data to the background
prediction, including uncertainties, is shown. The scale on the x-axis differs for each pT range due
to the kinematic selection on ρ.
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Figure 6. Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to 1000GeV.
Data are shown as black points. The multijet background prediction, including uncertainties, is
shown by the shaded bands. Contributions from the W and Z boson, and top quark background
processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z′ boson signal at a
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Figure 6. Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to 1000GeV.
Data are shown as black points. The multijet background prediction, including uncertainties, is
shown by the shaded bands. Contributions from the W and Z boson, and top quark background
processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z′ boson signal at a
mass of 135GeV is also indicated. In the bottom panel, the ratio of the data to the background
prediction, including uncertainties, is shown. The scale on the x-axis differs for each pT range due
to the kinematic selection on ρ.
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Figure 6. Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to 1000GeV.
Data are shown as black points. The multijet background prediction, including uncertainties, is
shown by the shaded bands. Contributions from the W and Z boson, and top quark background
processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z′ boson signal at a
mass of 135GeV is also indicated. In the bottom panel, the ratio of the data to the background
prediction, including uncertainties, is shown. The scale on the x-axis differs for each pT range due
to the kinematic selection on ρ.
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Figure 6. Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to 1000GeV.
Data are shown as black points. The multijet background prediction, including uncertainties, is
shown by the shaded bands. Contributions from the W and Z boson, and top quark background
processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z′ boson signal at a
mass of 135GeV is also indicated. In the bottom panel, the ratio of the data to the background
prediction, including uncertainties, is shown. The scale on the x-axis differs for each pT range due
to the kinematic selection on ρ.
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Figure 6. Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to 1000GeV.
Data are shown as black points. The multijet background prediction, including uncertainties, is
shown by the shaded bands. Contributions from the W and Z boson, and top quark background
processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z′ boson signal at a
mass of 135GeV is also indicated. In the bottom panel, the ratio of the data to the background
prediction, including uncertainties, is shown. The scale on the x-axis differs for each pT range due
to the kinematic selection on ρ.

– 12 –

increasing pT



E. Di Marco GEMMA workshop5 June 2018

Z’ interpretation

- Expands LHC reach down to 50 GeV
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• Expanded CMS reach down to 50 GeV

Z ′

q

q̄

g

q̄

q

1

B O O S T E D  D I J E T JHEP 01 (2018) 097



E. Di Marco GEMMA workshop5 June 2018

Mono-X vs di-jets
- Mono-X sensitive to both DM and mediator mass 

- Di-jets sensitive to large range of dark matter parameter space by looking 
directly for resonant production of the mediator
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• Sensitive to large range of dark matter parameter space by 
looking directly for resonant production of the mediator
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• Sensitive to large range of dark matter parameter space by 
looking directly for resonant production of the mediator
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
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decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
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in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• Sensitive to large range of dark matter parameter space by 
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0
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mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g
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q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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Comparison with DD

- Collider searches of DM: 
- are sensitive to low DM mass (<5 GeV) for spin-independent interactions 

- have ~3 order of magnitude better sensitivity for spin-dependent 
interactions
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Spin-independent DM-
nucleon cross section vs mDM
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Under the model assumptions: collider searches 
‣ are sensitive at low DM (<~5 GeV) for σSI (DM-nucleon) 
‣ have ~3 orders of magnitude better sensitivity for σSD (DM-nucleon)

Comparison with DD ATLAS Exotics Summary
CMS Dark Matter Summary

Spin-independent DM-nucleon 
cross section vs mDM 

Spin-dependent DM-proton 
cross section vs mDM 
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Conclusions

!46

LHC collaborations search extensively for Dark Matter.  
No excess was observed in the 2015 + 2016 data analysis in CMS and ATLAS 

in mono-X or multi-jet final states.  
☞ Mediator mass up to 1.6-1.8 TeV  

☞ DM mass up to 0.4-0.7 TeV  

But ~40/fb more data is being analyzed from 2017!  

We are in the era of precision searches! 
Mono-X searches: Need to measure the backgrounds at % level. Need both 
experimental and QCD theory improvements 
Di-jet searches: new experimental ideas being exploited to cover the remaining 
gaps 

LHC complements direct searches for mDM<O(10) GeV 



 47

Backup
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Huge data delivery

!48DPG
Mar 18 G. Dissertori

Delivery of (lots of) data

8

Luminosity (Flux) [cm-2]

Nev = L⇥ �

!2017 = 1000 x !2010 !!

≙ 5 x 1015 pp collisions! 

~ 109    W(l$)  
~ 107    top-pairs 
~ 3000 H→γγ 
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ATLAS & CMS
- Two general purposes experiments 

- Different technologies used in each component, to get the same 
targets 
- currently taking data at the LHC Run2

!49

ATLAS/CMS Detector overview
● Very similar goals achieved by different detector technologies

53
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From detector to particles

!50

Javier Duarte 
Fermilab

PA R T I C L E  F L O W

!58

photon

µ

neutral 
hadron

µ

HCAL 
clusters

ECAL 
clusters

Detector

Particle Flow

arXiv:1706.04965

• Efficient combination of complementary detector subsystems 

• Holistic particle interpretation of the event: energy/spatial 
resolution for jets, among many other things…

First compute “easy” objects: charged leptons, photons 
Then jets (collimated particles from the hadronization of partons) 
Finally MET = Missing Transverse Energy
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MonoX signal extraction (CMS)

!51

22

Simultaneous Fit CMS

Z (vv) Jets

Z (mm) Jets 

Gamma  Jets

W (mv) Jets Z (ee) Jets 

W (ev) Jets 

W (lv) Jets

Fit performed simultaneously in different categories: 
monojet and mono-V categories are simultaneously fit

Signal extraction is based on pTmiss. distribution, 
fitting 1 parameter in each bin

Signal yield is measured by fitting pTmiss , 
1 rate parameter  / bin

Simultaneous fit to different categories  
(signal + control regions) x 

mono-jet and mono-V (=hadronic W,Z)
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MonoX signal extraction (ATLAS)

!52

22

Simultaneous Fit CMS

Z (vv) Jets

Z (mm) Jets 

Gamma  Jets

W (mv) Jets Z (ee) Jets 

W (ev) Jets 

W (lv) Jets

Fit performed simultaneously in different categories: 
monojet and mono-V categories are simultaneously fit

Signal extraction is based on pTmiss. distribution, 
fitting 1 parameter in each bin

Signal yield is measured by fitting pTmiss , 
1 rate parameter  / bin

Simultaneous fit to different categories  
(signal + control regions)  in mono-jet

top-quark control region  
to estimate top background in the signal region
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Using ratios
- Common experimental 

systematic uncertaities cancel: 
- jet energy scale and resolution 

- luminosity measurement 

- pileup 

- Common theoretical systematic 
uncertaities reduces 
- need the best calculation (higher order 

corrections in QCD) to have the best 
ratios estimate 

!53

Zeynep Demiragli

W
l

v

16

Why do ratios?

Z ν

ν

=

• Similar sources of experimental uncertainties 
will cancel: 
• jet energy scale and resolution 
• luminosity measurement 
• additional proton proton interactions 

• Similar sources of theoretical uncertainties will 
partially cancel:

ratio

Zeynep Demiragli

W
l

v

16

Why do ratios?

Z ν

ν

=

• Similar sources of experimental uncertainties 
will cancel: 
• jet energy scale and resolution 
• luminosity measurement 
• additional proton proton interactions 

• Similar sources of theoretical uncertainties will 
partially cancel:

ratio
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Ratios in data

!54
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dashed lines -> what the uncertainties would have been without the work of the theory community

Experimentalist way of confirming: Validation with data!

CMS: EXO-16-048 

Black ratio from data and statistical uncertainties / Red from MC  
Grey band includes theoretical uncertainties 

(improvements in the QCD calculation reduced the theory uncertainty of factor 4-5 in the last years)
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Stop/Colored scalar limits

!55
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ū

�

�̄

g

u

�u

u

g

�

�̄

uMono-jet

Stop → Charm + Neutralino 
Stop mass excluded up to 430 GeV 

  (mt  − mΧ   >5 GeV)~
1 10~

Fermion Portal DM model 
‣ Colored-scalar mediator 
‣ DM coupling only to u-type quark (λu = 1) 

mediator mass excluded up to ~1.4 TeV 
DM mass excluded up to 600 GeV18

CONF-2017-060

EXO-16-048
Stop interpretation of 
mono-jet search

Stop→Charm+neutralino (DM) 
Stop mass excluded up to 430 GeV

Stop Model Fermion Portal Model

Mediator mass excluded up to ~1.4 TeV 
DM mass < 600 GeV
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mediators: putting all together

!56
Javier Duarte 
Fermilab
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qg'

 = 10%Z'/MΓ

 = 30%Z'/MΓ

qq→Z'
95% CL exclusions

UA2 CDF Run1 CDF Run2

CMS Dijet, 8 TeV Z width

• More to dijets than meets the eye

!38

S U M M A R Y  A N D  O U T L O O K
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Fermilab
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CMS Dijet, 8 TeV CMS Narrow Dijet, 13 TeV CMS Dijet Scouting, 8 TeV
CMS Narrow Dijet, 13 TeV CMS Wide Dijet, 13 TeV ATLAS Boosted Dijet, 13 TeV
ATLAS Dijet, 8 TeV UA2 CDF Run1
CDF Run2 Z width

• More to dijets than meets the eye

!39

S U M M A R Y  A N D  O U T L O O K

• Dark matter 

• Data scouting 

• Jet substructure 

• b-tagging 

• Machine leaning 

• Higgs couplings 

• New triggers 

• and more…

mediators: putting all together

!57


