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Why Dark Matter?

2

many cosmological observations                                                      
=> compelling evidence for  
      existence of “dark matter” (DM)

we can describe                
merely ~5% of the universe!

rotation velocity of stars in galaxies

Planck result
© M33 Image: NOAO, AURA, NSF, T.A.Rector.

https://darkmatterdarkenergy.com/2015/03/07/planck-mission-full-results-confirm-canonical-cosmology-model/
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Dark Matter Particles?

‣ particle physics:
‣ what are the building blocks (=particles)?
‣ current best knowledge: Standard Model (SM)
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Dark Matter Particles?

‣ particle physics:
‣ what are the building blocks (=particles)?

‣ popular generic class: weakly interacting massive particles (WIMPs)

‣ naturally explain present-day abundance

‣ need new particles!

=> broad search programme

no viable candidate 
within Standard Model

‣ current best knowledge: Standard Model (SM)
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Ways to look for WIMPs

SM DM

DMSM
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Ways to look for WIMPs

SM DM

DMSM

indirect
detect annihilation products

direct detection 
(DD)

WIMP-nucleon 
scattering

collider
pair-production of WIMPs
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Outline

‣ LHC and ATLAS

‣ X+ETmiss signatures

‣ complementarity of searches

‣ Results and Interpretations

‣ future prospects
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Complementarity
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Complementarity

LHC

Direct Detection

Neutrino Floor

WIMP-Nucleon-
Scattering Cross Section

WIMP mass

limited by 
energy threshold

limited by rate

limited by 
energy

low mass: collider 
more sensitive

high mass: direct 
detection more sensitive

direct detection limited 
by neutrino floor

collider results not 
affected by neutrino floor
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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more sensitive 
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LHC 8 TeV

arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

DD more 
sensitive at 
high masses

collider 
experiments 
more sensitive 
at low masses

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327


Ruth Pöttgen Apr 26, 20177

Experimental Landscape
10 Direct Detection Program Roadmap 39

1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING
(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

SNOLAB

SuperCDMS

Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

DD more 
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collider 
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arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

http://xxx.lanl.gov/abs/1310.8327
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band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

claims of positive signals
tension between results

http://xxx.lanl.gov/abs/1310.8327


Ruth Pöttgen Apr 26, 20178

Experimental Landscape
10 Direct Detection Program Roadmap 39

1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING
(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

SNOLAB

SuperCDMS

Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

LHC 8 TeV

LHC 8 TeV

arxiv:1310.8327

claims of positive signals
tension between results

@collider: production in this mass range possible! 
no astrophysical uncertainties!

http://xxx.lanl.gov/abs/1310.8327
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Large Hadron Collider (LHC)

‣ collisions with intervals as short as 25ns

‣ centre-of-mass energies up to 14 TeV

ATLAS
CMS

ALICE

LHCbX X
XX

27km

VQ
ua

rk
N

et

‣ collides protons, heavy ions or both

‣ 27km, 100m underground

‣ 1232 superconducting dipole magnets
‣ cooled by liquid He (1.9K)

‣ 392 quadrupole magnets

‣ hadrons: particles built from (2 or 3) quarks
‣ e.g. proton ("uud"), neutron ("ddu")

http://d1068036.site.myhosting.com/VQuarkNet/vLHC.html
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The Background Challenge
‣ direct detection: “background free” searches

W.J. Stirling, private communication

‣ collider searches: not exactly…

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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The Background Challenge
‣ direct detection: “background free” searches

hypothetical DM cross sections (roughly)
W.J. Stirling, private communication

‣ collider searches: not exactly…

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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Datasets and Future Milestones

‣ important figure of merit: integrated luminosity L —> amount of data

‣ ~100/fb by end of run-2 (2018)

‣ measured in 1/fb

‣ shutdown until 2021

‣ ~300/fb by end of run-3 (2023)
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ATLAS Online Luminosity
 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  

7/16 calibration

Run-1

Run-2
‣ more to come:

AtlasPublic/LuminosityPublicResultsRun2

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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Inside the proton
‣ protons are not fundamental particles!

‣ made up of 3 valence quarks + "sea quarks" & gluons
‣ collectively: partons

‣ special feature of strong interaction:

‣ gets stronger at larger distance!

‣ at some point, energy large enough 
to form new quarks (E=mc2)

‣ hadrons are formed => "jets"

‣ confinement of quarks in hadrons, i.e. there are no free quarks

‣ like a rubber band pulled apart



Ruth Pöttgen Apr 26, 201713

Proton-Proton CollisionsChapter 4. pp-Collisions
3. Monte–Carlo Event Generation and Detector Simulation

Figure 3.1.: Sketch of a proton–proton collision at high energy [37]. In the upper hemi-
sphere of the figure partons from the initial protons (large green ellipses)
radiate gluons and eventually interact in the hard interaction (red blob).
The products of the hard interaction produce a parton shower, depicted in
red, which eventually hadronizes (the green blobs represent hadrons) which
subsequently decay into the final state particles, all shown as small green
circles. The lower hemisphere of the figure depicts the underlying event,
starting from some gluons radiated o↵ the protons, which interact produc-
ing a parton shower as well (purple). Also the beam remnants, shown as light
blue blobs, are considered part of the underlying event. Photon radiation
occurs at all stages in the event generation (indicated as yellow lines).

20

Figure 4.1: Illustration of a pp col-
lision. Two partons from the incom-
ing protons (large green ellipses) un-
dergo initial state radiation and in-
teract in the hard process (big red
blob). A parton shower (red) emerges
from the products of the hard inter-
action. The resulting partons hadron-
ise into colourless states (light green
blobs) that subsequently decay into
stable particles (green circles). A
secondary interaction between pro-
ton remnants is shown as a purple
blob, again creating a parton shower
(purple), which hadronises, followed
by decays into stable particles. This is
part of the underlying event, together
with the beam remnants (light blue
blobs). Electromagnetic radiation
(yellow) can be emitted by charged

particles at any stage. [101]

underlying event, as are the remaining beam remnants, depicted as blue ellipses.

During all stages of the event development electromagnetic radiation o↵ charged particles can

take place, as is shown by the yellow lines.

4.2 Parton Density Functions

As seen in section 4.1, the hard interaction in a pp collision is not between the protons as a

whole but between two of their constituents. Hence, not the entire centre-of-mass energy (
p

s)

of the two protons is available in the hard process but instead only the partonic centre-of-mass

energy,
p

ŝ. The square of the partonic centre-of-mass energy is related to the beam energy

via ŝ = x1x2s, where x1 and x2 are the Bjørken x-variables of the two partons, which can be

interpreted as the fraction of the proton momentum the partons each carry1. The probability

density to find a parton p with a certain momentum fraction x at a given momentum transfer

Q2 is given by the parton density function (PDF), fp(x, Q2).

QCD does not predict the structure of the proton and therefore the PDFs cannot be calculated

ab initio, but have to be measured from experimental data. Historically, most of the information

came from Deep Inelastic Scattering (DIS) in fixed-target lepton-nucleon scattering experiments

and from the HERA electron-proton collider at DESY. The fixed-target data include scattering

of electrons, muons and neutrinos on targets of hydrogen and deuterium as well as nuclear

targets. In addition, recently more and more collider data on J/ , W±, Z/�⇤, jet, bb̄ and tt̄

production are included. Table 19.2 in reference [8] gives an overview of the main processes used

in PDF fits. Figure 4.2 shows the coverage in the x-Q2-plane for di↵erent types of experiments.

Fixed-target and HERA data cover regions down to x-values of approximately 10�5, mostly at

1The Bjørken variable was originally introduced as a covenient dimensionless quantity in the determination of
the structure functions of the proton. However, in the limit of vanishing transverse momentum and rest masses
of the partons, x is equivalent to the fraction of the proton momentum that the parton carries.

38

‣ … and they are messy

‣ detectors collect the debris and 
try to find interesting signatures

‣ proton-proton collisions are actually parton-parton collisions
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ATLAS

‣ general-purpose detector
‣ broad physics programme

‣ large collaboration
‣ ~5000 scientists from 180 

institutes in 38 countries
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‣ precisely measure collision products 
(energies, momenta, position, charge…)

‣ reconstruct physics objects (electrons, photons, jets…)

‣ non-interacting particles “carry away” energy (part of many new physics signals)
‣ missing transverse energy (ETmiss) calculated from all measured momenta

https://cds.cern.ch/record/1095924


Ruth Pöttgen Apr 26, 201715

Particle Detection
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The Invisible

‣ vector sum of transverse momenta 
after collision has to sum up to 0!

beam 1

beam 2

transverse plane‣ initially: all momenta along beam line, 
no transverse momentum pT
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‣ initially: all momenta along beam line, 
no transverse momentum pT
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beam 1

beam 2

transverse plane

transverse 
plane

‣ initially: all momenta along beam line, 
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The Invisible

‣ vector sum of transverse momenta 
after collision has to sum up to 0!

beam 1

beam 2

transverse plane

transverse 
plane

‣ initially: all momenta along beam line, 
no transverse momentum pT
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The Invisible

‣ vector sum of transverse momenta 
after collision has to sum up to 0!

beam 1

beam 2

transverse plane

transverse 
plane

‣ initially: all momenta along beam line, 
no transverse momentum pT

ETmiss
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The Invisible

‣ vector sum of transverse momenta 
after collision has to sum up to 0!

beam 1

beam 2

transverse plane

transverse 
plane

‣ initially: all momenta along beam line, 
no transverse momentum pT

ETmiss

‣ infer that some “invisible" particle(s) 
have escaped detection
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Collider WIMP Signature 
‣ WIMPs:

‣ interacting = interacting non-gravitationally

‣ weakly interacting

‣ missing transverse energy 
from recoiling WIMPs

‣ additional (high pT) object to trigger on

=> "X+ETmiss" searches 

‣ massive —> can account for relic density

—> escape collider experiment undetected

SM DM

DMSM

ETmiss

j, γ, Z, W, …

SM DM

DMSM

e.g. “initial state 
radiation” (ISR)
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The Workhorse: jet+ETmiss  (“Mono-jet")

18

ISR jet

‣ highly energetic jet 
+ large missing ET 

SM DM

DMSM

ETmiss

‣ large cross sections for jet production at hadron collider
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Real Life Event Display

19

ATLAS-CONF-2012-147

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
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Discrimination

20

=> search for excess over SM prediction at high ETmiss

‣ larger WIMP mass => higher ETmiss

‣ missing ET as discriminant variable

Chapter 13. Event Selection
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Figure 13.2: Emiss
T for

the main background processes
and several signal points after
preselection. The signal samples
are shown with dashed lines
in various shades of violet,
the Z(! ⌫⌫̄)+jets background is
shown in gray, blue lines are for
W+jets backgrounds, reds for
the top contribution and green
for the diboson processes. His-
tograms are normalised to unit
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Figure 13.3: Jet multiplicity
for the main background pro-
cesses and several signal points
after the preselection. The signal
samples are shown with dashed
lines in various shades of violet,
the (dominant) Z(! ⌫⌫̄)+jets
background is shown in gray,
blue lines are for W+jets back-
grounds, reds for the top contri-
bution and green for the dibo-
son processes. All histograms
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not to define separate selections for each signal point, but to provide an overview of potential

di↵erences between signal and background and general trends in the sensitivity when varying

certain cuts.

As already discussed previously, the largest and irreducible background contribution are events

with a jet from ISR and a Z boson decaying into two neutrinos. While the event topology is the

same for this process and the signal events, the signal is expected to manifest itself as an excess

of events with high missing transverse energy, as shown in figure 13.2. The di↵erent dashed lines

in various shades of violet are for the WIMP signal samples, the Z(! ⌫⌫̄)+jets background is

shown in gray, blue lines are for W+jets backgrounds, while top and diboson contributions are

shown in red and green, respectively.6 The histograms are normalised to unit area in order to

facilitate the shape comparison. It can be clearly seen that the spectra for the WIMP signal

samples are harder than the ones for the backgrounds. There are also some di↵erences between

the di↵erent operators, for example the spectra for D5 are softer than for the other two. In-

creasing the WIMP mass corresponds to a harder Emiss
T spectrum for all operators, since more

energy escapes with the heavier WIMPs.

Higher Emiss
T means in turn, that on average the ISR jets will have higher momentum in the sig-

6The Z(! `

+
`

�)+jets backgrounds are not included in this plot to reduce the number of lines. Their contri-
bution in the signal regions is very small and can be neglected in this context.

147

}
}

signal

background

‣ Monte Carlo (MC) simulation
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Background Estimation

21

‣ main challenge: estimation of irreducible/dominant backgrounds

‣ typically “global fit” to all CRs simultaneously

‣ e.g. jet+ETmiss:

jet

ETmiss

Z(νν)+jet- W(ℓν)+jet

jet

ℓ
ν

‣ simulation constrained using data in control regions (CR)
‣ non-overlapping with signal region (SR)

‣ e.g. jet+ETmiss  
‣ CRs: select Z(ℓℓ)/W(ℓν) events (i.e. explicitly select leptons) 
‣ SR: veto leptons

‣ constrain normalisation/shapes
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Example: jet+ETmiss 

22

‣ 1 muon, 0 electrons
‣ mT in [30,100] GeV

‣ 1 electron, 0 muons ‣ 2 muons
‣ mll in [66,116] GeV

W(µν)+jets CR W(eν)+jets CR Z(µµ)+jets CR

mT=√(2pTℓETmiss(1-cos(∆φ(ℓ,ETmiss)))

Phys. Rev. D 94, 032005

https://doi.org/10.1103/PhysRevD.94.032005
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Example: jet+ETmiss

23

‣ SRs: muon and electron veto
‣ inclusive and exclusive in ETmiss

no significant excess

Phys. Rev. D 94, 032005

‣ largest uncertainties:
‣ W/Z transfer: 2-4%
‣ data statistics in CRs: up to 10%
‣ theory uncertainties on top: 3%

https://doi.org/10.1103/PhysRevD.94.032005
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More X+ETmiss Searches
‣ X can also be…

24

7 Results

Table 1 presents the observed number of events and the SM background predictions in the SR, obtained
from the simultaneous fit to the single-bin CRs. The same numbers are also shown in the three lepton
CRs and in the PhJetCR. The contribution from W/Z� with W/Z decaying to ⌧ includes both the leptonic
and the hadronic ⌧ decays, considered in this search as jets. The fraction of W(! ⌧⌫) and Z(! ⌧⌧)
with respect to the total background corresponds to about 12% and 0.8%, respectively. The post-fit Emiss

T
distribution and the photon pT distribution in the SR are shown in Fig. 5.

Table 1: Observed event yields in 3.2 fb�1 compared to expected yields from SM backgrounds in the signal region
(SR) and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The
MC yields before the fit are also shown. The uncertainty includes both the statistical and systematic uncertainties
described in Section 8. The individual uncertainties can be correlated and do not necessarily add in quadrature to
equal the total background uncertainty.

SR 1muCR 2muCR 2eleCR PhJetCR

Observed events 264 145 29 20 214

Fitted Background 295±34 145±12 27±4 23±3 214±15

Z(! ⌫⌫)� 171±29 0.15±0.03 0.00±0.00 0.00±0.00 8.6±1.4
W(! `⌫)� 58±9 119±17 0.14±0.04 0.11±0.03 22±4
Z(! ``)� 3.3±0.6 7.9±1.3 26±4 20±3 1.2±0.2
� + jets 15±4 0.7±0.5 0.00±0.00 0.03±0.03 166±17

Fake photons from electrons 22±18 1.7±1.5 0.05±0.05 0.00±0.00 5.8±5.1
Fake photons from jets 26±12 16±11 1.1±0.8 2.5±1.3 9.9±3.1

Pre-fit background 249±29 105±14 23±2 19±2 209±50
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of
events from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.
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7 Results

Table 1 presents the observed number of events and the SM background predictions in the SR, obtained
from the simultaneous fit to the single-bin CRs. The same numbers are also shown in the three lepton
CRs and in the PhJetCR. The contribution from W/Z� with W/Z decaying to ⌧ includes both the leptonic
and the hadronic ⌧ decays, considered in this search as jets. The fraction of W(! ⌧⌫) and Z(! ⌧⌧)
with respect to the total background corresponds to about 12% and 0.8%, respectively. The post-fit Emiss

T
distribution and the photon pT distribution in the SR are shown in Fig. 5.

Table 1: Observed event yields in 3.2 fb�1 compared to expected yields from SM backgrounds in the signal region
(SR) and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The
MC yields before the fit are also shown. The uncertainty includes both the statistical and systematic uncertainties
described in Section 8. The individual uncertainties can be correlated and do not necessarily add in quadrature to
equal the total background uncertainty.
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Fake photons from electrons 22±18 1.7±1.5 0.05±0.05 0.00±0.00 5.8±5.1
Fake photons from jets 26±12 16±11 1.1±0.8 2.5±1.3 9.9±3.1

Pre-fit background 249±29 105±14 23±2 19±2 209±50
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of
events from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.
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7 Results

Table 1 presents the observed number of events and the SM background predictions in the SR, obtained
from the simultaneous fit to the single-bin CRs. The same numbers are also shown in the three lepton
CRs and in the PhJetCR. The contribution from W/Z� with W/Z decaying to ⌧ includes both the leptonic
and the hadronic ⌧ decays, considered in this search as jets. The fraction of W(! ⌧⌫) and Z(! ⌧⌧)
with respect to the total background corresponds to about 12% and 0.8%, respectively. The post-fit Emiss

T
distribution and the photon pT distribution in the SR are shown in Fig. 5.

Table 1: Observed event yields in 3.2 fb�1 compared to expected yields from SM backgrounds in the signal region
(SR) and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The
MC yields before the fit are also shown. The uncertainty includes both the statistical and systematic uncertainties
described in Section 8. The individual uncertainties can be correlated and do not necessarily add in quadrature to
equal the total background uncertainty.
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of
events from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.
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7 Results

Table 1 presents the observed number of events and the SM background predictions in the SR, obtained
from the simultaneous fit to the single-bin CRs. The same numbers are also shown in the three lepton
CRs and in the PhJetCR. The contribution from W/Z� with W/Z decaying to ⌧ includes both the leptonic
and the hadronic ⌧ decays, considered in this search as jets. The fraction of W(! ⌧⌫) and Z(! ⌧⌧)
with respect to the total background corresponds to about 12% and 0.8%, respectively. The post-fit Emiss

T
distribution and the photon pT distribution in the SR are shown in Fig. 5.

Table 1: Observed event yields in 3.2 fb�1 compared to expected yields from SM backgrounds in the signal region
(SR) and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The
MC yields before the fit are also shown. The uncertainty includes both the statistical and systematic uncertainties
described in Section 8. The individual uncertainties can be correlated and do not necessarily add in quadrature to
equal the total background uncertainty.
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of
events from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.
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7 Results

Table 1 presents the observed number of events and the SM background predictions in the SR, obtained
from the simultaneous fit to the single-bin CRs. The same numbers are also shown in the three lepton
CRs and in the PhJetCR. The contribution from W/Z� with W/Z decaying to ⌧ includes both the leptonic
and the hadronic ⌧ decays, considered in this search as jets. The fraction of W(! ⌧⌫) and Z(! ⌧⌧)
with respect to the total background corresponds to about 12% and 0.8%, respectively. The post-fit Emiss

T
distribution and the photon pT distribution in the SR are shown in Fig. 5.

Table 1: Observed event yields in 3.2 fb�1 compared to expected yields from SM backgrounds in the signal region
(SR) and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The
MC yields before the fit are also shown. The uncertainty includes both the statistical and systematic uncertainties
described in Section 8. The individual uncertainties can be correlated and do not necessarily add in quadrature to
equal the total background uncertainty.
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of
events from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

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

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

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

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

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

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

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

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

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

c

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

DM Forum report

‣ for Run-2: benchmark simplified models (where possible)

‣ collected by ATLAS/CMS DM forum 
(now LHC DM working group)

‣ Dirac-fermionic WIMPs

‣ mostly 4 parameters: 
‣ mediator mass (MMed)
‣ WIMP mass (m𝝌)
‣ 2 couplings (gDM ,gq), typically (1, 0.25)

‣ different types of mediators, minimal width

‣ provide basis for re-interpretations (distinct kinematics)

‣ Run-1: effective field theories (EFT) = low energy approximation
‣ questionable validity at LHC energies!

‣ UV complete, but less generic than EFT

SM DM

DMSM

https://arxiv.org/abs/1507.00966
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Example: jet+ETmiss Phys. Rev. D 94, 032005

A

q
g

χ

q̄ χ̄

gq gχ

gq=0.25, g𝝌=1

https://doi.org/10.1103/PhysRevD.94.032005
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Example: jet+ETmiss Phys. Rev. D 94, 032005
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gq=0.25, g𝝌=1

https://doi.org/10.1103/PhysRevD.94.032005
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complementarity

Example: jet+ETmiss Phys. Rev. D 94, 032005

A

q
g

χ

q̄ χ̄

gq gχ

gq=0.25, g𝝌=1

https://doi.org/10.1103/PhysRevD.94.032005
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Higgs+ETmiss: Models

27

‣ no ISR! (small coupling)

1 Introduction

The discovery of a boson in 2012 by the ATLAS [1] and CMS [2] collaborations, consistent with the
Standard Model (SM) Higgs boson, has opened up new possibilities in searches for new physics. In
particular, events with a Higgs boson and missing transverse momentum (Emiss

T ) in the final state can be
sensitive probes of scenarios predicting dark matter (DM) candidates.

The ATLAS collaboration has previously reported the results of a search for such events at a centre-of-
mass energy of

p
s = 8 TeV [3]. That search required the Emiss

T in the event to be larger than 90 GeV.
The analysis reported in this note extends the previous search by introducing categories, using 3.2 fb�1 of
proton-proton collision data collected at

p
s = 13 TeV with the ATLAS detector in 2015.

This note is organized as follows. Section 2 summarizes the DM production models in which the results of
the analysis are interpreted. Section 3 gives a brief description of the ATLAS detector. Section 4 describes
the dataset and the signal and background Monte Carlo (MC) simulation samples used. Section 5 explains
the reconstruction and identification of objects, while Section 6 outlines the optimisation of the event
selection and categorisation. Section 7 summarizes the signal and background modelling. Section 8
discusses the experimental and theoretical systematic uncertainties that a�ect the results. Section 9
presents the results and their interpretations, and Section 10 gives a summary.

Throughout this note, a lowercase h refers to the observed Higgs boson, while an uppercase H refers to
the heavy scalar in the model described in Section 2.1.

2 Theoretical Models

The results of the search are interpreted in two theoretical models. In the first model, a heavy scalar decays
into a Higgs boson as well as a pair of DM candidates. In the second model, which is a simplified model
of DM production, a massive vector mediator emits a Higgs boson and subsequently decays into a pair of
DM candidates. The models are briefly described below.

2.1 Heavy scalar model

t

t

t
g

g

H H

h

�

�

Figure 1: Production of a heavy scalar H via gluon fusion (left), and decay of H into a Higgs boson (denoted as h)
and a pair of dark matter candidates via an e�ective coupling (right).

The heavy scalar model [4] introduces a heavy scalar H in the mass range of 2mh < mH < 2mtop, which
is produced primarily via gluon fusion (ggF) as shown in Fig. 1 (left).
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‣ widely used simplified model:                                                          
s-channel vector mediator radiating Higgs

‣ other models considered in some analyses:

‣ s-channel scalar mediator radiating Higgs

‣ Z’-2HD simplified model

‣ scalar 2HD simplified model

‣ additional parameters, e.g. gZ’Z’h, mixing angle…

‣ new after Higgs discovery
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Higgs+ETmiss: Results

28

imrpovement wrt 8TeV
new in run-2

 Phys. Lett. B 765 (2017) 11

http://dx.doi.org/10.1016/j.physletb.2016.11.035
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The Future

‣ more data (full run-2 and beyond)

29

‣ new window: Higgs+ETmiss searches (more channels)

‣ comparisons with direct detection

‣ more models

‣ combination

‣ consistent set of models/parameters with CMS
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Higgs Boson Decays

‣ largest branching ratios: bb and WW
_

‣ BR(bb)~ 3 * BR(WW)
_
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H(bb)+ETmiss - Background Estimation

‣ alternative method to estimate one of the main backgrounds: Z(νν)+jets 

‣ explore use of photon(γ)+jets events

‣ very similar topology at high boson pT

‣ γ pT as proxy for ETmiss

_

‣ Z(νν)+jets: boson pT = ETmiss

jet

ETmiss

γ+jetZ(νν)+jet-

jet

γ

‣ γ well measurable!

‣ can select sample of γ+jets events with high purity
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‣ γ: electromagnetic interaction, Z: weak interaction
‣ different coupling to quarks
‣ theoretically well known 

‣ select pure γ+jets sample in data

‣ use simulation to determine ratio Z(νν)/γ
‣ (partial) cancellation of uncertainties 

‣ prediction for Z(νν)+jets 

‣ independent cross check of estimation

‣ transfer factor
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Figure 1: Combined limits from the leptoquark searches at
p

s = 7 TeV for (a) the first generation [2] (b) the second
generation [3].

All of these considerations so far refer only to the total number of events. In the end, however, the ana-
lysis will be performed in bins of some discriminating variable most likely. A conservative is assumption
are 10 bins with the events evenly distributed across them. (In reality, probably less bins will be used
and only few of them will contain the majority of the events.) With 100,000 generated events, i.e. 5,000
events per bin in the `⌫ channel, a statistical uncertainty of 2.4% in each bin would be achieved. With
200,000 events this would decrease to 1.7% per bin.
The di-lepton channel will be most important above LQ masses of about 800 GeV. For mLQ=800 GeV,
the cross section is 27fb, i.e. 1,000 events expected for 40 fb�1. Thus, to account for the BR into di-lepton
final states, 4,000 events are needed. For 50,000 generated events the statistical uncertainty would be
1.5% for the di=lepton events. Taking again the binning into account yields a statistical uncertainty of
3.3% per bin for 100,000 events generated with � = 0.5 or 2.4% when 200,000 events are generated.
All in all, it was decided to request 150,000 events per mass point. This should give reasonable coverage
both at low masses, where the `⌫ channels are driving the sensitivity and at high masses, where the di-
lepton channel is dominant and hence the BR has to be compensated for.
The mass steps in which samples are generated are 50 GeV between mLQ=200 GeV and mLQ=1500 GeV
and then 100 GeV up to mLQ=2200GeV. The reasoning is that at low masses the cross section falls more
steeply and that the region just above the current limit around mLQ=1 TeV is highly interesting. The mass
region beyond mLQ=1.5 TeV will likely be di�cult to probe with this data set and therefore the step size
can be larger.
The request therefore consists of 34 mass points per generation, with 150,000 events each.

fT =
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�+jets
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All of these considerations so far refer only to the total number of events. In the end, however, the ana-
lysis will be performed in bins of some discriminating variable most likely. A conservative is assumption
are 10 bins with the events evenly distributed across them. (In reality, probably less bins will be used
and only few of them will contain the majority of the events.) With 100,000 generated events, i.e. 5,000
events per bin in the `⌫ channel, a statistical uncertainty of 2.4% in each bin would be achieved. With
200,000 events this would decrease to 1.7% per bin.
The di-lepton channel will be most important above LQ masses of about 800 GeV. For mLQ=800 GeV,
the cross section is 27fb, i.e. 1,000 events expected for 40 fb�1. Thus, to account for the BR into di-lepton
final states, 4,000 events are needed. For 50,000 generated events the statistical uncertainty would be
1.5% for the di=lepton events. Taking again the binning into account yields a statistical uncertainty of
3.3% per bin for 100,000 events generated with � = 0.5 or 2.4% when 200,000 events are generated.
All in all, it was decided to request 150,000 events per mass point. This should give reasonable coverage
both at low masses, where the `⌫ channels are driving the sensitivity and at high masses, where the di-
lepton channel is dominant and hence the BR has to be compensated for.
The mass steps in which samples are generated are 50 GeV between mLQ=200 GeV and mLQ=1500 GeV
and then 100 GeV up to mLQ=2200GeV. The reasoning is that at low masses the cross section falls more
steeply and that the region just above the current limit around mLQ=1 TeV is highly interesting. The mass
region beyond mLQ=1.5 TeV will likely be di�cult to probe with this data set and therefore the step size
can be larger.
The request therefore consists of 34 mass points per generation, with 150,000 events each.
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‣ possible reduction of uncertainties

H(bb)+ETmiss - Background Estimation
_
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‣ analysis relies on identifying jets from b-quarks (b-tagging)

‣ in the evolution of a collision event, quark combinations (hadrons) are formed

‣ B-hadrons (containing b-quarks) have “visible" lifetimes

‣ their “late" decay leads to secondary vertex

‣ resolved with excellent tracking resolution

‣ multi variate techniques used to build a discriminator against light jets
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H(bb)+ETmiss - Finding b-Quarks
_

https://amva4newphysics.wordpress.com/2016/01/04/b-tagging-101/
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‣ at high ETmiss: H is "boosted" —> b-jets merge into one

‣ use of variable radius (VR) jets can 
significantly improve b-tagging efficiency

‣ jets become more narrow with higher pT

‣ adapt radius parameter used

H(bb)+ETmiss - Finding b-Quarks
_
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Reminder
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H(WW)+ETmiss 

‣ boosted regime: one large jet

‣ most promising: decay of W bosons into pair of quarks

‣ in W—>ℓν additional ETmiss from neutrinos
‣ complicates reconstruction of Higgs mass

‣ four-prong substructure

Additional Channels?	
•  Does it make sense to add MonoH , HàWW? 

o  My take : only if we go fully hadronic 
o  Take advantage of 4-prong substructure (http://arxiv.org/abs/1204.0525) 

•  Nota bene : Benefit for VH resonance searches as well … 

12 April 2016 S. Meehan 33 
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FIG. 1: Example event displays of fully hadronic (left) and semileptonic (right) diboson-jets in

the η–φ plane. These are from 125 GeV h → WW ∗ decays originating from a 3 TeV Z ′, passed

through our simple detector model and represented at ECAL-level spatial resolution. Identified

subjets are color-coded according to relative pT (in descending order: red, blue, green, yellow). The

semileptonic example includes a non-isolated muon (cyan). (Grey cells were thrown away by the

substructure algorithm.)

II. TAGGING DIBOSON-JETS

In this section, we outline some techniques for tagging highly Lorentz-boosted diboson

systems, generated in the decay of a boosted Higgs or other heavy scalar. We specialize

to the case of h → WW (∗), which is the dominant diboson decay mode of the Higgs. Our

approach can be straightforwardly extended to ZZ(∗), or generally any decay chain that

leads to a four-body final state with any admixture of jets and leptons.

We first discuss the case of fully hadronic WW (∗) decay, and then semileptonic decay. We

assume that the fully leptonic decay can largely be dealt with using standard lepton recon-

struction, perhaps with somewhat loosened isolation criteria (as was explored for boosted

leptonic Z bosons in [10, 11]). Examples of fully hadronic and semileptonic diboson-jets

from boosted Higgs decay can be seen in Fig. 1. Note that these examples, with pT ∼> 1 TeV

could easily fit inside of a standard-sized LHC jet (R ≥ 0.4).1

1 For pT ≃ 1 TeV and mh ≤ 200 GeV, at least two fermions are merged at the ∆R ≤ 0.4 level in essentially

4

H W

W

q

qq

q

jet

jet
jet

jet

‣ “di-boson tagging”

‣ new analysis channel 

‣ additional handle on DM
‣ different systematic effects

‣ not done yet

‣ larger branching ratio

arxiv:1204.0525

https://arxiv.org/abs/1204.0525
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Interdisciplinary Interpretation

‣ need to develop ways to do that
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?

‣ H+ETmiss: no comparisons to results of other searches so far
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Summary

‣ Dark Matter one of the hottest topics of 
present day (astro)particle physics

‣ complementarity of 
colliders and direct detection

H

ETmiss

‣ whole suite of X+ETmiss searches 
looking for DM at colliders
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7 Results

Table 1 presents the observed number of events and the SM background predictions in the SR, obtained
from the simultaneous fit to the single-bin CRs. The same numbers are also shown in the three lepton
CRs and in the PhJetCR. The contribution from W/Z� with W/Z decaying to ⌧ includes both the leptonic
and the hadronic ⌧ decays, considered in this search as jets. The fraction of W(! ⌧⌫) and Z(! ⌧⌧)
with respect to the total background corresponds to about 12% and 0.8%, respectively. The post-fit Emiss

T
distribution and the photon pT distribution in the SR are shown in Fig. 5.

Table 1: Observed event yields in 3.2 fb�1 compared to expected yields from SM backgrounds in the signal region
(SR) and in the four control regions (CRs), as predicted from the simultaneous fit to all single-bin CRs. The
MC yields before the fit are also shown. The uncertainty includes both the statistical and systematic uncertainties
described in Section 8. The individual uncertainties can be correlated and do not necessarily add in quadrature to
equal the total background uncertainty.
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Figure 5: Distribution of Emiss
T (left) and photon pT (right) in the signal region for data and for the background

predicted from the fit in the CRs. Overflows are included in the final bin. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by a bin-by-bin fit. The expected yield of
events from the simplified model with m� = 150 GeV and mmed = 500 GeV is stacked on top of the background
prediction. The lower panel shows the ratio of data to expected background event yields.
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WIMPs, a thermal relic

‣ the larger the annihilation cross section, 
the later the freeze-out and the smaller 
the relic density

Chapter 3. Dark Matter

Figure 3.1: Evolution of the co-
moving number density and freeze-

out in the early universe. [45]

H0 = 100h km s�1 Mpc�1:

⌦Xh2 ⇡ 1.07 ⇥ 109 GeV�1

MP l

xF
p

g⇤
F

1

(a + 3b/xF )
. (3.16)

The number of relativistic degrees of freedom at freeze-out is given by g⇤
F , MP l is the Planck

mass. To estimate the relic density within this approximation one thus has to calculate the

annihilation cross section and extract the mass-dependent parameters a and b, which allows to

derive xF . In an order-of-magnitude estimation equation (3.16) can be re-written as

⌦Xh2 ⇡ 3 ⇥ 10�27 cm3 s�1

h�vi , (3.17)

from which it can be readily seen that the present abundance of the species X is determined

by the annihilation cross section at the time of freeze-out. In particular, for larger annihilation

cross section, the relic density is smaller, as a larger fraction of X could annihilate. Analogously,

a small annihilation cross section results in a larger relic abundance. This is also illustrated in

figure 3.1, in this version taken from [45], which shows the evolution of the comoving number

density2 as a function of x. The number density decreases exponentially with increasing x, until

the interaction rate becomes too small and the component freezes out, i.e. the comoving number

density does not change any more. This happens the earlier, the lower the annihilation cross

section is, which is sometimes referred to as the ‘survival of the weak’.

It has to be kept in mind that the above relations were derived under certain simplifying

assumptions that are not valid generally. The relic density can be changed significantly with

respect to the result obtained in the standard calculation by the presence of a scalar field in the

early universe, as shown in [46]. There are three other cases in which the treatment outlined

above does not hold, which are detailed in [47]: There could be resonant enhancement, the relic

particle could be close to a mass threshold, allowing for additional annihilation or there could

be coannihilations, when there is another species which shares a quantum number with species

X and has a similar mass.
2Since the universe is expanding, the density has to be considered w.r.t. to the ‘expanding volume’.
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Accelerator Chain

Chapter 6. The Large Hadron Collider

Figure 6.1: The CERN accelerator complex. For a description of the proton acceleration
chain see text. [165]

than 8 T. In addition to the dipole magnets for steering, there are 392 quadrupole magnets for

focussing the beams. At the interaction points the two beams are brought into collision with a

certain angle, since head-on collisions would result in a large number of parasitic interactions.

6.2 The LHC Bunch Structure

The LHC can be operated with di↵erent filling schemes. In this section, a baseline scheme for

the operation at 25 ns bunch spacing is described as an example. The information is largely

based on reference [166].

All filling schemes must meet certain requirements; the most important one is a window of at

least 3µs without filled bunches to allow for the beam dump kicker rise time. This is known as

the beam dump gap or abort gap.

Figure 6.2 illustrates the filling scheme, where bunch 1 is defined to be the first bunch after the

abort gap. In total, there are 3564 possible bunch positions, each with a length of 25 ns. The

ring is filled in batches of 3 or 4 bunch trains – consisting of 72 bunches each – from the SPS

with the following pattern:

333 334 334 334,

which makes for 39 bunch trains in total and thus 2808 filled bunches. Within one batch, there

is a spacing of 8 bunches between the trains (⌧2 in fig. 6.2), corresponding to the SPS injection

kicker rise time. The batches are separated by 38 bunches (⌧3, rise time of the LHC injection

kicker) or by 39 bunches in between the 333 or 334 packets (⌧4). Finally, there is the abort gap,

which comprises 119 empty bunches, corresponding to the rise time of the beam dump kicker

(3 µs). In a filling scheme with 50 ns bunch spacing in the trains, the maximum number of filled

bunches is 1380.
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‣ beams not continuous, but 2808 packets (“bunches”) with 1011 protons each

‣ circulating in opposite directions in LHC

‣ brought to collision at the 4 interaction points

‣ accelerated in several stages
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Chapter 5. Mono-Jet Signature

for example in references [144, 153–158], that the use of the EFT at LHC-like energies has to

be handled with care. A very detailed discussion of the subject can also be found in [159] and

the following remarks are largely based on the studies therein.

The suppression scale relates to the mass of an s-channel mediator and the couplings as

M⇥ =
MMed�
g�gSM

. (5.9)

As a minimal requirement for the EFT to be applicable, the momentum transfer in the inter-

action, Qtr, has to be smaller than the mediator mass, Qtr < MMed, leading to

M⇥ >
Qtr�
g�gSM

. (5.10)

The upper bound on the couplings which render the theory still perturbative is given by

g�, gSM < 4�. This leads to

M⇥ >
Qtr

4�
. (5.11)

In order to produce a pair of WIMPs of mass m� (in an s-channel process), the momentum

transfer has to be at least twice as large as the WIMP mass, Qtr > 2m�, yielding the following

minimal constraint for the EFT to be valid within the kinematic boundaries:

M⇥ >
m�

2�
. (5.12)

In [159], the condition (5.10) is proposed to be used as a means to quantify the error one makes

by assuming full validity of the EFT. For a given initial limit on the suppression scale M init
⇥ ,

there might be events which do not fulfill the requirement (5.10), removing those events leaves

a fraction of valid events Ri
v. This fraction can be used to rescale the limits, yielding a new

value of M i
⇥, in the following way:

M i
⇥ = [Ri

v]
1/(2(d�4))M init

⇥ . (5.13)

Here, d is the dimension of the operator (7 for D1 and D11, 6 for the other operators). This

procedure is repeated using M i
⇥ in the requirement of eq. (5.10), retrieving a new fraction of

valid events and a new value of M i
⇥ and so forth, until either all events that are left fulfil the

requirement or no events are left (i.e. Ri
v = 1 or Ri

v = 0). When denoting the product of the

validity fractions of each iteration step (i.e. the overall fraction of valid events) as Rtot
v =

�
iR

i
v,

the final limit on the suppression scale can be written as

Mfinal
⇥ = [Rtot

v ]1/(2(d�4))M init
⇥ . (5.14)

For the dimension 6 operators a validity fraction of 50% would thus mean a deterioration in the

limit by about 16%, for example.

The result of the iterative procedure depends, however, on the assumption made for the coup-

lings. In equation (5.11), those are set to their maximum perturbative value of 4�. This is of

course a peculiar – although valid – configuration when considering a weakly coupled theory.

Other choices of the coupling lead to stronger constraints on the validity. One common choice

in the literature is
�
gSMg� = 1, which result in Qtr < M⇥ as a requirement for validity. But
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course a peculiar – although valid – configuration when considering a weakly coupled theory.

Other choices of the coupling lead to stronger constraints on the validity. One common choice

in the literature is
�
gSMg� = 1, which result in Qtr < M⇥ as a requirement for validity. But
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Chapter 15. Results and Interpretation
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Figure 15.9: 95%CL observed lower limits from SR7 on the scale ⇥ (a) and upper limit on
the coupling (b) in the simplified model as a function of the mediator mass . Blue lines are for
m� = 50GeV, orange lines for m� = 400GeV. Limits for � = MMed/3 are shown as dashed,
limits for � = MMed/(8�) as solid lines. Gray lines give the contours of constant

�
g�gSM (a)

and constant ⇥ (b). The non-perturbative regime with couplings larger than 4� is indicated as
a dark shaded area.

15.3.2 Simplified Model

As described in section 5.3, the simplified model assumes an s-channel vector mediator with

a mass MMed and couplings g� and gSM to the dark matter and Standard Model fermions,

respectively. The EFT pendant to this would be the vector-operator D5, and in analogy to the

suppression scale of the EFT the scale ⇥ is defined as ⇥ = MMed/
�
gSMg�. The cross section

for a given mediator mass depends on g2�g
2
SM. In the sample generation, the value was set to

�
g�gSM|0 = 1. The limits on the signal strength µ obtained by HistFitter in the same way

as for the EFT samples can thus be translated into limits on the product of the couplings

(
�
g�gSM|L) in the following way:

�
g�gSM|L = µ1/4�g�gSM|0 = µ1/4. This can be used to obtain

the corresponding limit on ⇥. The observed limits are presented in figure 15.9(a) as a function

of the mediator mass for two di⇤erent WIMP masses (50 and 400GeV) and both choices of the

width of the mediator, �. No theoretical uncertainties are shown in these plots since they are

not necessary for the points that are to be illustrated and discussed here.

Three regions can be distinguished in figure 15.9(a): At mediator masses below twice the WIMP

mass, the mediator has to be produced o⇤-shell and hence cross sections are low and the limits

are weak. Once the mediator mass is of the order of 2m� the limits start to become stronger

and show a resonant-like peak around 1TeV5. The peak is more pronounced for mediators with

a smaller width, as is to be expected. Beyond that, the cross sections (and accordingly the

limits) decrease again, on the one hand because the mediator has to be o⇤-shell again, on the

other hand because the mediator mass approaches the maximum centre-of-mass energy. This

second e⇤ect is clearly visible in the third regime, above roughly 6TeV: The limits stay almost

constant, illustrating the transition to a contact interaction with a very heavy mediator, as in

5The actual maximum will most likely be between 1 and 3TeV and will be at di�erent values for the di�erent
WIMP masses, but no samples for mediator masses between 1 and 3TeV were available at the time of writing.
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Effective Operatorcouples to photons and is produced in association with a photon, the detector signature is a � + Emiss
T

event. Examples of graviton production are illustrated in Fig. 2.

�
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q̄

q

�

q
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�

�

�̄

Figure 1: Production of pairs of dark matter particles (��̄) via an explicit s-channel mediator, med (left) and pro-
duction of pairs of dark matter particles (��̄) via an e↵ective ����̄ vertex (right).

Figure 2: Graviton (G) production in models of large extra dimensions.

The search follows a strategy similar to the search perfomed using the 8 TeV data collected during the
LHC Run 1 [7] . Due to the increased centre-of-mass energy, the search presented here achieves better
sensitivity for the ADD model case where direct comparison with the 8 TeV search result is possible, as
is shown later. Di↵erent DM models, proposed in Ref. [12], are also considered.

The paper is organized as follows. A brief description of the ATLAS detector is given in Section 2.
The signal and background Monte Carlo (MC) simulation samples used are described in Section 3. The
reconstruction of physics objects is explained in Section 4, and the event selection is described in Section
5. Estimation of the SM backgrounds is outlined in Section 6. The results are described in Section 7 and
the systematic uncertainties are given in Section 8. The interpretation of results in terms of models of
new phenomena including pair production of dark matter candidates or large extra spatial dimensions is
described in Section 9. A summary is given in Section 10.
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Figure 1. Production of pairs of dark matter particles (χχ̄) via an explicit s-channel mediator,
med (left) and production of pairs of dark matter particles (χχ̄) via an effective γγχχ̄ vertex (right).

Figure 2. Graviton (G) production in models of large extra dimensions.

with the 8 TeV search result is possible, as is shown later. Different DM models, proposed

in ref. [14], are also considered.

The paper is organized as follows. A brief description of the ATLAS detector is given

in section 2. The signal and background Monte Carlo (MC) simulation samples used are

described in section 3. The reconstruction of physics objects is explained in section 4, and

the event selection is described in section 5. Estimation of the SM backgrounds is outlined

in section 6. The results are described in section 7 and the systematic uncertainties are

given in section 8. The interpretation of results in terms of models of new phenomena

including pair production of dark matter candidates or large extra spatial dimensions is

described in section 9. A summary is given in section 10.

2 The ATLAS detector

The ATLAS detector [18] is a multi-purpose particle physics apparatus with a forward-

backward symmetric cylindrical geometry and near 4π coverage in solid angle.2 The inner

tracking detector (ID) covers the pseudorapidity range |η| < 2.5, and consists of a silicon

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,φ) are used in the transverse

plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the

polar θ angle as η = − ln [tan(θ/2)].
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