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Introduction
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Introduction from S. 
Lowette and P. Fox 

Jets + MET 
 - cut and count

Jets + more jets 
- resonance searches

https://indico.cern.ch/event/572149/contributions/2447441/attachments/1446556/2228452/170420_Lowette_ALPS2017_DarkMatterLHC.pdf
https://indico.cern.ch/event/572149/contributions/2462863/attachments/1446561/2228461/DMcolliders.pdf
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• Hadronic + MET: 
• jet+MET [PRD 94 (2016) 032005] 
• bb+MET [ATLAS-CONF-2016-086] 
• tt+MET [ATLAS-CONF-2017-020,  

ATLAS-CONF-2016-077]* 
• mono-V [Phys. Lett. B 763 (2016) 251]** 
• mono-H(bb) [ATLAS-CONF-2017-028]** 

• Resonance searches: 
• Dijet [arXiv: 1703.09127] (+ Karishma) 
• Dijet TLA*** [ATLAS-CONF-2016-030] 
• Dijet+ISR (j/𝛾) [ATLAS-CONF-2016-070] 
• di-b-jet [ATLAS-CONF-2016-060, 2016-031]

Overview

3

~3fb-1 2015 

~13fb-1 
2015+2016 

~37fb-1 
2015+2016

**see Hideki’s talk

*1 and 2 lepton channels 
not covered here

*** Trigger Level Analysis

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1016%2Fj%252Ephysletb%252E2016%252E10%252E042&v=c83e457e
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-028/
https://indico.cern.ch/event/572149/contributions/2489227/attachments/1445986/2228308/alps2017_dijets_KSekhon.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-031/
https://indico.cern.ch/event/572149/contributions/2486767/attachments/1446733/2229083/okawa_monoV_monoH_ALPS2017.pdf
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Processes
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q

q

M

Start point - mediator connecting quarks and dark matter
But what can we trigger on?
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Processes
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q

q

M

𝜒

𝜒

mediator decays to dark matter - can’t see…
no MET since 𝜒 back-to-back
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Processes

6

q

q

M

𝜒

𝜒

Solution 1: ISR -> jet + MET

MET from 𝜒𝜒 
recoiling 
from ISR
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b / t

Processes
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g

g

M

𝜒

𝜒

Solution 2: 3rd generation couplings -> tt / bb + MET

b / t

MET from 𝜒𝜒 
recoiling 
from bb/tt

(especially interesting for (pseudo-)scalar mediators)
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Processes
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q

q

M

q / b

q / b

mediator decays back to quarks -> Dijet (+TLA), di-b-jet

single jet 
trigger

TLA = “Trigger Level Analysis”

(low-mass 
di-b requires 
bb trigger)
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Processes
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q

q

M

q

q

Reach lower mass mediators: ISR -> dijet + ISR

single jet 
trigger (ISR)
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X+MET: trigger and QCD
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jet + MET bb/tt + MET

• Trigger on MET 
• Restrict MET (and pT) due to 

trigger efficiency 

• Reject QCD: 
• 𝛥𝜙(jet, pTmiss) > 0.4 
• tighter pT cut / b-tag / top tag 
• Restrict jet multiplicity 

• Reject electroweak: veto leptons
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• Specific cuts reject main backgrounds

Background rejection
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• Example: bb+MET 

• Main background Z(𝜈𝜈) + bb 

• Exploit difference in spin 
and mass of mediator vs Z 

• well-separated bb pair (and 
from third jet if present) 

• large b1-b2 pT imbalance

𝛥Rmin = min(𝛥R(b1,b2), 𝛥R(b1,j), 𝛥R(b2,j))

ATLAS-CONF-2016-086

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
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Background estimation
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• Estimate background shapes from MC 
• Data-driven normalisation from simultaneous fits in control regions - 

as close as possible to SRs while maintaining acceptable statistics 
• Serves also to reduce uncertainties since CR selections similar to 

SR -> statistical uncertainties often dominate 
• Check background estimate in  

validation regions

W𝜇𝜈 CR used to constrain 
dominant Z𝜈𝜈 background 

since much better stats than 
kinematically close Z𝜇𝜇 CR

Example: jet+MET

PRD 94 (2016) 032005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005
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• Trigger on single jet 
• (For simplicity - no gain with dijet triggers) 
• Kinematic thresholds define range of sensitivity 

• Reject QCD: 
• Restrict |y*| = 0.5(y1-y2) 
• fit to smoothly falling QCD background

Resonance* searches

13

* dijet search also has 
angular analysis, as 
Karishma describeddi(b)jet dijet+ISR
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• Trigger turn-on imposes pT 
requirement: 430/440 GeV for 
unprescaled trigger in 2016 

• This equates to mjj>1.1 (1.7) TeV  
for |y*|<0.6 (1.2) 
• smaller y* -> closer jets -> lower mjj 

for given pT 

• Can set limits only a certain distance 
from the edge of the fit range 

• Dijet and di-b-jet: take this as lower 
bound 

• Dijet+ISR: high-pT ISR jet/𝛾, low pT pair 
from resonance

Trigger limitations
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TLA 2015 plot - 
lower thresholds

• Dijet TLA: record less information per event -> can record more events -> 
lower threshold

ATLAS-CONF-2016-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-030/
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• Dominated by QCD - fit to smooth 
spectrum 

• Dijet+ISR, di-b, TLA: “global” fit: single 
fit spanning whole range 
• Upper range of TLA had to be 

restricted 

• Dijet: set of overlapping fits in smaller 
windows 

• Small (%-level) uncertainties - jet energy 
scale for signal, pseudo-experiments on 
background estimate

Background estimate
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-030/
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Results - bb/tt + MET
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• tt+MET does not provide DM limits in ATLAS-CONF-2017-020 

• Pseudoscalar limits in backup 

• P. Fox: 𝜎~g2 => 𝜎(g=3.5) ~10𝜎(g=1.0)

 [GeV]Φm
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(g
=1

.0
)
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 PreliminaryATLAS
 -1 = 13.3 fbint = 13 TeV, Ls

Scalar
χχ → Φ, Φbb+

 = 1 GeV
χ

g = 1.0,  m

σ1 ±Exp. 
σ2 ±Exp. 

Expected 95% CL
Observed 95% CL

ATLAS-CONF-2016-086 ATLAS-CONF-2016-077

https://indico.cern.ch/event/572149/contributions/2462863/attachments/1446561/2228461/DMcolliders.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/


Will Kalderon, Lund University / 21 ATLAS DM Hadronic searches, 19.04.17

1.5 2 2.5 3 3.5 4 4.5 5 5.5
3−10

2−10

1−10

1

1.5 2 2.5 3 3.5 4 4.5 5 5.5
3−10

2−10

1−10

1

 [TeV]Z’m
1.5 2 2.5 3 3.5 4 4.5 5 5.5

 [p
b]

∈ 
×

 A
 

× 
σ

3−10

2−10

1−10

1

NLO SSM Z’
NLO Leptophobic Z’
Observed 95% CL
Expected 95% CL

σ 1 ±
σ 2 ±

-1 = 13 TeV,  13.3 fbsATLAS Preliminary
2 b-tag

Results - bb resonances
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• di-b resonance search: 
excludes leptophobic Z’ 
at 1.5 TeV

BR(Z' → bb) 
13.8% 
18.9%

ATLAS-CONF-2016-060

650 700 750 800 850 900 950 1000 1050 1100
2−10

1−10

1

10

650 700 750 800 850 900 950 1000 1050 1100
2−10

1−10

1

10

 [GeV]Z’m
650 700 750 800 850 900 950 1000 1050 1100

 B
R

 [
p
b
]

× 
∈ 

×
 A

 
× 

σ

2−10

1−10

1

10

NLO SSM Z’

Observed 95% CL

Expected 95% CL

σ 1 ±

σ 2 ±

-1 = 13 TeV,  3.2 fbsATLAS Preliminary
2 b-tag

ATLAS-CONF-2016-031

• low-mass di-b 
resonance search: 
excludes SSM Z’ 
0.65-1.1 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-060/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-031/
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Results - dijet (+X) Z’
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arXiv: 1703.09127
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95% CL upper limits
Expected
Observed

8TeV dijetNaive cross-section scaling 
suggests gq limit ~ data-1/4

new!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html

mDM=
10TeV

Fluctuations 
all within 2𝜎

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html
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Results and Complementarity
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 Interplay between 
analyses strongly 

dependent on 
coupling choices

Complementarity 
between resonance and 
hadronic+MET searches 

(and others)
ATLAS Exotics summary plots, 

following LHC DM Working Group 
guidelines (arXiv:1703.05703)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html
https://arxiv.org/abs/1703.05703
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Results and Complementarity

20

ETmiss+jet v similar

Interplay between 
analyses strongly 

dependent on 
coupling choices

Complementarity with Direct Detection experiments

Here: spin-dependent (proton) - 
see backup for SI and neutron

Upper boundary 
from light mediators



Will Kalderon, Lund University / 21 ATLAS DM Hadronic searches, 19.04.17

Summary

21

• Large number of ways to search for dark matter coupling to 
quarks at a hadron collider 

• Two sets of strategies presented here: 

• qq -> mediator -> MET (+ something to trigger on)  
- “cut and count” 

• qq -> mediator -> qq (+ optional ISR)  
- “fit to smooth background” 

• Strong complementarity of results, overlap dependent on 
model parameters 

• Updated results from several searches, plus lots more 13 TeV 
data, coming soon!
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Backup

22

Bonus slides follow from here
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Jet+MET signal regions

23

PRD 94 (2016) 032005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005
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Jet+MET control regions 

24

W𝜇𝜈 CR has 
better stats to 
constrain Z𝜈𝜈

Jet smearing 
method: MET due 
to fluctuations in 

jet response

PRD 94 (2016) 032005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005
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Jet+MET CR plots
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PRD 94 (2016) 032005

Ev
en

ts
 / 

5 
G

eV

200

400

600

800

1000

1200

1400

1600

1800

2000
ATLAS

-1 = 13 TeV, 3.2 fbs
) Control Regioniµ AW(

>250 GeV miss
T

>250 GeV, E
T

p

Data 2015
Standard Model

) + jetsii AZ(
) + jetsio AW(
) + jetsiµ AW(
) + jetsi eAW(

 ll) + jetsAZ(
Dibosons

 + single toptt

 [GeV]Tm
0 20 40 60 80 100 120 140

D
at

a 
/ S

M

0.5

1

1.5

 [GeV]Tm

Ev
en

ts
 / 

5 
G

eV

100

200

300

400

500

600
ATLAS

-1 = 13 TeV, 3.2 fbs
) Control Regioni eAW(

>250 GeV miss
T

>250 GeV, E
T

p

Data 2015
Standard Model

) + jetsii AZ(
) + jetsio AW(
) + jetsiµ AW(
) + jetsi eAW(

 ll) + jetsAZ(
Dibosons

 + single toptt

 [GeV]Tm
0 20 40 60 80 100 120 140

D
at

a 
/ S

M

0.5

1

1.5

Ev
en

ts
 / 

2 
G

eV

50

100

150

200

250

300

350

400

450

500
ATLAS

-1 = 13 TeV, 3.2 fbs
) Control Regionµµ AZ(

>250 GeV miss
T

>250 GeV, E
T

p

Data 2015
Standard Model

) + jetsii AZ(
) + jetsio AW(
) + jetsiµ AW(
) + jetsi eAW(

 ll) + jetsAZ(
Dibosons

 + single toptt

) [GeV]
µµ

Invariant mass (m
60 70 80 90 100 110 120 130

D
at

a 
/ S

M

0.5

1

1.5

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005
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Jet+MET SR plots

26

PRD 94 (2016) 032005
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bb+MET SRs & CRs

27

aka pT(b1) > 3*pT(b2)

ATLAS-CONF-2016-086

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
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bb+MET SR plots

28

ATLAS-CONF-2016-086

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
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bb+MET CR plots

29

ATLAS-CONF-2016-086

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/


Will Kalderon, Lund University / 21 ATLAS DM Hadronic searches, 19.04.17

Had.+MET Uncertainties

30

• Statistical uncertainty on background estimate 

• Detector effects: 

• Jet and MET energy scale and resolution 

• Tagging efficiencies (where relevant) 

• Lepton selection etc in CRs 

• Theoretical uncertainties: 

• Scales and generator choice in MC simulation 

• Additional signal uncertainties 

• ISR strength, cross-section 

• Many of these cancel to some degree thanks to 
closeness of SR and CR

Example: tt+MET
Dominant

20%

9%
16%

List for all hadronic + MET searches
ATLAS-CONF-2017-020

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-020/
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TLA - custom calibration

31

• Trigger-Level Analysis: 
custom jet calibration 

• Record events at 2kHz (vs 
1kHz for main ATLAS stream) 
-> no time for tracking to run
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ATLAS-CONF-2016-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-030/
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• di-b-jet: b-tag jets 

• Gives additional sensitivity to 
b-quark resonances 

• Efficiencies around 60% for 1 
TeV jet, with light rejection 
factor around 30

Di-b-jet: b-tagging
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Resonance uncertainties
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• Background uncertainties are purely from the fit: 
• Function choice and parameter uncertainty 
• Evaluated with pseudo-experiments: take nominal 

background estimate, Poisson fluctuate, refit; take 
RMS of new estimates 

• Detector and theory systematics only relevant for 
signal simulation. Dominant: 
• Jet energy scale and resolution 
• b-tagging efficiencies (for di-b)
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Jet+MET comparison
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di-b-jet b* limits
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