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Galaxy rotation curves (M33 / Rubin & Bosma) 
 

 The rotation curves alone can be described by dark matter or modified gravity 



 

See e.g. also 
Ø  The Dark Matter app [G.Bertone] - http://goo.gl/aM2HWp 
Ø  StartsWithABang [E.Siegel] - http://www.forbes.com/sites/startswithabang/2016/03/24/could-dark-matter-not-exist-at-all/#16c19ed71d3f  

and http://www.forbes.com/sites/startswithabang/2016/03/25/why-do-the-tiniest-galaxies-have-the-most-dark-matter/#54fa63db313c 

Large-scale structures (Millennium) 

Dwarf galaxies Collisions (Bullet cluster) 

Galaxy clusters (Coma / Zwicky) 

Galaxy rotation curves (M33 / Bosma & Rubin) 

Historical overview | Bertone et al | CERN Courier - http://cerncourier.com/cws/article/cern/68432 



Experiment & Theory 
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J.Steinberger 
CERN Courier Summer 2016 

G.Altarelli arXiv:1407.2122 
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ATLAS 

2011: 7 TeV 
2012: 8 TeV 
2015 + 
2016: 13 TeV 

Lumi 2016: ~37/fb 

LHC 



Prospects 
• Hàµµ (CMS) 

•  Run-2: can exclude SM (150/fb) 
•  3σ-5σ with 450-1200/fb 

•  Observe+discover first half of HL-LHC! 
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36 150 
•  TODO: Did I overlook prospects for Hàϕγ, HàJ/ψγ? 

• HàZγ (ATLAS) 
•  End of HL-LHC: >3 sigma 

ATL-PUB-2014-016 

“Mono-jet” 



Dark Matter 
Astronomy 

•  Observation in Space 
Ø Gravitational evidence 
Ø Galaxy rotation curves 

LHC @ 13 TeV 

•  Production at Collider 
Ø No interaction with detector 
Ø Search for energy imbalance 
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DM? 
DM? 

Rotation curves 

Predicted 

Observed 



Monojet signal 
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DM 
DM 



Main backgrounds: V+jets 
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Selection 

MET (final discriminating observable) 
Ø  Raw PFMet > 200 GeV 
Ø  Pass standard MET/noise filters 
Ø  Plus recoil corrections  

(more details later) 
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Jets 
Ø  Large jets: CA8 CHS PF Jets  

•  Substructure - boosted V 
Ø  Default jets: AK5 PF jets 
Ø  |η| < 2.5 & pT >30 
Ø  Require PFJetId loose & PUJetID loose 

CR (µ+γ) 
Ø  µ: |η|<2.1 & pT > 10  

& POGTightID 
Ø  γ: |η|<2.5 & pT > 160  

& EGammaID medium 

Vetoes  (j+µ+γ+e+τ) 
Ø  #jets > 2  
Ø  µ: η<2.4 & pT>10 GeV & Global+Tracker 
Ø  γ: η<3.0 & pT>10 GeV & EGammaID medium 
Ø  e: η<2.5 & pT>10 GeV & EGammaID veto 
Ø  τ: η<2.5 & pT>15 GeV & HPSPFTauID loose 

Event topology 
Ø  ΔΦ(j1,MET) > 2.0 
Ø  ΔΦ(j1,j2) < 2.0  

Ø  If #jets=2 
Ø  For ISR [boosted+mono] 

 “if you want to see nothing,  
you have to reconstruct everything” 



Data vs sim 
Out-o/t-box 

Ø 3 categories combined 

 
Ø Default simulation of Z+jets & MET resolution 
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For illustration 

LHC Run-1 



Control V+jets 
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W 
l 

dilepton Z(ll)+jets 
 
èRecoil 
 
But µµ/νν = 1/6 
 

single  
lepton W(lv)+jets 

photon γ+jets (CMS) 
 
è Z/γ 
 

Z 

v 

l 
l 
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Main challenges 
•  Reconstruction 

Ø MET 

•  Theory 
Ø NLO 

•  Control statistics  
Ø Z(µµ):Z(νν) = 1:6 



V+jets 
•  SM@LHC (A’dam, April 2017) 

Ø Precision: NLO uncertainties vs NNLO predictions 
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S.Pozzorini et al 
https://indico.cern.ch/event/
570151/timetable/#20170505 

Z+jets 

Z+jets 
W+jets 



Backgrounds 
Before à After 

Ø Key ingredient: background modeling 
Ø NLO effects modeling & Recoil reconstruction 
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After background 
corrections 

CMS PAS EXO-12-055 

See also LPCC seminar: https://indico.cern.ch/event/388149/ 



ATLAS 
LHC Run-2 
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ATLAS 
LHC Run-2 
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Interpretations 

#DMatLHC 



MET+X 
Reconstruction Interpretation 

•  Model: DM-SM mediator 
Ø Axial / Vector (X = j/V/Z/γ) 
Ø Pseudo / Scalar (X = j/V/Z/bb/tt) 

•  LHC DM WG  
Ø  arXiv:1507.00966 / arXiv:1603.04156 
Ø  New: arXiv:1703.05703 
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MET+jet 

V/A/S/P 
  

  

DM 

DM 

gSM gDM 



LHC – Mono-jet 
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Atlas/CMS 
Dark Matter Forum 
Simplified models 
arXiv/1507.00966 

LHC DM WG 
Recommendations 
arXiv/1603.04156 



DM+jet 
•  Atlas 2015 dataset (3.2/fb at 13 TeV) 

 
Ø Mono-jet exclusion  

up to MMed ~ 1 TeV 
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ATLAS EXOT-2015-03 
PRD94(2016)032005 



Interpretation 
36/fb with 2016 dataset 

Ø ATLAS observed exclusion up to MMed= 1.6 TeV (1.8 exp.) 
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Comparison 
Collider production 

  

Direct Detection 
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Nikhef UZH 



DD 
Direct detection summary: 
 

Ø High mass: recent improvements by LUX & PandaX 
Ø Intermediate mass: close to neutrino floor 
Ø Low-mass DM: still largely unexcluded 
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http://cdm
s.berkeley.edu/lim

itplots/m
m

/W
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P
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l 

PandaX  
arXiv/1608.07400 
LUX  
arXiv/1608.07648 



LHC vs DD vs ID&Relic 
Test the same coupling in different ways: 

 
 
 
 
 
 
 
 
 
 
 

Ø Which SM-DM interaction? LHC DMF benchmarks!  
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ID & Relic 

LHC 

D
D

 



DD interpretation 
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90% CL (M,m) à (m,σ) 
Ø V (SI) 

Ø AV (SD) 

LHC DM WG (gq=0.25, gDM=1) 

https://arxiv.org/abs/1603.04156 



DD interpretation 
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Vector Axial 

90% CL (M,m) à (m,σ) 
Ø V (SI) 

Ø AV (SD) 

LHC DM WG (gq=0.25, gDM=1) 

https://arxiv.org/abs/1603.04156 



ATLAS vs DD 

Ø LHC particularly competitive for low mDM 
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DD vs LHC 

 
 
 

Ø DD challenging for low MDM Ø LHC indifferent to MDM ! 
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Ø LHC best for low-mass Dark Matter! 



ATLAS vs DD 

Ø LHC particularly competitive for low mDM and SD 
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Hàinvisible ? 



Hàinv 
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1.  Higgs boson ‘gives mass’ 
2.  Dark Matter is massive 

Ø Higgs coupling to DM? 

 



SM Hàinv 
•  HàZ(νν)Z(νν) rare in SM: BRinv~0.1% 

Ø BRinv can be enhanced by various BSM processes 
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Zγ 
µµ 

inv 
γγ 



Hàinv processes 

 

•  VBF  
Ø Dedicated selection (mjj, Δη), dominant sensitivity 

•  VH 
Ø Both MET+Z(ll) and MET+Vhad 

•  ggH (CMS) 
Ø Developments from mono-jet search 
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VBF ggH VH 

arXiv:1610.09218 

    H 

H 

H 



Hàinv combination 
•  BR(Hàinv) < 24% obs (23% exp) @95%CL 
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arXiv:1610.09218 



Hàinv 
ATLAS run-1  
combination 
Ø Hàinv considers 

constraints from  
visible channels 

Ø BR(Hàinv)  
< 23% obs (24% exp) 
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ATLAS arXiv/1509.00672 



Hàinv systematics 
 
 

Tristan du Pree (Nikhef), DM@ATLAS (6 Dec 2017) 38 

VBF 

Background 
theory VqqH 

Jets ggàH 

Leptons 

CMS PAS HIG-16-016 



Hàinv prospects 
•  Assumptions  

1.  2012 performance 
2.  ZH-tagged search 

•  Hàinv projections (CMS)  
Ø Run-3 (300/fb): BR < 17-28% 
Ø HL-LHC (3000/fb): BR < 2-6% 
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CMS-NOTE-2013-002 
ATLAS-PHYS-PUB-2013-014 

•  Current sensitivity (23%) already in ballpark of Run-3 projection! 
Ø Projection for direct Hàinv search appears on the conservative side 

•  Indirect constraint 
•  Scan BRBSM = ΓBSM/Γtot  

•  Coupling modifier fit  
Ø Run-2 (300/fb): BR < 14-18% 
Ø HL-LHC (3000/fb): BR < 7-11% 



Hàinv 
LHC vs DD 

Ø LHC best for low mDM 
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ATLAS arXiv/1509.00672 CMS PAS HIG-16-016 
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LHC vs 

Cosmological constraints 

http://cms.web.cern.ch/news/reconstructing-multitude-particle-tracks-within-cms 



LHC vs DD vs ID&Relic 
Test the same coupling in different ways: 

 
 
 
 
 
 
 
 
 
 
 

Ø Which SM-DM interaction? LHC DMF benchmarks!  
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ID & Relic 
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Relic - Annihilation 
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https://inspirehep.net/record/1250317 

Ø  Additional interpretations of these models 
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Theory & Experiment 
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LHC vs Relic 
•  MadDM [Vector & Pseudo] 

 
Ø Additional interpretations of LHC DM models 

•  Used in a.o. CMS PAS EXO-12-055, EXO-15-003, EXO-16-013 
•  Included in recommendations LHC DM WG (arXiv/1603.04156) 
•  And for a future 100 TeV collider: arXiv/1606.00947 
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arXiv:1603.08525 
TdP, K.Hahn, P.Harris, C.Roskas 



LHC vs Cosmos 
•  CMS / Atlas (Mono-jet+V) vs Relic DM (Planck) 

 
Ø  LHC probes cosmologically preferred regions 
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Vector 
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arXiv:1703.09127 

Dijet 

Mediator searches 



LHC  
complementarity 

Atlas 

Atlas vs LUX 

CMS 

CMS vs Ωc 
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Ø But how about other mediator constraints ? 



LHC vs DD vs Relic vs Dijet 
Test the same coupling in different ways: 

 
 
 
 
 
 
 
 
 
 
 

Ø Compare LHC to other DM constraints & resonance searches  
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LHC 

Dijet 

CMB 
D

D
 



Z’ vs Z’ 
Ø Monojet vs Dijet 

Ø Possibly same mediator! 
Ø Dijet is also a DM mediator search! 
Ø Use dijet search for DM interpretation 
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Dijet 
•  Regular dijet search: p p à X à j j 

•  Search for bump 
•  Limits on various models, up to ~8 TeV 
•  Low mass: limited by trigger rate 
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ATLAS-EXOT-2016-021 
CMS PAS EXO-16-056 



Dijets 
Bypass the dijet rate problem: TLA/Scouting & ISR 
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HIGH MASS 
 
Traditional dijet 
ATLAS-EXOT-2016-021 

LOW MASS 
 
Dijet+ISR 
ATLAS-CONF-2016-070 

MEDIUM MASS 
 
Dijet @ Trigger 
ATLAS-CONF-2016-030 

+ + 



Dijets 
•  CMS+ATLAS summary: Boosted, ISR-γ, ISR-j, TLA, regular 

 
Ø Spanning range from 100 GeV to >3 TeV 
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CMS PAS EXO-16-030 



Reinterpretation 
•  Dijet DM interpretation method 

Ø Limits: x-sec è coupling 

 
•  Compare to predicted coupling with DM 

Ø  Include effect on Z’ of SM couplings & DM width 
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EXO-16-032  
arXiv:1611.03568 



Reinterpretation 
•  Dijet DM interpretation 

Ø Limits: x-sec è coupling 

 
•  Compare to predicted coupling with DM 

Ø  Include width width for Z’ coupling to SM & DM 

Tristan du Pree (Nikhef), DM@ATLAS (6 Dec 2017) 55 

EXO-16-032  
arXiv:1611.03568 
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Spring 
2016 



(M,M) 
•  MET+X vs Dijet 

Ø Low mass and above diagonal 
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DM Mediator summary 
•  Detailed breakdown 
 
 
 
 
 
 
 
 
 
 
 
Ø Excluding almost full space MMed < 2.5 TeV 

Ø For these couplings, alternative scenarii in backup 
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Mono-jet vs Dijet vs DD 

Ø LHC powerful for low mDM and Spin-Dependent 
(MET+X and resonances) 
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A.O.B. 



AOB 
•  DM+HF 

•  DM+bb 
•  DM+tt 

Ø (Pseudo)Scalar Mediator 
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•  Mono-H 

Ø Less simple models, e.g. Z’-2HDM 
Ø Expementally interesting final states 

•  Reinterpretations 
•  Dedicated  

Forum 
at CERN 

•  S.Kraml 
et al 

CMS-NOTE-2017-001 

arxiv: 
1711.11520  

arxiv: 
1707.01302 



My thoughts 
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Just some  
questions & opinions  

for discussion 



1) Models 
The LHC DM WG models are great 
Consistent comparisons & huge variety of final states 

Ø How useful are further model developments? 
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2) DD 
Our DD plots are awesome 

Ø Could we make a version with LHC fixed to ΩDM? 
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3) Backgrounds 
Fantastic description of V+jets 

Ø Background precision crucial for progress 
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Conclusions 
•  LHC powerful DM tool 

Ø MET+jet and other mono-X 
•  Complementary to DD 

Ø Low mass, spin-dependent 
•  Resonance interpretations 

Ø Visible part of SM-DM interactions 
•  Recent & upcoming updates 

Ø LHC: mono-jet, dijet, MET+HF, etc 
Ø DD: Xenon1T 

•  Expanding LHC program 
Ø Low-mass, long-lived, boosted 
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Ø Constraints are model-dependent, need to search everywhere! 
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PhD
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To be continued… 


