
Tristan du Pree (CERN), FCC-hh (5 Oct 2015) 1 

FCC vs The Cosmos 
 

Outline 
-  DM at 14+100 TeV 

http://arxiv.org/abs/1509.02904  

-  Relic constraints 
https://cds.cern.ch/record/2046121 

-  FCC vs Relic 
 

Phil Harris & Tristan du Pree & Filip Moortgat & Nick Wardle & Christos Roskas & Mihailo Backovic 

FCC-hh BSM meeting 
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DM @ LHC 
•  DM simplified mediator models [e.g. LHC Dark Matter Forum - arXiv:1507.00966] 

Ø Vector & Axial & Scalar & Pseudoscalar 

•  Main discriminating observable in mono-jet final state: MET 
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See e.g. also  
http://arxiv.org/pdf/
1411.0535v2.pdf 
and  
arXiv:1507.00966 

CMS-PAS-HIG-15-001 
See also LPCC seminar: https://indico.cern.ch/event/388149/ 



8 à 14 & 100 
LHC-8TeV projections for  
LHC-14TeV and FCC-100TeV 

From http://arxiv.org/abs/1509.02904   
P.Harris (CERN), V.V.Khoze (Durham), M.Spannowsky (Durham), C.Williams (Buffalo) 
 



8 à 14 & 100 TeV 
Settings for projection studies 
1.  Detector: CMS-like 

Ø Extend lepton acceptance up to |η|<5.5 [at 100 TeV] 
2.  Generator: Modeling of extra jets 

Ø PDFs, matching scales, W/Z/H radiation, higher order… 
Ø Full details in http://arxiv.org/abs/1509.02904 

 
3.  Benchmark luminosity: 1 ab-1 [to ease comparison] 
4.  Analysis strategy [see next page] 
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Analysis strategy 
•  Shape analysis à la CMS PAS HIG-15-001 

Ø Dominant backgrounds: Z(vv)+jet and W(lv)+jets 
Ø Control regions: di-µ: Z(µµ)+jets  

and single-µ: W(lv)+jets 

 

•  Most discriminating observables: MET & cosΔΦjj 
Ø Fit MET in bins of cosΔΦjj 
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8 TeV results 
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Ø  Typical Mmed limits: 2 TeV (V&A) and 500 GeV (S&P) 

CMS Run-2 vs DD 
Complementary for A&S&P 

CMS-PAS-HIG-15-001 - https://cds.cern.ch/record/2036044 



14 TeV projection 
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Ø  Typical Mmed limits: 4 TeV (V&A) and 800 GeV (S&P) 

8 à 14: 
Improve by 
factor 2! 



100 TeV projection 
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Ø  Typical Mmed limits: 15 TeV (V&A) and 2500 GeV (S&P) 

S&A&P  
complementary to DD!  

14 à 100: 
Improve by 
factor 3-5 



8 à 14 à 100 TeV 
•  Comparisons of Mmed limits (for gDM=1) 

 
Ø Improvements 8à14à100 

1.  Center-of-mass collision energy 
2.  Luminosity (and a bit analysis techniques: mono-jet à multi-jet) 

Ø 14à100: improve limit on Mmed by factor 3-5 

Ø 100 TeV: Complementarity wrt DD, especially for S&A&P 
Ø … and how about constraints from relic observations? 
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8 TeV  
[0.02 / ab] 

14 TeV  
[1 / ab] 

100 TeV  
[1 / ab] 

V & A 2 TeV 4 TeV 15 TeV 

S & P 500 GeV 800 GeV 2500 GeV 



RELIC DM 
Relic constraints for  
simplified mediator models 

From https://cds.cern.ch/record/2046121 
C.Roskas (CERN summer student) & TdP (CERN) 



Motivation 
•  Observed relic DM constrains annihilation 
•  Planck: ΩDM x h2 = 0.11 

•  Test LHC simplified mediator models 
Ø Complementary constraints to same models 
Ø Upper limits on masses è can be used for FCC design 

•  Use MadDM (see next page) 
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M.Backovic et al  
v2 recently out 
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Example 
•  Explanation of relic constraints 
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Low mass 



Relic constraints 
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65 TeV 10 TeV 

7 TeV 43 TeV 

Ø  Mmed limits: 7 TeV (S) – 65 TeV (V) 

g = 1 

Maximally 
allowed masses 

for these 
mediator 

models by relic 
constraints 

 
è Use as 

guidance for 
FCC design 

Diagonal at high mass: 
dominated by on-shell annihilation  



Relic vs coupling 
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Ø Limits scale proportional  
to size of coupling! 



RELIC VS FCC 
Comparison for various couplings 
-  Relic constraint 

https://cds.cern.ch/record/2046121 
-  FCC projection 

http://arxiv.org/abs/1509.02904  

Combine these two! Work in progress (preliminary!) 



P&S 
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g = 3 g = 1 g = 1/3 

Ø  FCC relatively best for Pseudoscalar mediator and small couplings 

Preliminary 



V&A 
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g=3 g=1 g=1/3 

Ø  FCC relatively best for Axial-vector mediator and small couplings 

Preliminary 



Conclusions 
DM constraint comparisons: LHC&FCC vs DD&relic 
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•  DM FCC projections 
Ø Modeling of extra jets important 
Ø Complementary to DD for Axial & Pseudo 
Ø Sensitivity scales with collision energy 

•  Relic DM 
Ø Complementary info to Collider & DD 
Ø At high mass dominated by on-shell annihiliation 
Ø Cosmological constraint scales with coupling 

•  Relic vs FCC 
Ø Compared constraints collider vs relic 
Ø FCC especially powerful for Pseudo&Axial, 

in particular for smaller couplings 



Towards a no-lose theorem for DM? 
•  Outlook: compare various constraints 

Ø Relic constraints 
Ø Direct Detection 
Ø Theory bounds (width)  

•  And using LHC simplified models… 
•  …we might have a no-lose theorem for DM at FCC 

1.  Vector: excluded by LHC+DD+Relic 
2.  Axial: mostly excluded with FCC 
3.  Scalar: almost covered with FCC 
4.  Pseudo: most challenging 
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Thank you for  
your attention! 



BACKUP 



100 TeV modeling 
•  100 TeV modeling 

Tristan du Pree (CERN), FCC-hh (5 Oct 2015) 24 



Shape 
• Shape based 
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Shapes 
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EFT vs Mediator 
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Ø Goal: probe broad range of DM models 
Ø Combining categories: mono-jet + mono-V (boosted+resolved) 

Ø As discussed by Atlas/CMS Dark Matter Forum  



DMF report 
•  Out since last week 

 

•  Models & interpretation in EXO-12-055 already consistent with the report! 
Ø http://arxiv.org/abs/1507.00966 
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Mediator Lagrangians 
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Direct Detection 
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spin-dependent 

spin-dependent 

Direct detection constraints for simplified models: e.g. arXiv:1308.6799 & arXiv:1411.0535 



LHC – Mono-jet 
 
 

Tristan du Pree (CERN), FCC-hh (5 Oct 2015) 31 
M

C
FM

 
M

C
FM

 

U
se

d 
fo

r ‘
fe

rm
io

ni
c’

 in
te

rp
re

ta
tio

n 



LHC – Mono-V 

 

Tristan du Pree (CERN), FCC-hh (5 Oct 2015) 32 

S
am

e 
di

ag
ra

m
 a

s 
m

on
oj

et
 

M
od

ifi
ed

 ξ
 e

nh
an

ce
s 

m
on

o-
W

 

Combo of fermionic & VH interpretation dependent 

H 

M
ad

G
ra

ph
 

JH
U

G
en

 

H 



Relic - Annihilation 
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ANALYSIS SETUP 
Signal signature:  
-  MET+jet 
Main backgrounds:   
-  Z(νν)+jet 
-  W(lν)+jet 
Control samples:  
-  Z(µµ)+jet [double-mu] 
-  W(lν)+jet [single-mu] 
-  γ+jet        [photon] 

LHC: 
 
 
 
 
 jet 

MET 



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

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 

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

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



CATEGORIZATION 
Selection strategy 
-  Boosted VàJ 
-  Resolved Vàjj 
Further improve sensitivity  



Strategy 
Categorization [mutual exclusive] 
1.  Boosted V cat 

•  PFMET > 250 GeV 
•  CA8 CHS Jet pT > 200 GeV 
•  CA8 CHS Jet passes Boosted V-tag 

2.  Resolved V cat 
•  Not category 1 
•  PFMET > 250 GeV 
•  2 AK5 Jets – passing resolved V-tag 
•  60 < Mjj < 110 GeV 
•  Veto b-jets (top) 

3.  Monojet category 
•  Not category 1 & 2 
•  AK5 Jet pT > 150 GeV 
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VàJ tagger 
(see next page) 

Vàjj tagger 
(see next-to-next page) 



“Boosted” 

•  Subjettiness 
Ø Measure of 2-prongness 
Ø τ2/τ1 < 0.5 

•  Pruned jet mass 
Ø Cleaned of PU/UE 
Ø MWZ=[60,110] GeV 
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•  VàJ ‘fatjet’ tagger 
•  Cut-based 

Ø Based on CMS standard 
•  Efficiency uncertainties  

Ø Follow JetMet recommendations 

PAS 

PAS 



“Resolved” 
•  Vàjj tagger : BDT 

Ø Based on JME-14-002 
Ø High and low pT 

Ø MVA > 0.6 
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PAS 

•  Quark/gluon discriminator 
Ø Likelihood - jet shower shape 

•  Jet color pull 
Ø Pull vector (jet axis, color flow) 

•  Modified mass drop 
Ø Max(mj1,mj2)/mjj x ΔR 
Ø Small for dijet from massive object 

•  pT(jj)/M(jj) 

PAS 



Data/sim 
•  Out-o/t-box 

Ø 3 categories combined 

 
•  Default simulation of Z+jets & MET resolution 
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For illustration 
PAS PAS 



BACKGROUNDS 
Reconstruction & MET modeling 
Theory 
Fit 



Backgrounds: V+jets 

 
Ø Use single-mu and di-muon control regions 

Ø Control MET: ‘fake MET’ = ‘|Recoil|’ 
Ø Sum over visible leptons 
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γ+jet 
Challenges: 
1.  Reconstruction: MET  
2.  Prediction: Theory 
3.  Statistics: Z(µµ)+jet è exploit γ+jet in photon CR! 

 

 
Ø Use ratio Z+jet/γ+jet! 

Ø Z & γ similar at large pT(V) ~ MET 

Ø Main effort & novelty & improvement of the analysis 
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all V+jet 

Z(vv) : Z(µµ) = 6  



Experimental corrections 
Experimental efficiency correction 
Ø Muons 
Ø Photons 
Ø Taus  

Ø  Largest veto uncertainty 
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Recoil corrections 
•  Detector effects 
•  Use events with no real MET 

Ø Low pT: Z(µµ)+jets 
Ø High pT: γ+jets 

Ø Recoil results on next page 

 
 
 
 
 
 jet 

γ or 
Zàµµ 
 

AN LABEL ? 

CMS MET reconstruction performance:  
http://arxiv.org/abs/1502.05207 



V+jets fit 

•  Control regions with correction factor R 

Ø Main backgrounds: W(vl)+jets and Z(vv)+jets 
Ø R – corrects for differences in efficiency & BR 
Ø Ri – for different MET bins and different categories 
Ø Differential – include NLO k-factor for pT(V)  
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Background 
•  Simultaneous fit 

•  Modeling of V+jets in signal and control regions 
Ø Include (exp/theo) uncertainties as nuisances (ϑ,ϕ) 

•  E.g. renormalization, factorization, PDF, EWK, … 
•  Theory component in Rγ [see next page] 

Ø Parameterize expected yield in signal region as µ 

•  Result: improve modeling è see next page 
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Theory corrections 
•  QCD NLO included by using aMC@NLO   
•  EWK correction below 

Ø Ratio: NLO Z+jet/γ+jet correction 

Ø Uncertainty: EWK dominant at high MET 
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New result from OpenLoops/Sherpa: http://arxiv.org/abs/1505.05704 



Control  
regions 
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•  After fits 
Ø In agreement 
Ø All final states 

photon / dimu / single mu  
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RESULTS 
Yields & systematics 
Constraints on simplified models 
Interpretation & comparison 
 



Systematics 
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•  Summary 
Ø Control region fits crucial 

•  Yields in signal region after fit agree within 1% 
Ø Full tables, for 3 categories, in backup & PAS 

PAS 



MET shape 
•  Resolved (left) + boosted (right) 

Ø Sensitive to H: VH (light blue) VBF+gg (yellow) 
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PAS PAS 



MET shape 
•  Monojet  

category 
Ø Z’ [1TeV] 
Ø VBF+ggH 
Ø VH 
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•  Largest excess: 1.9 sigma local significance 
Ø  Highest MET bin in the monojet category 

background-only fit 

PAS 



Results - reminder 
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Relic - annihilation 
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PAS 



Mediator constraints 
 
 
 
 
 
 
 
 
 
Ø Vector: CMS contributes at small MDM 

Ø Scalar: CMS & DD partially overlapping 
Ø Axial&Pseudo: strongest constraints from CMS! 
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PAS 



(σ,MDM) constraints 
•  Vector (left) & Axial (right) 

Ø MΦ = 2 TeV 

•  Modified couplings in backup [ξ=0,-1] 
•  CMS contributes significantly at small DM mass! 

Ø Axial also at higher DM masses 
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V/A: MΦ = 2 TeV 

PAS 



(σ,MDM) constraints 
•  Vector (left) & Axial (right) 

Ø MΦ = 125 GeV 

Ø Modified couplings in backup [ξ=0,-1] 
Ø CMS contributes significantly at small DM mass 

Ø Axial also at higher DM masses 
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V/A: MΦ = 125 GeV 

PAS 



Φ125 constraint 
Ø Scalar (left) and pseudoscalar (right) 

•  For MΦ=125 GeV 

Ø S&P: comparison to Direct Detection 
Ø Significant complimentarity CMS – in particular at small MDM 
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S/P: MΦ = 125 GeV 

PAS 



HàDM 
•  Hàinv interpretation 

Ø Limit @ 125 GeV: σxBR(Hàinv) / σSM-H < 0.53 (0.62) 
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“What if the H boson  
is the SM-DM mediator?” 

125 
PAS 



Comparisons of Hàinv 
Complementary constraints on Hàinv 

•  Combination [HIG-13-030] 
Ø  Published: arXiv/1404.1344 
Ø  Z(ll+bb)H(inv): BRHàinv < 81% (83%) 

Ø  VBF:                 BRHàinv < 65% (49%) 

•  New VBF Hàinv [CMS PAS HIG-14-038] : BRHàinv< 57% (40%) 
•  Indirect constraints [CMS PAS HIG-13-005] : BRHàinv< 52% (56%) 

Ø  Fitting for ΓBSM 
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Monojet [CMS PAS EXO-12-055] 

•  Mono-V/j : BRHàinv < 53% (62%) 
1.  Include Vàhadronic final state 
2.  MET shape  
3.  Use γ+jet 

Ø More details on analysis improvements in backup 

Combination of VBF+Z(ll+bb)H:  
BRHàinv< 58% (44%) 

Older references: 
-  Z(ll)H [HIG-13-018]  
-  Z(bb)H [HIG-13-028] 
-  VBF [HIG-13-013] 



Conclusions 
•  New CMS DM results 

Ø Include MET+V: (boosted) V-tagging  
Ø Include simplified mediator models 

•  Improved background modeling 
Ø Several control regions - exploit large statistics γ+jet final state 

•  No significant difference observed 
Ø 1.9 sigma excess in most sensitive bin 

•  Interpretation 
Ø Comparison: DD vs Relic vs LHC 
Ø CMS is complimentary 
Ø H-boson interpretation BR(Hàinv) < 53%  

 
 
 
 
•  We ask for approval of EXO-12-055 
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Backup 
•  More results 

Ø Xi = 0, -1 
•  Signal fit 
•  Sensitivity breakdown 

Ø Wrt previous monojet 
•  Hàinv 

Ø New combination 
•  MadDM 

Ø Motivation & explanation 
•  Recoil method 
•  NLO 

Ø Z+jet/γ+jet 
•  Samples/selection/yields 
•  More motivation 

Tristan du Pree (CERN), FCC-hh (5 Oct 2015) 62 



Xi =  
0,-1 

Tristan du Pree (CERN), FCC-hh (5 Oct 2015) 63 

Mono-W enhanced è Monojet no longer dominant 

MZ’ = 2 TeV 

PAS 



Xi =  
0,-1 
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Mono-W enhanced è Monojet no longer dominant 

MZ’ = 125 GeV 

PAS 



SIGNAL FIT 



Signal fit 
• Signal fit 

Ø One bin 
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SENSITIVITY 
Sensitivity comparison wrt old monojet 
Selection & yields 
Full breakdown 
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MADDM 
Motivation 
Functionality 
Explanation 
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MadDM 
• Explanation here 
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Dark Matter 
 
 
 
 
 
 
 
 
 
 
 
-  Astro: invisible for the eye 
-  LHC: no electromagnetic interactions 


