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INTRODUCTION
• There are plenty of motives to search for 

new physics at LHC 

• gauge hierarchy problems, baryon 
asymmetry, flavour problems, neutrino 
masses and mixing..etc 

• Dark Energy 

• Dark Matter. Evidence that 
exists         So let´s look for it 
from all perspectives, 
including LHC, we expect 
new particles and forces. 
Also cosmology points out to 
weak scale, LHC is suited for 
search this scale 



INT.:MODELS AT LHC

• EFT theories:  Heavy mediators integrated out 

• model independent 

• Validity issues at LHC energies 

• Simplified Models: Explicit nature of the Mediator 

• at least 4 parameter:  

• Mmed, Mx, gSM, gDM 

• valid at all energies
4

QTransfer <M= gχgqL < 4πΛ
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• Model independent 
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INTRODUCTION
• Look everywhere, wide range and generic signatures 

• Dark Sector: dijets, dileptons, displaced, portals, etc (see 
M. Vertucci´s talk)  

• Dark Matter candidates: pp-> Met + X (mono-X search)
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SEARCHES AT LHC
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ATLAS CMS
ref. data L(fb-1) ref data L(fb-1)

Mono-𝛾 arxiv:
1704.03848 2015+2016 36.1 CMS-PAS-

EXO-16-039 2016 12.9

Mono-V Phys. Lett. B 
763 (2016) 251 2015 3.2

CMS-PAS-
EXO-16-048 2015+2016 35.9

Mono-jet PRD 94 (2016) 
032005 2015 3.2

mono-
Higgs

bb ATLAS-
CONF-2017-028 2015+2016 36.1 arXiv:

1703.05236 2015 2.3

𝛾𝛾 ATLAS-
CONF-2017-024 2015+2016 36.1 CMS-PAS-

EXO-17-054 2015+2016 35.9

ZZ ATLAS-
CONF-2015-059 2015 3.2

mono-Z ATLAS-
CONF-2016-056 2015+2016 13.3 CMS-PAS-

EXO-16-052 2016 35.9

mono-top CMS-PAS-
EXO-16-040 2015+2016 12.9

mono-
tt

had ATLAS-
CONF-2016-077 2015+2016 13.3

CMS-PAS-
EXO-16-005 2015 2.2

semi-l ATLAS-
CONF-2016-050 2015+2016 13.2

lep ATLAS-
CONF-2016-076 2015+2016 13.3 CMS-PAS-

EXO-16-028 2015 2.2

mono-bb ATLAS-
CONF-2016-086 2015+2016 13.3 CMS-PAS-

B2G-15-007 2015 2.17

new

new

new

new

new

new

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://arxiv.org/abs/1704.03848
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-039/index.html
http://www.sciencedirect.com/science/article/pii/S037026931630613X
http://cds.cern.ch/record/2264698?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-028/
https://arxiv.org/abs/1703.05236
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-024/
http://cds.cern.ch/record/2264691?ln=en
http://cds.cern.ch/record/2114825
http://cds.cern.ch/record/2206138
http://cds.cern.ch/record/2264690?ln=en
https://cds.cern.ch/record/2205286
https://cds.cern.ch/record/2206250
https://cds.cern.ch/record/2204933
https://cds.cern.ch/record/2206132
https://cds.cern.ch/record/2206249
https://cds.cern.ch/record/2226566
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
https://cds.cern.ch/record/2138506


MONO-𝛾
• SELECTION 

• Well identified High P
T
 isolated 𝛾 + 

High missing E
T 

(    ) 

• Additional azimuthal requirements 
between      and jets or leptons 

• lepton veto
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/ET

/ET

BACKGROUNDS 
• Main: true photon with EWK productions (∼80%): 

• Z (->𝜐𝜐 )+ 𝛾, W(l𝜐)+ 𝛾 

• also Z (->ll )+ 𝛾,  tt𝛾, VV𝛾,W(l𝜐) 
• Others are 

• electron fakes and jet fakes,  
• detector backgrounds, 
• 𝛾+jets, 

Mono-Photon

19

Fake photon backgrounds are estimated using data driven methods.
Z/W/jet+photon backgrounds are taken from simulations, normalized 
in control regions (2e and 2μ, 1μ, inverted γ/jet separation) by ATLAS. 

A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

Mono-photon offers clean events with low background.
Similar to mono-Z/W, we can probe for a γγXX contact interaction in addition to 
the simplified models. 

arxiv:1704.03848 CMS-PAS-EXO-16-039

https://arxiv.org/abs/1704.03848
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-039/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-039/index.html
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Calculated with MC and 
normalised in CRs: ll+𝛾, 𝜇+𝛾 

From data fake ratio 
for electron, side 
bands for hadrons

arxiv:1704.03848 CMS-PAS-EXO-16-039

https://arxiv.org/abs/1704.03848
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-039/index.html
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MONO-𝛾: RESULTS
• No excess is found, limits based on the the 

models proposed by the CMS-ATLAS forum:  
• Limits for vector/axial mediator of 1200 

(750) GeV  
• EFT Dim-7 EFT scale up to 620 GeV 

•  With the Run II data the limits are still 
dominated by statistics: 

• Main Systematics coming from PDFs, energy 
scales and resolutions (   ), backgrounds 
normalisation. The total background 
uncertainties could vary up  6-14%.  

9

/ET

arxiv:1704.03848
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MONO Z(->LL)
• Selection 

• two well defined high Pt isolated leptons 
with same flavour 

• m
ll 
within the Z mass window 

• large     and requirements of balance ratio,  
• P

T
(ll) great that  60 GeV and 𝛥R(ll) 

• ≤1 jet  and b-jet veto and extra lepton veto 
• azimuthal angles requirements between 

leptons and jet and 

10

/ET

• Backgrounds 
• ZZ, WZ (85%) 

• Calculated with MC and 
normalised in CRs: 3leptons 
and 4 leptons  

• WW, top (tt,tW),  DY,  VVV 
• combination of datadriven, CR 

and MC  
• W+jet, ZH, H,/ET

Mon Mar 20 13:31:54 2017
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MONO Z(->LL)
• No excess is found, limits are set 

• Simplified Models of DM (vector/axial, scalar/pseudoscalar) 

• vector/axial: M
med

>680 GeV and M
DM

 up to 240 (150) GeV 

• Invisible Higgs, ADD 

• Systematic Uncertainties 

• Theoretical uncertainties are missing higher order corrections, 
PDFs (5% in signal),  plus EWK corrections for the backgrounds 
(14%) 

• Experimental uncertainties includes luminosity, leptons related, 
energy scales, resolutions and modelling (jet and      ) (around 
3%)
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MONO-JET/V
• SELECTION 

• >1 High P
T
 Jet,  separate from the   

• large 

• No leptons  

• CMS includes mono-V 

• large R jet (0.8) with very high P
T 

• very high  

• V-tagging w/N-subjettines variables 

• m
jj 
requirement

12

/ET

• BACKGROUNDS 

• Z (->𝜐𝜐 )+ jets, W(l𝜐)+ jets (90%) 

• others: QCD multi jet events, VV, 
top, DY+jets, 𝛾+jets

/ET

Livia Soffi 7

Dark Matter + Jets Searches

Mono-V category: 

• Large-R jet 1.0 (0.8) 

• V-tagging  

• Mass of jet 

  close to Z/W masses

Z(νν) + jets ,  

W(lν) + jets 

QCD 

MC 
simulation

(single-t,tt, VV)  

Main backgrounds:  

90%  

Data 

 CRs

Signature: large ET
miss recoiling against high energy jet (hadronically decaying 

boson) 

/ET

Estimates in CR, using 𝜇𝜇, ee, 𝜇,e and 𝛾+jets data 
samples. Extract from a simultaneous fit to signal and 
CR regions.  CMS used Transfer Functions

 03/21/17 K. Hahn - Dark Matter at CMS - Aspen 2017 7 

Both spin-1 and spin-0 mediators

● Vector/Axial exclusion up to 1.95 TeV

● Scalar(*)/Pseudo up to 100/400 GeV

(*) Scalar exclusion assuming mediator coupling to bosons, no exclusion otherwise
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8

High pT jet

A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

Large ET
miss

Angular separation

Mono-Jet and -W/Z (hadronic) in CMS
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PseudoscalarScalar

Limits on spin-0 
mediators are also 
provided by CMS.

Only other limits on 
pseudoscalar mediator 

are from Fermi-LAT

A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

http://cds.cern.ch/record/2264698?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032005


MONO-JET/V

• No excess found, limits on both 

spin 1 and 0 mediators 

• Main Systematic uncertainties: 

• Background theoretical 

uncertainties: Normalisation 

and factorisations scales, PS-

ME matching, W/Z +jets 

modelling  

• Experimental uncertainties: 

lepton ID,    

13

/ET

CMS (35.9 fb-1) mono Jet/V

Pseudo(Scalar) Mmed < 400(100) GeV
MDM<175(35) GeV

Vector/Axial Mmed < 1.8 TeV
MDM<750(550) GeV 

H(Inv)BR < 0.53(0.4)

ATLAS (3.2 fb-1) mono Jet

ADD LED
MD< 6.58 TeV at n = 2 

MD< 4.31 TeV at n = 6

Axial -vector 1 TeV

CMS-PAS-EXO-16-048
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MONO-H
• ISR suppressed by the small mass couplings to quarks 

• preferentially emitted as part of the effective vertex itself.  

• positive mono-Higgs signal would probe directly the 
structure of the effective DM-SM coupling 

• Signal involved Higgs in the BSM models responsible for 
producing DM 

• Signatures are Higgs signal (ZZ, 𝛾𝛾, bb,etc) plus large 

14
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Mono-Higgs Searches Results

ATLAS (3.2/36 fb-1) CMS (2.3 fb-1)

H(bb) H(gg) H(ZZ) H(bb)+H(gg)

Vector 
Mediator

MZ’<700 GeV
MZ’ < 850 GeV 

UL<1-5 fb

2HDM MZ’<1950 GeV MZ’<1000 GeV MZ’<~1800 GeV  

Heavy 
Scalar

UL < 10.7 fb UL<2-4 fb
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Livia Soffi 10

Probing Dark Matter with the Higgs Boson
• Invisible Higgs boson decays not sensitive to DM with mass above ~60 GeV

•  Investigate other Higgs-boson- related collider observables: 
     Mono-H production

Livia Soffi 10

Probing Dark Matter with the Higgs Boson
• Invisible Higgs boson decays not sensitive to DM with mass above ~60 GeV

•  Investigate other Higgs-boson- related collider observables: 
     Mono-H production

Livia Soffi 10

Probing Dark Matter with the Higgs Boson
• Invisible Higgs boson decays not sensitive to DM with mass above ~60 GeV

•  Investigate other Higgs-boson- related collider observables: 
     Mono-H production

21.5%

Large 
BR

High 
Purity



MONO-H• H (bb) 

• Selection 

• b-jets, lepton veto and m
H,reco

 consistent with 
H

mass 
and

 
large 

• azimuthal angle requirements between       
and jets, and      and P

T

miss

 

• Resolved: two b-jets, large P
T

H
, separation 

between Higgs and      , energetic activity 
coming from jets in the Higgs 

•  Boosted:  large R-jet consistent with H
mass

, 
veto 𝜏  leptons within large jet, and additional 
b-jets and small hadron activity outside the 
large jet 

• Background 

• Z+bb(30/60%) ,W+jets(10/25%) and tt(15/50%) 
depending on SR 

• Constrain from control regions (1𝜇 or 2 l) 

• others:  VV, VH, tW or multijets are from MC 
predictions.  

• Systematics uncertainties coming mainly from 
background modelling and b-tagging. Stats 
dominates the measurements

15

/ET

/ET

/ET

/ET

• H (𝛾𝛾) 

• Selection 

• two high Pt 𝛾s, m
𝛾𝛾

 >95 GeV, P
T

𝛾 

 /m
𝛾𝛾

 >1/3. If 

photons are two close, no iso requirements  

• large P
T

𝛾𝛾

 
and P

T

miss 

and less than 3 high P
T 

jets

 

• azimuthal angle requirements between  2 

photons  and  P
T

miss, 

 
and an energetic jet and 

P
T

miss, 

 
 

• Background 

• resonant: SM H( H and VH) to photons;  

• estimated from MC 

• non resonant QCD, EWK. 

• Background estimated from data driven 
fitting the data  

• Systematics coming mainly from theory in the Higgs 
background and experimental uncertainties in the  
P

T

miss, , 

thought the systematics accounts less than 

1%. Dominated by the stats
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• others:  VV, VH, tW or multijets are from MC 
predictions.  

• Systematics uncertainties coming mainly from 
background modelling and b-tagging. Stats 
dominates the measurements
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/ET

/ET

/ET

/ET

• H (𝛾𝛾) 

• Selection 

• two high Pt 𝛾s, m
𝛾𝛾

 >95 GeV, P
T

𝛾 

 /m
𝛾𝛾

 >1/3. If 

photons are two close, no iso requirements  

• large P
T

𝛾𝛾

 
and P

T

miss 

and less than 3 high P
T 

jets

 

• azimuthal angle requirements between  2 

photons  and  P
T

miss, 

 
and an energetic jet and 

P
T

miss, 

 
 

• Background 

• resonant: SM H( H and VH) to photons;  

• estimated from MC 

• non resonant QCD, EWK. 

• Background estimated from data driven 
fitting the data  

• Systematics coming mainly from theory in the Higgs 
background and experimental uncertainties in the  
P

T

miss, , 

thought the systematics accounts less than 

1%. Dominated by the stats

ATLAS-CONF-2017-028
CMS
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MONO-H

• No excess found, limits set in 

• Vector mediator or 2HDM model 

• 2HDM, 500 GeV< Mz´ < 2500 GeV 

• Z´ baryonic. Mz´>800 GeV 

16

• H (bb)

• H (𝛾𝛾)

ATLAS-CONF-2017-028

CMS-PAS-EXO-17-054

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-028/
http://cds.cern.ch/record/2264691?ln=en


DM+TOP
• Probes the Yukawa coupling for scalar mediators 
• DM+tt 

• Signature:  
• tt +    in hadronic, semileptonic and 

dilepton. 
• jets and b-tag requirements, kinematical 

and topological cuts  
• fat-jets for boosted regions. 

• DM+top (mono-top) 
• Signature: 

• fully hadronic top decay in boosted top 
• large      and large hadronic activity,   very 

hight PT fat jet with a b-jet, with N-
subjetttines compatible with top 

• veto leptons and additional b-jets outside

17

tt+DM
2015 data

• Direct probe for Yukawa couplings of spin-0 
mediators

• Selection: 
• all-hadronic:    MET>200 
• semi-leptonic: MET>160 GeV 
• di-leptonic:     MET>50 GeV 
• all channels:  b-tag and min Δφ(jet,MET) 

requirements
• leptonic channels: leptons are identified is pT>30 

GeV 

• All-hadronic/semi-leptonic (EXO-16-005): 
• Dominant background: SM ttbar with one less 

hadronic top
• Categorization: employ a resolved top tagger (RTT) 

to improve the significance of the search

• Di-leptonic (EXO-16-028):
• Major background: SM ttbar
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Interpretation with resonant BNV and FCNC signal models   
● Distinct model from that used commonly in mono-X searches

Charged scalar excluded up to 2.7 TeV (3.0 TeV expected)

FCNC mediator excluded up to 1.5 TeV (1.7 TeV expected)

  

mono-top 

/ET

/ET

• DM+tt 
• background:  top (top pairs, single top, 

ttV),  W+jets, Z+jets 
• constraint in CR at simultaneous fit 

• DM+top (mono-top) 
• backgrounds: Top pairs, Z(->𝓥𝓥) 

+jets, W(->𝓥l) +jets  
• constraint in CR in simultaneous fit

DM+.(
(semileptonic(channel)!

DM@LHC!Workshop,!M.!Mar4nez! 32!
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https://cds.cern.ch/record/2205286
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DM+TOP
• No Excess, set limits on scalar-pseudoscalar mediators 

• tt+DM 
• semileptonic channel ATLAS sees a local excess of 

3.3 𝜎 in  one the SR regions no seen any where else 
• t+DM 

• M
med

<2.7 TeV for M
𝜒
 =100GeV, for a non resonant 

model with FNCN M
med

<1.5 TeV for M
𝜒
 =10GeV 

• Main systematics includes Theoretical uncertainties in 
background modelling (renormalization and factorizations, 
HF , EWK corrections) and Experimental (b-tagging, top-
tagging, objects ID), luminosity. 
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Figure 12: Expected (blue dashed line) and observed (red solid line) g = 3.5 exclusion limits at 95% CL as a function
of ' and � masses (left) and a and � masses (right) in the DM+tt̄ scenario. Uncertainty bands corresponding to the
±1� variation on the expected limit (yellow band) and the sensitivity of the observed limit to ±1� variations of the
signal theoretical uncertainties (red dotted lines) are also indicated. The numbers on the plots indicate the limits on
the coupling. Couplings above the perturbativity limit (g = 3.5) are not considered.
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http://www.apple.com
https://cds.cern.ch/record/2206250
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SUMMARY OF DM +X SEARCH 

19

95% CL exclusion region in the mediator- DM mass plane for 
different MET+X searches for spin-1/0 mediators with 
couplings 

• gq =0.25,gl=0,gDM =1  or gq =0.1,gl=0.1,gDM =1  

The mono-jet has better sensitivity with full 2016+2015 lumi. 
Recast of MET+X analysis to set DM-nucleon limits: 

• SD the strongest  
• SI the strongest below 5.5 GeV   
• this is only valid for the coupling and models chosen
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CONCLUSIONS
• Searches at different MET +X final states have been presented 

• No excess has been observed yet ->  95% C.L upper limits were set in several Simplified 

Models using Run II data: 

• limits at low mass spin 0 mediators 

• multi-TeV mass spin 1 mediators 

• Searches at Dark Matter at LHC are complementary to other searches 

• Re-interpretation in terms of DM-nucleon cross sections 
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Illustration by Sandbox Studio, Chicago by Corinne Mucha 



THANKS!!!

• ¿ANY QUESTIONS?
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BACK-UP SLIDES( stolen from others  )

• backup
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(Benchmark(Models(

7!

In(Run(II(the(ATLAS(and(CMS(experiments((moved(away(from(
the(use(of(EFT(inspired(models(with(ques8onable(validity(
at(highWQ2(((
(
A(set(of(wellWdefined(simplified(diagrams(with(heavy(mediators((
is(now(considered(mo8vated(by(a(number(of(different(
considera8ons((DM(Forum:(arXiv:1507.00966)(
(
•  Simple(extensions(of(SM(symmetries(
•  Minimal(Flavor(Viola8on(
•  Assuming((Yukawa(couplings((!(favor(3rd(genera8on(
•  Some(models(inspired(by(satellite(“hints”(
(
In(some(cases(a(clear(overlap(with((
SUSYWinspired(simplified(models(for(direct((
produc8on(of(3rd(genera8on(squarks(DM@LHC!Workshop,!M.!Mar4nez!

This(talk(focused(on(DM+HF(



Simplified models for early Run-2 searches

Wikipedia/ Colliders 
(Effective Field 

Theory)

Colliders 
(Simplified Models)

Dirac(WIMP(mediators:(
sH(and(tHchannel(exchange(

vector/axialHvector/scalar/pseudoHscalar((MFV)(
MET+heavy(flavour,(W,(Z,(and(Higgs

MoNvaNon(and(goal(of(Dark(Ma^er(Forum(effort:(
Define%a%basis%of%simplified%models%with%dis1nct%
kinema1c%distribu1ons%
Aid%design%of%generic%LHC%Run=2%searches%

Grounding(assumpNons:(
Dirac%DM%
Minimal%Flavor%Viola1on%
…but%not%necessarily%gauge%invariance

5
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Simplified model
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Simplified model
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ATLAS CMS 
Magnetic field 2 T solenoid  

+ toroid:  0.5 T (barrel), 1 T (endcap) 
4 T solenoid + return yoke 

Tracker Silicon pixels and strips  
+ transition radiation tracker 
�/pT  �  5 �10-4 pT  +  0.01  

Silicon  pixels and strips 
(full silicon tracker)  
�/pT  � 1.5 � 10-4 pT  + 0.005 

EM calorimeter Liquid argon + Pb absorbers  
�/E � 10%/�E + 0.007 

PbWO4 crystals 
�/E � 3%/�E + 0.003 

Hadronic 
calorimeter 

Fe + scintillator / Cu+LAr (10�) 
�/E � 50%/�E + 0.03 GeV 

Brass + scintillator (7 � + catcher) 
�/E � 100%/�E + 0.05 GeV 

Muon �/pT � 2% @ 50GeV to 10% @ 1TeV 
(Inner Tracker + muon system) 

�/pT � 1% @ 50GeV to 10% @ 1TeV 
(Inner Tracker + muon system) 

Trigger L1 + HLT (L2+EF) L1 + HLT (L2 + L3) 
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The	ATLAS	Experiment	

Cristiano Alpigiani LHCP 2017 

!  ATLAS is a multipurpose experiment designed to achieve the highest possible flexibility in 
different sectors of the high energy physics 

!  Key ingredients for DM searches 

Great MET 
performance Well understood 

jet calibration 



CMS in 2016
!  New Capabilities 

!  Forward Proton tagging  
!  CMS Totem – Precision Proton Spectrometer CT-PPS 

!  Tags forward protons to identify double diffractive scattering and Central 
Exclusive Production of high mass states 

!  New Level 1 Muon trigger 
!  New Level 1 Calorimeter trigger 
!  Endcap Muon Detectors had been upgraded in 2013/14 

!  Cryogenic System (a.k.a. COLD BOX) for CMS solenoid 
performed superbly 
!  Repair/refurbishment plan succeeded to avoid problems 

encountered in 2015 
!  Big challenge – to deal with even higher pileup than Run 1 

 
J. Butler, CMS Status, LHCP 15/05/17 4 



LHC	performance	in	2016	

•  Excellent	performance	of	LHC	in	
2016:	
–  Record	instantaneous	luminosity	for	
p-p	interac1ons	1.4x1034	cm-2	s-1	

–  Record	delivered	luminosity	in	one	
year	~	40	U-1	

–  Excellent	p-Pb	run:	
•  p-Pb	Data	taken	at	5	and	8	TeV	
•  Data	taken	with	Pb	beams	
circula1ng	clockwise	and	an1-
clockwise	

	

nominal	

Month in Year
Jan Apr Jul Oct

]-1
De

liv
er

ed
 L

um
in

os
ity

 [f
b

0

5

10

15

20

25

30

35

40

45
ATLAS Online Luminosity

 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  

2/17 calibration

15/05/17	 LHCP	2017-	L.	Pontecorvo	 4	

Many	thanks	from	ATLAS	to	the	LHC	team		



Event	Selection	and	Background

Shuichi	Kunori,	3-Apr-2017 Mono-V	+	Mono-gamma 6

Mono-g Mono-Z(ee,µµ) Mono-V(had)

ATLAS MET	>	150	GeV MET	>			90	GeV MET	>	250	GeV

CMS MET	>	170	GeV MET	>	100	GeV MET	>	250	GeV

Major	background:

Z(nn)g 55	% ZZ(nn)+WZ(nn) Z(nn)+jets				55	%
W(ln)g 15	% 75	% W(ln)+jets			30	%

(Percentages	are	very	approximate	and	rounded	to	numbers

nearest	to	those	in	5	%	step.		More	details	in	the	following.)	

Events	are	primarily	selected	with	MET	cuts	on	exponentially	dumping	MET	spectra.

Major	remaining	background	are	events	with	Z(nn)	or	W(ln)	with	lost	lepton.		



Title Text

Raman Khurana                                                                   LHCP 2017

Look for large MET, atleast one high pT 
jet and veto leptons, photons, b-jets 

mono-jet:  

MET>250 GeV, 

pT
leading

(ak4 jet) > 100 GeV 

mono-V: 

MET>250 GeV, 

pT
leading

(ak8 jet) > 250 GeV 

mass: [mW-15, mZ+15],  

Nsubjettiness (τ2/τ1) < 0.6  
 

5

mono-jet/V: Event selection
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mono-jet/V: background
Need precise estimation of dominant backgrounds 

Z(νν)+Jets (60%)) and W+Jets (30%) 

Five control region in data 

Z(μμ)+Jets, Z(ee)+Jets, γ+Jets to estimate Z 

W(μν)+Jets, W(eν)+Jets to estimate W 

Extrapolating from control region to signal region by means of precise theoretical 
prediction. 

Estimate background and 
extract signal strength by 

performing a simultaneous fit 
of all mono-jet and mono-V 
control and signal regions. 

Improved theoretical uncertainty 



Analysis strategy in CMS

• Transfer factor to translate recoil (in CR) to missing ET (in SR)

• Global likelihood fit simultaneously to SR+5CR regions in all ETmiss bins

15

µi :yields Ri : transfer factorµi
W→lν → fi (θ ) ⋅µi

Z→νν

γ + jets CR

Z(ll)+ jets CR

W (lν )+ jets CR

SR

constraints	from	transfer	factors,	only	one	free	parameter	to	fit
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Experimental signature



Mono-H(bb) background normalizations

37A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

CMS 
(resolved)

CMS 
(boosted) ATLAS

Z+jets Mass sideband
Mass 

shape fit
and 2l CR 

W+jets 1l+0j CR 
1l CR 1mu CR

Top 1l+1j CR



Ve
ct

or
Sc

al
ar
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