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Overview

● Photon-based BSM analyses (based on the 8 TeV run-1 data):
– g + X resonance searches

– g + X searches

– BSM through H→gX

– Non-pointing g

● Using the photon as a tool in other BSM searches: an example
● Summary and perspectives
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g+X resonance searches
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gg resonance in CMS in the 150 - 850 GeV mass range

● Based on the SM-like Higgs boson search
● At least two photons with ET/mgg > 1/3 (1/4)
● Increase sensitivity by subdividing the events into classes (different mass resolution and 

predicted S/B):
– Minimum R9 (Sum E of 3x3 crystals centered on the most energetic one divided by the energy of the supercluster)

– Maximum h of the photons

● Describe BG using a functional form (can't go to higher masses as too few events)

CMS-PAS-HIG-14-006

https://cds.cern.ch/record/1714076?ln=en
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gg resonance in ATLAS in the 65 - 600 GeV mass range

● ≥2 tight photons with ET > 22 GeV
● Two analyses:  

Low mass: 65-110 GeV
– 3 categories (converted / unconverted 

combinations)

– Z peak: Z(ee) + e→g corrections, 
normalized with e→g rate (eg/ee in Z(ee) 
peak)

– Fit of the continuum with a functional 
form

High-mass analysis: 110-600 GeV
– ET,1(2)/mgg > 0.4 (0.3) 

– Higgs peak: double-sided Crystal Ball 
(m=125.9 GeV) + SM cross section

– Fit of the continuum with a functional 
form

Phys. Rev. Lett. 113, 171801 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171801
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gg resonance in ATLAS in the 65 - 600 GeV mass range
Phys. Rev. Lett. 113, 171801 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.171801
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High-mass gg resonance in ATLAS
arxiv:1504.05511 submitted to PRD

● At least two tight photons with ET>50 GeV
● Use the two leading photons
● Isolated photons:

– The expected contribution from photon leakage outside the central core is subtracted, but fluctuations 
around the expected leakage grows with ET

– Significant inefficiencies if using a fixed cut on the isolation:
– Vary the isolation requirement with ET, from <8 GeV to <13 GeV at 1 TeV

Diphoton mass spectrum

http://arxiv.org/abs/1504.05511
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High-mass gg resonance in ATLAS

Diphoton mass spectrum

● Main BG: SM diphoton, Pythia (LO) + DIPHOX (NLO + fragmentation)
● Normalized to data in the low-mass region

In lower-mass analyses, it is more accurate 
to rely on sidebands, but this can't be done 
here, as insufficient event yields...

arxiv:1504.05511 submitted to PRD

http://arxiv.org/abs/1504.05511


9M-H. Genest – BSM w/ photons @ LHC

High-mass gg resonance in ATLAS

Diphoton mass spectrum

● Main BG: SM diphoton, Pythia (LO) + DIPHOX (NLO + fragmentation)
● Normalized to data in the low-mass region

● Need to know the reducible (gamma+jet, dijet) BG 
component in this region:
– Template fit to the isolation energy distribution
– Fake template: loose but not tight photons

– True template: tight - fake contribution normalized in the ET
iso>10 GeV region

arxiv:1504.05511 submitted to PRD

http://arxiv.org/abs/1504.05511
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High-mass gg resonance in ATLAS

Limits on the lightest Kaluza-Klein graviton for different coupling strenghts :

● Interpretation: 
– Randall-Sundrum (RS) model of extra dimension
– Can address the hierarchy problem as gravity can 

propagate in extra dimension, diluting it

arxiv:1504.05511 submitted to PRD

http://arxiv.org/abs/1504.05511
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photon+jet

● ≥ 1 photon ET>125 GeV, |h|< 1.37
● ET

isol(0.4) < 0.011 ETγ + 3.65 GeV

● ≥ 1 AKt6 jet, |h|<2.8, pT> 125 GeV, DR(g,j)>1.0

● Dh(g,j)<1.6
● Functional form for background

 Phys.Lett.B 728 C (2014) 562-578(ATLAS),     Phys. Lett. B 738 (2014) 274-293 (CMS)

One advantage of the γ + jet search is that it can be sensitive in a lower mass 
region with respect to dijet searches (higher hadronic trigger thresholds) 

A
T

LA
S

● ≥ 1 photon ET>170 GeV, |h|< 1.37

● ET-dependent iso DR=0.3 (g,charged/neutral hadrons)

● ≥ 1 AKt5 jet, |h|<3.0, pT> 170 GeV, DR(g,j)>0.5

● Dh(g,j)<2.0, Df(g,j)>1.5, mgj>560 GeV
● Functional form for background

C
M

S

http://arxiv.org/abs/1309.3230
http://arxiv.org/abs/1406.5171
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photon+jet
 Phys.Lett.B 728 C (2014) 562-578(ATLAS),     Phys. Lett. B 738 (2014) 274-293 (CMS)

Non-thermal quantum black hole (QBH):
● Extra dimensions model lowers the Planck mass 

to MD : possibility to create QBH. 
● The ones produced near MD would evaporate 

faster than they thermalize: decay into a few 
particles rather than high-multiplicity final states.

Excited quarks
(same limit in ATLAS)

http://arxiv.org/abs/1309.3230
http://arxiv.org/abs/1406.5171
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photon+W/Z(leptonic)

● At least one tight photon ET>40 GeV, ET
iso(0.4)<4 GeV

● Isolated electons and muons pT>25 GeV, DR(l,g)>0.7

● W SR: 1 lepton, MET>35 GeV, meg !=  Z mass (±15 GeV)

● Z SR: 2 leptons SFOS mll in 65-115 GeV
● Functional form for BG (sum of two exponentials) between 180 and 1600 GeV

Phys. Lett. B 738 (2014) 428-447

http://arxiv.org/abs/1407.8150
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photon+W/Z(leptonic)
Phys. Lett. B 738 (2014) 428-447

Limits on narrow technimeson resonances in a model of low scale 
technicolour

http://arxiv.org/abs/1407.8150
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Photon + X searches
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Photon + MET

 Selection:
● ≥ 1 photon ET>125 GeV, |h|<1.37, 

ET
iso(0.4)<5 GeV

● MET>150 GeV, Df(MET,g)>0.4

● ≤ 1 jet pT>30 GeV, Df(j,MET)>0.4

● Veto e(m) pT>7(6) GeV

 Background estimation:
● Z(nn)g and W(ln)g normalized using 

a fit to data in multiple CR (Z(ee)g, 
Z(mm)g, W(mn)g)

● Jet fake using isolation / ID
● Electron fake using tag & probe 

method on Z(ee) applied on a W(en) 
CR

 Cut and count

Phys. Rev. D 91, 012008 (2015) (ATLAS) , arxiv:1410.8812  Submitted to Phys. Lett. B (CMS)

 Selection:
● ≥ 1 photon ET>145 GeV, |h|<1.44,          

ET-dependent iso DR=0.3 
(g,charged/neutral hadrons)

● MET>140 GeV, Df(MET,g)>2.0

● ≤ 1 jet pT>30 GeV

● Veto e,m pT>10 GeV

Background estimation:
● Z(nn)g, W(ln)g from MC (cross checked in 

Z(ll)g)
● Jet fake using isolation / ID (shower width)
● Electron fake using tag & probe method on 

Z(ee) applied on a W(en) CR
● Non-collision BG: reverting the beam halo 

tag (evidence in ECAL of a MIP roughly 
parallel to the beam axis)

 Limits using a shape fit to ETg

A
T

LA
S

C
M

S

http://arxiv.org/abs/1411.1559
http://arxiv.org/abs/1410.8812
http://arxiv.org/abs/1411.1559
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Photon + MET
Phys. Rev. D 91, 012008 (2015) (ATLAS) , arxiv:1410.8812  Submitted to Phys. Lett. B (CMS)

Zll CR

SR

http://arxiv.org/abs/1411.1559
http://arxiv.org/abs/1410.8812
http://arxiv.org/abs/1411.1559
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Photon + MET
Phys. Rev. D 91, 012008 (2015) (ATLAS) , arxiv:1410.8812  Submitted to Phys. Lett. B (CMS)

Similar limits on Dark Matter EFT, slightly better for 
ATLAS at lower masses and for CMS at large masses 

Many interpretations: dark matter (EFT, simplified models), ADD, compressed SUSY scenario

http://arxiv.org/abs/1411.1559
http://arxiv.org/abs/1410.8812
http://arxiv.org/abs/1411.1559
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Search for supersymmetry in photon+jets+MET

Background estimation:
● Zg, Wg and gtt from MC

● QCD from a loose g CR
● EW from t&p in Zee on CR

SUSY-14-004

Selection:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS14004
http://arxiv.org/abs/1411.1559
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Search for supersymmetry in diphoton+MET

Selection:
● Two tight photons with ET>75 GeV, 

ET
iso(0.4)<4 GeV

● 5 different SR (strong/weak production 
for high/low mass bino and a model-
independent SR)

Background estimation:
● Z(nn)gg from MC

● W(ln)gg from MC normalized in a 
W(ln)gg CR at lower MET

● QCD BG (gg, g+j): MET template in 
tight-nontight sample, normalised in 
MET<60 GeV.
– SP1 and SP2: too low stat, so made in bins of Meff 

and extrapolated to SR

● EW BG: from eg CR scaled with e→g 
probability from t&p in Z(ee)

ATLAS-CONF-2014-001 

Df w.r.t MET. M
eff

: scalar sum p
T
's + MET

Higher limit than 
g+jets+MET in this model

http://cdsweb.cern.ch/record/1641169
http://arxiv.org/abs/1411.1559
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Supersymmetry in diphoton + razor

● At least two photons with pT> 30,22 GeV and 
at least one jet pT>40 GeV

● Use the razor to describe a two-megajet 
topology coming from the pair production of 
sparticles each decaying into X + neutralino
– Form two mega-jets by chosing the ones with lowest sum 

squared masses

● Divide the (MR, R2) plane:
– Signal region: MR > 600 GeV and R2 > 0.02

– Control region: MR > 600 GeV and 0.01 < R2 ≤ 0.02. 

● Fit the BG in the CR and apply in the SR 
(normalized to yield)

 SUS-14-008 

Limit similar to diphoton + MET in this model

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS14008
http://arxiv.org/abs/1411.1559
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Stealth SUSY in diphoton events

Selection:
● 4 jets or ≥5 jets  pT>30 GeV

● ≥2 photons with ET>40, 25 GeV

● HT>60 GeV, ST(HT+MET)>1200 GeV

Phys. Lett. B 743 (2015) 503–525

Background estimation:
● Fit S

T
 distribution in Njet=3 

sideband
● Normalize in 1100<S

T
<1200 GeV 

sideband

http://www.sciencedirect.com/science/article/pii/S037026931500180X
http://arxiv.org/abs/1411.1559
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BSM through H→gX
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Higgs to photon +MET (VBF) [GMSB, NMSSM]

Selection:
● VBF: ≥2 jets pT>40 GeV, mjj>600 GeV, Dhjj>4.0
● ≥1 photon ET>40 tight photon

– unconverted (to reduce e→g)

– ET
iso(0.4)<5 GeV + pT

tracks(0.2)<0.05ET

– Between the VBF jets in h

● MET>50 GeV, SpT
vec(g+jets)>50 GeV

● Df(VBF j, MET)>1.4, Df(g,MET)<1.8
● Veto lepton, ≤ 1 non-VBF jet pT>30 GeV

Background estimation:

ATLAS-CONF-2015-001

https://cds.cern.ch/record/1988425
http://arxiv.org/abs/1411.1559
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Supersymmetry through H→gg

Selection:
● ≥2 photons ET>40, 25 GeV
● 120<mgg<131 GeV

● ≥2 jets pT>30 GeV 
– loose(80-85%)+medium(50-75%) b-tag

● 3 categories: 
1. Additional loose b-tagged jet
2. 95<mbb<155 GeV

3. Others

Background estimation:
● Fit in sidebands: 

– 103<mgg<118 GeV 

– 133<mgg<163 GeV

Phys. Rev. Lett. 112 (2014) 161802

Categories            1              2             3

http://arxiv.org/abs/1312.3310
http://arxiv.org/abs/1411.1559
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Search for FCNC: t→cH(gg)

Can be greatly enhanced by new physics like heavy vector-like quarks (quark-
singlet model) or models of two Higgs doublets with/without flavour 
conservation: 

ATLAS-CONF-2013-081 (ATLAS)  , Phys. Rev. D 90 (2014) 112013 (CMS) 

A
T

LA
S ● Two tight isolated photons

● Hadronic 2nd top: 
● ≥4 jets, ≥1 b-tagged
● Mjjj , mggj ~ top mass

● Leptonic 2nd top: 
● ≥2 jets, ≥ 1 b-tagged
● mT>30 GeV
● m

ggj  and mlnj ~ the top mass
● Fit m

gg
 

C
M

S ● Analysis also looking for 
additional Higgses : multiple SRs  
(multilepton, diphoton+leptons, 
diphoton+dilepton...)

● Two photons
● 1 lepton (including tau)
● 120<m

gg
<130 GeV

● ≥ 1 b-tagged
● Split in MET bins
● Fit m

gg 
sidebands 

B(t → cH)<0.83(0.53)% B(t → cH)<0.56(0.65)%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-081/
http://arxiv.org/abs/1410.2751
http://arxiv.org/abs/1411.1559
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Vector-like top through H→gg

● Advantage of gg channel: can 
precisely measure mγγ

– Search for a narrow resonance 
centered around the Higgs mass

– Estimate BG from data sidebands 
(ttH taken from MC)

CMS-PAS-B2G-14-003 

Vector-like top: left- and right-handed 
transform in the same way under SU(2)

http://cds.cern.ch/record/1709129?ln=en
http://arxiv.org/abs/1411.1559
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X→H(bb)H(gg)
CMS-PAS-HIG-13-032

● X : graviton in extra dimension models, heavy additional Higgs in SUSY,...
Selection:
● ≥ 2 photons 
● 100<mγγ<180 GeV
● At least two jets with:

– 1b-tagged jet (“medium purity”)
– 2 b-tagged jets (“high purity”)

● Two strategies:
– Low-mass region: 

● 260 < mX < 400 GeV:
● Use mγγ shape
● Mass-dependent mjj and mγγjj cuts

(BG has a peak ~ mγγbb ≈ 300 GeV
– High-mass region: 

● 400 < mX < 1100 GeV:
● Use mγγbb shape

http://cds.cern.ch/record/1697512?ln=en
http://arxiv.org/abs/1411.1559
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Non-pointing photons
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Non-pointing photons in supersymmetry

● GMSB can have a neutralino NLSP with a finite lifetime before  
decaying into a photon and a gravitino

● The photons appear delayed and may not point back to the PV

Idea:
● Use the finely segmented ATLAS LAr EM calorimeters:

– Flight direction using shower spread in the first two layers
– Measure |∆zγ| = zorigin – zPV  

● Only barrel photons (resolution worse in the end-caps)
– Loose photon ID efficiency for signal:

● 95% for |zorigin|<250 mm down to 75% at |zorigin|= 700 mm
● Also use the photon arrival time tγ at the calorimeter

– From pulse-shape of the 2nd-layer cell with max. energy
– tγ=0: prompt photon from the hard collision

– Time resolution for large energy deposits is 256 ps
● ≈ 220 ps due to LHC bunch-spread along the beamline

(so LAr contribution to the time resolution is ≈ 130 ps)
– Concentrate on lifetimes above 250 ps

Phys. Rev. D 90, 112005 (2014)

Z
PV

 for Z(ee)

http://arxiv.org/abs/1409.5542
http://arxiv.org/abs/1411.1559
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Non-pointing photons in supersymmetry

Selection:

● 2 loose isolated photons ET>50 GeV, one in |h|<1.37

● MET>75 GeV 

● 2D search in |∆zγ|and tg of the barrel photon (or largest value)

– Almost completely uncorrelated for prompt backgrounds
BG estimation: Templates from low-MET region

Phys. Rev. D 90, 112005 (2014)

http://arxiv.org/abs/1409.5542
http://arxiv.org/abs/1411.1559
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Photons as a tool for other BSM searches
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An example: the jets+MET SUSY analysis

● Search for squarks and gluinos in 0-lepton+jets+MET channel
● How to estimate the Z(nn)+jets BG? 

– Select a sample of γ+jets events with ET>130 GeV 

– Treat the reconstructed photon as contributing to MET 

– For ET,γ>mZ kinematics very similar to Z+jets

– Cross section (x BR) ratio N(photon CR)→N(Z, SR):

● More stats than Z(ll) CR...
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Summary

● Very many models of new physics can be probed 
using photons:
– supersymmetry, extra dimensions, dark matter, vector-like 

quarks, technicolour, FCNC, excited quarks, ...

● BSM searches use photons from ~20 GeV up to the 
TeV scale, converted and unconverted, timing and 
pointing info, ...

● Many data-driven background estimates: functional 
form fits, ABCD methods on ID/isolation, t&p on 
Z(ee) + CR(e), SR variable side-band,...

● They can also be used to control the BG in other 
BSM searches

● No new physics discovered yet, but run-2 is 
looming...

● Many analyses will become more sensitive than 
run-1 very quickly : expect many new results during 
the next year!
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Isolation CMS

● Pflow isolation criteria photon + jet:
– the energy deposited in the single HCAL tower closest to the supercluster 

position, inside a cone of ∆R = 0.15 centered on the photon direction, must be less 
than 5% of the energy deposited in that ECAL supercluster; 

– the total pT of photons within a cone of ∆R = 0.3, excluding strips of width 
∆η=0.015 on each side of the supercluster, must be less than 0.5 GeV + 0.005pT

– the total pT of all charged hadrons within a hollow cone of 0.02 < ∆R < 0.3 about 
the supercluster must be less than 0.7 GeV

– the total pT of all neutral hadrons within a cone of ∆R = 0.3 must be less than 0.4 
GeV + 0.04pT 

● Pflow isolation criteria photon + MET within a cone of ∆R = 0.3:
– ET

iso(additional photons) <  (0.7 + 0.005ET) GeV

– ET
iso(neutral hadrons) < (1.0 + 0.04ET )GeV 

– Et
iso(charged hadrons)<1.5 GeV
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More on razor

QCD

Signal
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H->Zgamma

● ATLAS:
– https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-05/
– http://www.sciencedirect.com/science/article/pii/S0370269314001713

● CMS:
– https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13006PubTWiki
– http://arxiv.org/pdf/1307.5515.pdf

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-05/
http://www.sciencedirect.com/science/article/pii/S0370269314001713
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13006PubTWiki
http://arxiv.org/pdf/1307.5515.pdf
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