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Motivation

• GMSB gluino / squark production predicts photons in the final 
state

•  Higgs discovery → exciting new direction in SUSY searches 
involving Higgs in the decay chain (SUSY-EW production)

• h → ɣɣ is a very clean and effective tagging signature for 
Higgs

• Will discuss both types of searches at CMS.  
Including new result on inclusive higgs-aware (h→ɣɣ) search 
using razor variables

SUSY with photons in the final state is well motivated:
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Natural SUSY  Spectrum
• Why do we expect to see SUSY at the LHC?
• Assume SUSY is a natural theory. Provides bound on the SUSY spectrum
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 to the higgs mass)
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Considering a “natural”  (tuning < 1%) SUSY, new particles accessible at the LHC energies

Higgsino mass is close to higgs mass
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Gauge Mediated SUSY
• SUSY with gauge-mediated symmetry breaking
• Gravitino is the LSP. Stable if R-parity is conserved
• If NLSP is a neutralino (bino/wino), photons with large pT may be produced
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Single Photon Final State

Double Photon Final State

• At least one photon (ɣ)
• Jets
• Missing ET

• At least two photon (ɣ)
• Jets
• Missing ET

discriminating variable: EmissT 

discriminating variable: Razor 

CMS-SUS-14-004, PRD 1507.02898
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Single Photon Analysis
• Selection:

• At least one photon (ɣ): P*T > 110 GeV 
• At least two jets: PT > 30 GeV
• H*T > 500 GeV (including ɣ)

• SM backgrounds
• QCD multijet and ɣ+jets events
• W+jets and tt + jets (EW): real EmissT, e →ɣ
• ɣW+jets, ɣZ+jets, ɣtt + jets

• Discriminating variable
• EmissT > 100 GeV, 6 bin categories

CMS-SUS-14-004, PRD 1507.02898
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Single Photon Analysis
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• Use a ɣloose  (relax isolation) control sample. 
Obtain correction factors for EmissT .                                                  
Predict Multijet and ɣ+jet
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• Use a ɣpixel (pixel seed match) control sample.        
Predict EW scaling EmissT distribution by fe→ɣ

• Obtain Full background prediction
• Search EmissT > 100 GeV in 6 bins .  
• Look for excesses in the tail of EmissT                              

Background Prediction

Results

No excess found in any  EmissT   bin
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Single Photon Analysis
• No observed excess
• Multi-channel counting exp.
• We set 95% CLs limits

• GGM-Wino 
• mgluino >~ 1 TeV, msquark ~ 0.8 TeV

• SMS T5wg 
• mgluino >~ 1 TeV

CMS-SUS-14-004, 
PRD 1507.02898
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Double Photon Analysis

• Selection:
• At least two photons (ɣ): PleadT > 30, PsubleadT > 22 GeV
• At least one jet: PT > 40 GeV, |η|  < 2.5,  ∆R(ɣ(1,2), ji) > 0.5

• Standard Model backgrounds
• QCD multijet,  ɣ+jets events
• W+jets and tt + jets (EW): real EmissT, e →ɣ (negligible)

• Discriminating variables
• Razor variables: MR (mass scale)  and  R2 (energy imbalance) 

 (TeV)RM
1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts

2−10

1−10

1

10

210

310

Background model
T5gg signals:

 =   225 GeV
1
0
χ∼

 = 1350 GeV, mg~m
 =   675 GeV

1
0
χ∼

 = 1350 GeV, mg~m
 = 1275 GeV

1
0
χ∼

 = 1350 GeV, mg~m

Simulation CMS
 (8 TeV)-119.7 fb

 1 jet≥, γγRazor 

MR: peaks around  mgluino 

CMS-SUS-14-004, PRD 1507.02898
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Razor Variables (MR, R2)
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• 2, jets with pT > 60 GeV, cluster all jets (pT > 40, |⌘| < 3.0) into megajets

• R

2
> 0.18, MR > 400 GeV (Had)

• Tight electron (pT > 20, |⌘| < 2.5), Loose electron (pT > 10, |⌘| < 2.5)

• Tight muon (pT > 15, |⌘| < 2.1), Loose muon (pT > 10, |⌘| < 2.1)

• MuEle: one Tight electron, one Tight muon

• MuMu: one Tight muon, one Loose muon

• EleEle: one Tight electron, one Loose electron

• Mu: one Tight muon

• Ele: one Tight electron

• Had: all other events

p(s, b|N) =

L(N |s, b)⇡(s, b)R
L(N |s, b)⇡(s, b)dbds

• MR peaks at M∆ (new mass scale)

• R2 contains information about the 
momentum imbalance in the event

• Cutting on R2  increases S/B

Javier Duarte 
Caltech

Consider squark pair 
production, where each squark 
decays to a quark and the LSP

Canonical MET Search

16
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particles, we could reconstruct the 
masses and turn a MET tail search 

into a bump hunt 

Too many missing degrees 
of freedom to do this
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Javier Duarte 
Caltech

Instead we can use a set of 
approximations

Motivation of Razor Variables
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In the squark rest frame, the 
quark and the LSP momenta are  
back-to-back, and both estimate 

a characteristic mass scale 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CMS-SUS-14-004, 
PRD 1507.02898
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• Extrapolate fit shape to signal region
• Look for excess in MR  > 600 GeV 

Results

Double Photon Analysis

No excess in any  MR  bin.
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Double Photon Analysis
• No observed excess
• multi-channel counting exp.
• We set 95% CLs limits

• GGM-Bino 
• mgluino >~ 1.5 TeV, msquark >~ 1.4 TeV

• SMS T5gg 
• mgluino >~ 1.3 TeV

• Signal Interpretation: 

14 References
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Figure 9: Double-photon analysis 95% CL observed cross section upper limits and excluded
mass regions for the GGMbino (left) and T5gg (right) models. The representations of excluded
regions and cross sections are the same as in Fig. 8.
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Higgs Aware SUSY
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Discovery of the higgs boson enhances 
the LHC SUSY program 

• Search for electroweak SUSY production 
complements typical searches for strongly 
produced SUSY

• Characterized by: fewer jets & more W, Z, Higgs 
in decay chain

•  h →ɣɣ is particularly interesting : a narrow 
resonance

• Final state: photons, jets and/or leptons
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Electroweak SUSY Searches (h → γγ)

• Selection:
• At least two photons (ɣ): PleadT > 40, PsubleadT > 25 GeV
• Both photons in ECAL barrel, i.e |η| < 1.44
• Two highest PT photons form higgs candidate 

CMS-SUS-14-002,  PRD 90, 092007 (2014)
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• SM backgrounds
• QCD multijet events: mismeasured EmissT  + fakes
• QCD multijet + ɣ/ɣɣ: mismeasured EmissT  (dominant)
• SM-higgs: real EmissT, (sub-leading)

• Discriminating variables
• Depends on the final state:

• hh → ɣɣbb, ShT : scalar sum of higgs cand. PT

• hZ, hW → ɣɣ + 2jets:  EmissT

• hZ, hW → ɣɣ + leptons: missing transverse mass MT
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Electroweak SUSY Searches (h → γγ)Searches(with(a(h(to(γγ(decay(
• Search(channels(included(
–  (γγ)+(bb)(:(targets(hh(
–  (γγ)+(jj)(:(targets(hZ(and(hW(

–  (γγ)+(e(or(µ)(:(targets(hh,(hZ,(hW(

• Common(γγ(selec5on(
–  (2(barrel(photons(with(|η|<1.4((
–  ET(>(40(and(25(GeV.(

• Common(background(es5ma5on(

–  Fit(mγγ(distribu5on(in(sidebands,(excluding(tag(region,(with(a(power(law.(

–  Integrate(powerSlaw(func5on(in(Higgs(tag(region([120(to(131(GeV](to(
normalize(con5nuum((SM(nonSHiggs)(background.(
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Background Prediction
• Define sideband region:                                    

mɣɣ ∋ [{103-118}, {133-163}] GeV 
• Fit sidebands with a power law function
• Use fit to extrapolate from the sidebands to the 

signal region
• Extrapolate chosen search variable distribution 

in sidebands to signal region
• Estimate SM-Higgs using Monte Carlo
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Electroweak SUSY Searches (hh → γγbb)

Search for double higgs production

h,Z(

h,Z(

Searches(for(Electroweak(

(SUSY(produc5on(

•  Many(searches(for(strong(produc5on(

with(null(results.(

•  Electroweak(produc5on(characterized(by(
–  Smaller(predicted(cross(sec5ons(

–  lower(levels(of(hadronic(ac5vity(
•  The(discovery(of(the(Higgs(opens(up(new(

SUSY(searches:("Higgs$tagging"$
–  Lightest(neutral(CPSeven(Higgs((h)(expected(

to(be(SMSlike,(if(others(are(heavy.(

–  Charginos(and(neutralinos(decay(to(h+LSP(or(
V+LSP,(with(V=W,Z.((

–  Observa5on(of(h(in(SUSY(events(would(
provide(evidence(for(SUSY(solu5on(to(

hierarchy(problem.((

h,Z(

2(Owen(Long,(UC(Riverside( Searches$for$Electroweak$SUSY$Produc1on$at$CMS$

• Reconstruct one higgs candidates through:
• h → ɣɣ decay, mɣɣ ∋ [103-163] GeV 
• h → bb decay, mbb ∋ [95-155] GeV

• Construct Sh , scalar sum PT of the two h’s

SM-Higgs background from MC: negligible

CMS-SUS-14-002,  PRD 90, 092007 (2014)

• Background prediction by extrapolating 
from mɣɣ sidebands.

No significant excess observed
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Electroweak SUSY Searches (hZ/W → γγ2j)

Search for  higgs + V(Z,W) production

SM-Higgs background from MC: 30% uncertainty

h,Z(

h,Z(

Searches(for(Electroweak(

(SUSY(produc5on(

•  Many(searches(for(strong(produc5on(

with(null(results.(

•  Electroweak(produc5on(characterized(by(
–  Smaller(predicted(cross(sec5ons(

–  lower(levels(of(hadronic(ac5vity(
•  The(discovery(of(the(Higgs(opens(up(new(

SUSY(searches:("Higgs$tagging"$
–  Lightest(neutral(CPSeven(Higgs((h)(expected(

to(be(SMSlike,(if(others(are(heavy.(

–  Charginos(and(neutralinos(decay(to(h+LSP(or(
V+LSP,(with(V=W,Z.((

–  Observa5on(of(h(in(SUSY(events(would(
provide(evidence(for(SUSY(solu5on(to(

hierarchy(problem.((

h,Z(

2(Owen(Long,(UC(Riverside( Searches$for$Electroweak$SUSY$Produc1on$at$CMS$

CMS-SUS-14-002,  PRD 90, 092007 (2014)

• Reconstruct higgs through: h → ɣɣ decay
• Reconstruct V through hadronic decay:             

mjj ∋ [70-110] GeV 
• Discriminating variable EmissT 

No significant excess observed

• Background prediction by extrapolating 
from mɣɣ sidebands.
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Electroweak SUSY Searches (h (h,V) → γγleptons)

• Reconstruct higgs through: h → ɣɣ decay 
• Tag second boson by requiring at least one (e/μ)
• At least one electron, at least one muon
• Discriminating variable: transverse mass (MT)

SM-Higgs background from MC: 30% uncertainty

Largest excess observed is 2.1σ in electron sample

Search for  higgs + (h,V) production
CMS-SUS-14-002,  PRD 90, 092007 (2014)

• Background prediction by extrapolating 
from mɣɣ sidebands.
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Electroweak SUSY Searches 
h,Z(
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Searches(for(Electroweak(

(SUSY(produc5on(

•  Many(searches(for(strong(produc5on(

with(null(results.(

•  Electroweak(produc5on(characterized(by(
–  Smaller(predicted(cross(sec5ons(

–  lower(levels(of(hadronic(ac5vity(
•  The(discovery(of(the(Higgs(opens(up(new(

SUSY(searches:("Higgs$tagging"$
–  Lightest(neutral(CPSeven(Higgs((h)(expected(

to(be(SMSlike,(if(others(are(heavy.(

–  Charginos(and(neutralinos(decay(to(h+LSP(or(
V+LSP,(with(V=W,Z.((

–  Observa5on(of(h(in(SUSY(events(would(
provide(evidence(for(SUSY(solu5on(to(

hierarchy(problem.((

h,Z(

2(Owen(Long,(UC(Riverside( Searches$for$Electroweak$SUSY$Produc1on$at$CMS$

• Set limits for  electroweak GMSB hh production
• hh →ɣ ɣbb
• hh →ɣ ɣ + lepton

• Expected sensitivity could rule out neutralino at 
150 GeV, but observation does not.

CMS-SUS-14-002,  PRD 90, 092007 (2014)
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2(Owen(Long,(UC(Riverside( Searches$for$Electroweak$SUSY$Produc1on$at$CMS$

• Set limits for  electroweak hW production
• hh →ɣ ɣ + 2jets
• hh →ɣ ɣ + leptons

• Current sensitivity from combination of channels 
is close to theoretical cross section at 130 GeV

Electroweak SUSY Searches 
CMS-SUS-14-002,  PRD 90, 092007 (2014)



Thursday, January 7, 2016 Cristián Peña, Caltech20

Inclusive Higgs-aware Search

• Selection:
• Tag higgs using: h → ɣɣ
• Categorize using higgs PT and photon resolution

• Discriminating variables: MR  and R2
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CMS-SUS-14-017: New Result

Inclusive Search for SUSY  with  Higgs

• Background prediction by 
extrapolating from mɣɣ sidebands.
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42 9 Conclusion

MR region R2 region observed events expected background p-value significance (s)
150 - 300 0.00 - 0.05 0 1.9+1.2

�0.7(syst.) 0.22 -0.8
150 - 300 0.05 - 1.00 0 1.3+0.7

�0.5(syst.) 0.32 -0.5
300 - 3000 0.00 - 1.00 1 1.8+1.1

�0.7(syst.) 0.33 -0.4

Table 23: Number of Events observed in the signal region compared to expected background
in the Hbb box.

MR region R2 region observed events expected background p-value significance (s)
150 - 450 0.00 - 0.05 1 2.0+1.0

�0.7 0.44 -0.2
150 - 450 0.05 - 1.00 1 0.8+0.6

�0.4 0.42 0.2
450 - 3000 0.00 - 1.00 1 4.0+1.6

�1.1 0.15 -1.1

Table 24: Number of Events observed in the signal region compared to expected background
in the Zbb box.

exclusion despite the deviation in the HighRes box because this box is less important than the588

HighPt and Hbb boxes for these particular models (and we see no corresponding deviation589

in either of those two boxes), and because the MR value at which the deviation occurs is too590

high to correspond to any other mass-splitting hypotheses we consider in either of these two591

models.592

9 Conclusion593

A search has been performed on events in the gg + jets final state with di-photon invariant594

mass near the mass of the Higgs boson. Proton collisions collected at a center-of-mass en-595

ergy
p

s = 8 TeV are considered, corresponding to an integrated luminosity of about 19.8 fb�1.596

Higgs boson candidates are reconstructed from pairs of photons in the central part of the de-597

tector. The razor variables and are used to suppress the SM Higgs boson production and598

other SM processes. The majority of the background originates from random pairs of recon-599

structed photons. The background is constrained using the sidebands of the diphoton mass600

distribution. The background prediction is found to be compatible with the data observations601

in the signal search regions and the results are interpreted in terms of models beyond the SM,602

in which Higgs bosons are produced from the decay of new heavy states. Simplified models of603

charginos and neutralinos in SUSY with final states that include HW and HH are excluded for604

MR region R2 region observed events expected background p-value significance (s)
150 - 250 0.00 - 0.05 363 357.6+9.6

�9.4(syst.) 0.40 0.3
150 - 250 0.05 - 0.10 149 139.4+5.6

�5.4(syst.) 0.23 0.7
150 - 250 0.10 - 0.15 35 32.5+3.4

�3.1(syst.) 0.34 0.4
150 - 250 0.15 - 1.00 7 8.0+1.7

�1.4(syst.) 0.40 -0.3
250 - 400 0.00 - 0.05 218 207.9+7.0

�6.8(syst.) 0.27 0.6
250 - 400 0.05 - 0.10 20 14.7+2.5

�2.1(syst.) 0.13 1.1
250 - 400 0.10 - 1.00 3 2.7+0.8

�0.6(syst.) 0.43 0.2
400 - 1400 0.00 - 0.05 109 101.6+5.0

�4.8(syst.) 0.26 0.7
400 - 1400 0.05 - 1.00 5 0.5+0.4

�0.2(syst.) 0.002 2.9
1400 - 3000 0.00 - 1.00 0 0.9+0.5

�0.3(syst.) 0.44 -0.1

Table 25: Number of Events observed in the signal region compared to expected background
in the HighRes box.

HighRes Event Category Results

excess is 1.6 σ 
after look 

elsewhere effect
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SUSY(searches:("Higgs$tagging"$
–  Lightest(neutral(CPSeven(Higgs((h)(expected(
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–  Lightest(neutral(CPSeven(Higgs((h)(expected(

to(be(SMSlike,(if(others(are(heavy.(

–  Charginos(and(neutralinos(decay(to(h+LSP(or(
V+LSP,(with(V=W,Z.((

–  Observa5on(of(h(in(SUSY(events(would(
provide(evidence(for(SUSY(solu5on(to(

hierarchy(problem.((

h,Z(

2(Owen(Long,(UC(Riverside( Searches$for$Electroweak$SUSY$Produc1on$at$CMS$

• hW electroweak production
• Exclude a 130-150 GeV neutralino/

chargino  

• hh electroweak production
• Sensitivity close to exclude a 130 GeV 

neutralino

CMS-SUS-14-017: 
New Result
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Summary
• CMS searches for GMSB SUSY  gluino/squark production  

• single and diphoton final state, no excesses found
• Exclude gluino at 1.0 TeV and squark at 0.8 TeV (wino case)
• Exclude gluino at 1.5 TeV and squark at 1.4 TeV (bino case)

• CMS searches for GMSB SUSY  EW production
• Use SM h (h→ɣɣ) as a tool to look for SUSY
• New analyses improve sensitivity to hh, hW electroweak 

production. hW, chargino/neutralino excluded at 150 GeV
• New higgs-aware search: does not depend on a particular 

SUSY model. Enhances possible discovery.
• Interesting results. Stay tuned for 13 TeV photon updates
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Backups
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• Apply standard photon selection
• Reconstruct one higgs candidate by its ɣɣ decay

•  mɣɣ ∋ [103-163] GeV 
• Tag second boson by requiring at least one (e/μ)

• Isolated Leptons, PT > 15 GeV, |η| < 2.4
•  ∆R(ɣ(1,2), lepton) > 0.3
• meɣ ∌ [86-96] GeV

• Two search samples: 
• At least one electron, at least one muon

• Look for excess in the transverse mass MT distribution
• Fit mɣɣ  in sidebands. Use fit result to scale the MT sideband 

distribution to the expected signal region.

SM-Higgs background from MC: 30% uncertainty

2.1 standard deviations excess in electron sample.
cross checks suggest consistent with background 

fluctuation

Search for  higgs + (h,V) production
CMS-SUS-14-002,  PRD 90, 092007 (2014)
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Single Photon Analysis
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 (8 TeV)-119.7 fb

 2 jets≥, γ 1 ≥ • Selection:
• At least one photon (ɣ): P*T > 110 GeV 
• At least two jets: PT > 30 GeV, |η|  < 2.5,  ∆R(ɣ, ji) > 0.3
• H*T > 500 GeV (including ɣ)

• SM backgrounds
• QCD multijet events: mismeasured EmissT  + fakes
• QCD multijet + ɣ: mismeasured EmissT

• W+jets and tt + jets (EW): real EmissT, e →ɣ
• ɣW+jets, ɣZ+jets, ɣtt + jets

• Discriminating variable
• EmissT > 100 GeV, 6 bin categories

• Background estimation
• Use a ɣloose  (relax isolation) control sample. Obtain 

correction factors for EmissT . Predict Multijet and ɣ+jet
• Use a ɣpixel (pixel seed match) control sample.        

Predict EW scaling EmissT distribution by fe→ɣ
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CMS-SUS-14-004, PRD 1507.02898
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Double Photon Analysis
• Selection:

• At least two photons (ɣ): PleadT > 30, PsubleadT > 22 GeV
• At least one jet: PT > 40 GeV, |η|  < 2.5,  ∆R(ɣ(1,2), ji) > 0.5

• SM backgrounds
• QCD multijet events: mismeasured EmissT  + fakes
• QCD multijet + ɣ: mismeasured EmissT  (dominant)
• W+jets and tt + jets (EW): real EmissT, e →ɣ (negligible)

• Discriminating variable
• Razor variables: MR (mass scale)  and  R2 (energy imbalance) 

• Background estimation
• Define control region MR > 600 GeV && 0.01 < R2 < 0.02.       

Fit MR with 

• Use fit shape normalize to the total number of events as 
background prediction in signal region
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8 6 Double-photon search

In addition, each photon must satisfy at least one of two requirements: a high value of the212

shower shape variable R9 [52] or loose calorimetric identification. For the targeted signals, the213

combination of the two triggers is found to be 99% efficient.214

In the subsequent analysis, at least two photon candidates with pT > 22 GeV and |h| < 2.5215

are required. Events are selected if the highest pT photon has pT > 30 GeV. Jets must have216

pT > 40 GeV and |h| < 2.5, with each jet required to lie a distance DR > 0.5 from an identified217

photon. Only events with at least one selected jet are considered.218

The background is dominated by multijet events, which mostly consist of events with at least219

one genuine photon. Due to the requirement of two photons in the event, the EW and ISR/FSR220

backgrounds are negligible.221

The razor variables MR and R2 [18, 19] are used to distinguish a potential signal from back-222

ground. To evaluate these variables, the selected jets and photons are grouped into two exclu-223

sive groups, referred to as “megajets” [19]. The four-momentum of a megajet is computed as224

the vector sum of the four-momenta of its constituents. Among all possible megajet pairs in an225

event, we select the pair with the smallest sum of squared invariant masses of the megajets. Al-226

though not explicitly required, the two photons are associated with different megajets in more227

than 80% of the selected signal events.228

The variable MR is defined as229

MR ⌘
r⇣���~p j1

���+
���~p j2

���
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pj1
z + pj2

z

⌘2
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where ~p ji and pji
z are, respectively, the momentum of the i-th megajet and the magnitude of its230

component along the beam axis. The pT imbalance in the event is quantified by the variable231

MR
T, defined as232

MR
T ⌘

vuutEmiss
T

⇣���~p j1
T

���+
���~p j2

T

���
⌘
� ~pmiss

T ·
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, (2)

where ~p ji
T is the transverse component of ~p ji . The razor ratio R is defined as233

R ⌘ MR
T

MR
. (3)

For squark pair production in R-parity conserving models in which both squarks decay to a234

quark and LSP, the MR distribution peaks at MD = (m2
eq � m2

LSP)/meq, where meq (mLSP) is the235

squark (LSP) mass. Figure 4 demonstrates that MR also peaks for gluino pair production (left)236

and in the GGMbino model (right).237

The (MR, R2) plane is divided into two regions: (i) a signal region with MR > 600 GeV and R2 >238

0.02, and (ii) a control region with MR > 600 GeV and 0.01 < R2  0.02. The control region is239

defined such that any potential signal contribution to the control region is less than 10% of240

the expected number of signal events, producing a negligible bias on the background shape241

determination, corresponding to less than a 2% shift in the predicted number of background242

events for 20 expected signal events.243

The background shape is determined through a maximum likelihood fit of the MR distribution244

in the data control region, using the empirical template function245

P(MR) µ e�k(MR�M0
R)

1
n

, (4)

Fit to control sample: 
bottom panel z-score (number of Normal standard deviation)

MR: peaks around  mgluino 

CMS-SUS-14-004, PRD 1507.02898
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Double Photon Analysis

• Search region: MR > 600 GeV && R2 > 0.2 (high R2)
• Control sample in high R2 kinematic region with 

photons failing isolation/cluster shape 
• No observed systematic deviation.                       

within one standard deviation
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Background Prediction

CMS-SUS-14-004, 
PRD 1507.02898

• Define control region MR > 600 GeV && 0.01 < R2 < 0.02.                                                                       
Fit MR with

• Normalize to the total yield as background prediction in 
signal region

8 6 Double-photon search

In addition, each photon must satisfy at least one of two requirements: a high value of the212

shower shape variable R9 [52] or loose calorimetric identification. For the targeted signals, the213

combination of the two triggers is found to be 99% efficient.214

In the subsequent analysis, at least two photon candidates with pT > 22 GeV and |h| < 2.5215

are required. Events are selected if the highest pT photon has pT > 30 GeV. Jets must have216

pT > 40 GeV and |h| < 2.5, with each jet required to lie a distance DR > 0.5 from an identified217

photon. Only events with at least one selected jet are considered.218

The background is dominated by multijet events, which mostly consist of events with at least219

one genuine photon. Due to the requirement of two photons in the event, the EW and ISR/FSR220

backgrounds are negligible.221

The razor variables MR and R2 [18, 19] are used to distinguish a potential signal from back-222

ground. To evaluate these variables, the selected jets and photons are grouped into two exclu-223

sive groups, referred to as “megajets” [19]. The four-momentum of a megajet is computed as224

the vector sum of the four-momenta of its constituents. Among all possible megajet pairs in an225

event, we select the pair with the smallest sum of squared invariant masses of the megajets. Al-226

though not explicitly required, the two photons are associated with different megajets in more227

than 80% of the selected signal events.228

The variable MR is defined as229
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where ~p ji and pji
z are, respectively, the momentum of the i-th megajet and the magnitude of its230
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where ~p ji
T is the transverse component of ~p ji . The razor ratio R is defined as233

R ⌘ MR
T

MR
. (3)

For squark pair production in R-parity conserving models in which both squarks decay to a234

quark and LSP, the MR distribution peaks at MD = (m2
eq � m2

LSP)/meq, where meq (mLSP) is the235

squark (LSP) mass. Figure 4 demonstrates that MR also peaks for gluino pair production (left)236

and in the GGMbino model (right).237

The (MR, R2) plane is divided into two regions: (i) a signal region with MR > 600 GeV and R2 >238

0.02, and (ii) a control region with MR > 600 GeV and 0.01 < R2  0.02. The control region is239

defined such that any potential signal contribution to the control region is less than 10% of240

the expected number of signal events, producing a negligible bias on the background shape241

determination, corresponding to less than a 2% shift in the predicted number of background242

events for 20 expected signal events.243

The background shape is determined through a maximum likelihood fit of the MR distribution244

in the data control region, using the empirical template function245

P(MR) µ e�k(MR�M0
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Background Prediction Validation
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• Inject signal events to the control sample
• mgluino = 1820 GeV, msquark = 1400 GeV (GGMbino)

• Clear excess at MR ≃ 2 TeV. This is how an signal 
would show up. Analysis works as designed

Signal Injection Test CMS-SUS-14-004, 
PRD 1507.02898
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• Extrapolate fit shape to signal region
• Look for excess in MR  > 600 GeV 

Results

Double Photon Analysis

No excess in any  MR  bin.



Thursday, January 7, 2016 Cristián Peña, Caltech31

Double Photon Analysis
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MR: peaks around  mgluino 

CMS-SUS-14-004, PRD 1507.02898
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1 Introduction1

The discovery of the Higgs boson (H) [1–3] at the LHC was achieved through searches designed2

around its predicted properties in the Standard Model (SM). There are various ways in which3

new physics can manifest itself in H events. If the H couplings to the known SM particles are4

modified by new physics, such as effects due to additional loop contributions from new parti-5

cles , extended Higgs sectors, and Higgs compositeness, the decay modes and branching ratios6

of the Higgs could deviate from SM predictions. On-shell production of new heavy states can7

lead to Higgs production processes through cascade decays as discussed in searches for SM-8

like H’s in several models, such as models involving extra Higgs states of the minimal super-9

symmetric standard model and its extensions, or for composite Higgs models. Conversely the10

discovery sensitivity for new physics through Higgs production has been studied in the con-11

text of supersymmetry with a bino lightest SUSY particle (LSP), a gravitino LSP, and additional12

weakly coupled LSPs, as well as in the context of vector-like heavy quarks. Higgs production in13

cascade decays has also been studied as a way to probe the details of the spectra and coupling14

of new particles after their discovery. In searches for new physics at the LHC, H’s produced15

from the cascade decays of electroweakinos [4–7] and squarks [8] have been considered.16

In this paper, we present a search for excess H production interpreted within a class of SUSY
models with neutralino NLSPs which dominantly decay to a Higgs boson. The interpreta-
tion of the search is given for two such benchmark electroweakino production models with
WH and HH final states. Additional benchmark models can be employed to interpret the re-
sults in ZH final states and well as models with light third generation squark production. The
analysis considers events with one H candidate, reconstructed from a pair of photons, in as-
sociation with at least one jet. Since a narrow resonance is searched for in the diphoton mass,
the backgrounds can be directly determined from the data and the observation of a peak near
the H mass would strongly suggest new physics involving production of an on-shell Higgs.
The razor variables [9, 10] MR and R2 are used to discriminate SUSY signatures from the SM
backgrounds. All possible combinations of the reconstructed jets and the Higgs candidate are
clustered to form megajets [11]. The pair of resulting megajets that minimize the scalar sum
of the invariant masses of the two megajets is selected. The razor variables MR and R2 are
computed from the four momenta of the two megajets and the missing transverse momentum
~pmiss

T :
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where ~p and pz are the momentum of a particle and its longitudinal component, respectively,
and the labels j1 and j2 refer to the two selected megajets. In the definition of R2, the variable
MR

T is defined as:

MR
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where pT is the transverse momentum and Emiss
T indicates the magnitude of ~pmiss

T . A search17

for SUSY in diphoton events also using the razor variables has been performed by CMS [12],18

without requiring the photon pair to be compatible with the Higgs boson hypothesis.19

This paper is organized as follows: in Section 2 the main features of the CMS experimental20

apparatus are highlighted. In Section 3 the data and simulated samples are described, includ-21

ing a description of the benchmark signal models utilized to interpret the results. The event22

1

1 Introduction1

The discovery of the Higgs boson (H) [1–3] at the LHC was achieved through searches designed2

around its predicted properties in the Standard Model (SM). There are various ways in which3

new physics can manifest itself in H events. If the H couplings to the known SM particles are4

modified by new physics, such as effects due to additional loop contributions from new parti-5

cles , extended Higgs sectors, and Higgs compositeness, the decay modes and branching ratios6

of the Higgs could deviate from SM predictions. On-shell production of new heavy states can7

lead to Higgs production processes through cascade decays as discussed in searches for SM-8

like H’s in several models, such as models involving extra Higgs states of the minimal super-9

symmetric standard model and its extensions, or for composite Higgs models. Conversely the10

discovery sensitivity for new physics through Higgs production has been studied in the con-11

text of supersymmetry with a bino lightest SUSY particle (LSP), a gravitino LSP, and additional12

weakly coupled LSPs, as well as in the context of vector-like heavy quarks. Higgs production in13

cascade decays has also been studied as a way to probe the details of the spectra and coupling14

of new particles after their discovery. In searches for new physics at the LHC, H’s produced15

from the cascade decays of electroweakinos [4–7] and squarks [8] have been considered.16

In this paper, we present a search for excess H production interpreted within a class of SUSY
models with neutralino NLSPs which dominantly decay to a Higgs boson. The interpreta-
tion of the search is given for two such benchmark electroweakino production models with
WH and HH final states. Additional benchmark models can be employed to interpret the re-
sults in ZH final states and well as models with light third generation squark production. The
analysis considers events with one H candidate, reconstructed from a pair of photons, in as-
sociation with at least one jet. Since a narrow resonance is searched for in the diphoton mass,
the backgrounds can be directly determined from the data and the observation of a peak near
the H mass would strongly suggest new physics involving production of an on-shell Higgs.
The razor variables [9, 10] MR and R2 are used to discriminate SUSY signatures from the SM
backgrounds. All possible combinations of the reconstructed jets and the Higgs candidate are
clustered to form megajets [11]. The pair of resulting megajets that minimize the scalar sum
of the invariant masses of the two megajets is selected. The razor variables MR and R2 are
computed from the four momenta of the two megajets and the missing transverse momentum
~pmiss

T :

MR ⌘
q
(|~pj1 |+ |~pj2 |)2 � (pj1

z + pj2
z )2, (1)

R2 ⌘
✓

MR
T

MR

◆2

, (2)

where ~p and pz are the momentum of a particle and its longitudinal component, respectively,
and the labels j1 and j2 refer to the two selected megajets. In the definition of R2, the variable
MR

T is defined as:

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T )� ~pmiss
T · (~p j1

T + ~p j2
T )

2
. (3)

where pT is the transverse momentum and Emiss
T indicates the magnitude of ~pmiss

T . A search17

for SUSY in diphoton events also using the razor variables has been performed by CMS [12],18

without requiring the photon pair to be compatible with the Higgs boson hypothesis.19

This paper is organized as follows: in Section 2 the main features of the CMS experimental20

apparatus are highlighted. In Section 3 the data and simulated samples are described, includ-21

ing a description of the benchmark signal models utilized to interpret the results. The event22



Thursday, January 7, 2016 Cristián Peña, Caltech32

Ev
en

ts

1

10

210

310
Control sample

)2+ Signal simulation (high R

shapeσ ± 2Estimation in high R

=1820 GeVg~m
=1400 GeVq~m

GGMbino 

 (TeV)RM
1 1.5 2 2.5 3 3.5 4 4.5

z-
sc

or
e

0
5

10

CMS
 (8 TeV)-119.7 fb

 1 jet≥, γγRazor 

Double Photon Analysis
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• Search region: MR > 600 GeV && R2 > 0.2 (high R2)
• Define a control sample in the high R2 kinematic region with 

photons failing isolation/cluster shape 

• Test background prediction technique in this control sample
• Normalize obtained fit shape                                     to observed 

yield in control sample (high R2)   
• No observed systematic deviation. Most deviations are within 

one standard deviation

8 6 Double-photon search

In addition, each photon must satisfy at least one of two requirements: a high value of the212

shower shape variable R9 [52] or loose calorimetric identification. For the targeted signals, the213

combination of the two triggers is found to be 99% efficient.214

In the subsequent analysis, at least two photon candidates with pT > 22 GeV and |h| < 2.5215

are required. Events are selected if the highest pT photon has pT > 30 GeV. Jets must have216

pT > 40 GeV and |h| < 2.5, with each jet required to lie a distance DR > 0.5 from an identified217

photon. Only events with at least one selected jet are considered.218

The background is dominated by multijet events, which mostly consist of events with at least219

one genuine photon. Due to the requirement of two photons in the event, the EW and ISR/FSR220

backgrounds are negligible.221

The razor variables MR and R2 [18, 19] are used to distinguish a potential signal from back-222

ground. To evaluate these variables, the selected jets and photons are grouped into two exclu-223

sive groups, referred to as “megajets” [19]. The four-momentum of a megajet is computed as224

the vector sum of the four-momenta of its constituents. Among all possible megajet pairs in an225

event, we select the pair with the smallest sum of squared invariant masses of the megajets. Al-226

though not explicitly required, the two photons are associated with different megajets in more227

than 80% of the selected signal events.228

The variable MR is defined as229
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MR
T ⌘

vuutEmiss
T

⇣���~p j1
T

���+
���~p j2

T

���
⌘
� ~pmiss

T ·
⇣
~p j1

T + ~p j2
T

⌘

2
, (2)

where ~p ji
T is the transverse component of ~p ji . The razor ratio R is defined as233

R ⌘ MR
T

MR
. (3)

For squark pair production in R-parity conserving models in which both squarks decay to a234

quark and LSP, the MR distribution peaks at MD = (m2
eq � m2

LSP)/meq, where meq (mLSP) is the235

squark (LSP) mass. Figure 4 demonstrates that MR also peaks for gluino pair production (left)236

and in the GGMbino model (right).237

The (MR, R2) plane is divided into two regions: (i) a signal region with MR > 600 GeV and R2 >238

0.02, and (ii) a control region with MR > 600 GeV and 0.01 < R2  0.02. The control region is239

defined such that any potential signal contribution to the control region is less than 10% of240

the expected number of signal events, producing a negligible bias on the background shape241

determination, corresponding to less than a 2% shift in the predicted number of background242

events for 20 expected signal events.243

The background shape is determined through a maximum likelihood fit of the MR distribution244

in the data control region, using the empirical template function245

P(MR) µ e�k(MR�M0
R)

1
n

, (4)

(high R2)

(high R2)

signal injection

• Test analysis sensitivity/behavior
• Inject signal events to the control sample data

• mgluino = 1820 GeV, msquark = 1400 GeV (GGMbino)
• Use same prediction as in the background prediction 

validation 
• Clear excess at MR ≃ 2 TeV. This is how an signal would 

show up. Analysis works as designed

Signal Injection Test

Background Prediction Validation

CMS-SUS-14-004, 
PRD 1507.02898
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Electroweak SUSY Searches (h (h,V) → γγleptons)

• Apply standard photon selection
• Reconstruct higgs through: h → ɣɣ decay 
• Tag second boson by requiring at least one (e/μ)

• Isolated Leptons, PT > 15 GeV, |η| < 2.4
•  ∆R(ɣ(1,2), lepton) > 0.3
• meɣ ∌ [86-96] GeV

• Two search samples: 
• At least one electron, at least one muon

• Look for excess in the transverse mass MT distribution
• Fit mɣɣ  in sidebands. Use fit result to scale the MT 

sideband distribution to the expected signal region.

SM-Higgs background from MC: 30% uncertainty

2.1 standard deviations excess in electron sample.
cross checks suggest consistent with background fluctuation

Search for  higgs + (h,V) production
CMS-SUS-14-002,  PRD 90, 092007 (2014)
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Electroweak SUSY Searches 

h,Z(

h,Z(

Searches(for(Electroweak(

(SUSY(produc5on(

•  Many(searches(for(strong(produc5on(

with(null(results.(

•  Electroweak(produc5on(characterized(by(
–  Smaller(predicted(cross(sec5ons(

–  lower(levels(of(hadronic(ac5vity(
•  The(discovery(of(the(Higgs(opens(up(new(

SUSY(searches:("Higgs$tagging"$
–  Lightest(neutral(CPSeven(Higgs((h)(expected(

to(be(SMSlike,(if(others(are(heavy.(

–  Charginos(and(neutralinos(decay(to(h+LSP(or(
V+LSP,(with(V=W,Z.((

–  Observa5on(of(h(in(SUSY(events(would(
provide(evidence(for(SUSY(solu5on(to(

hierarchy(problem.((

h,Z(

2(Owen(Long,(UC(Riverside( Searches$for$Electroweak$SUSY$Produc1on$at$CMS$

• Set limits for  electroweak GMSB hh production
• hh production In this talk

• hh →ɣ ɣbb
• hh →ɣ ɣ + lepton

• Not enough sensitivity to exclude any neutralino 
mass yet

• Expected sensitivity could rule out a 150 GeV 
neutralino

• Set limits for  electroweak GMSB h h,Z production
• 50% BR to 𝛘1 → ZG
• hh production In this talk

• hh →ɣ ɣbb
• hh →ɣ ɣ + lepton

• Combination excludes neutralinos at ~ 290 GeV

CMS-SUS-14-002,  PRD 90, 092007 (2014)
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Razor h → ɣɣ
Event Category Background Prediction Transfer Factor

HighPt 0.162 ± 0.004
Hbb 0.212 ± 0.049
Zbb 0.204 ± 0.032

HighRes 0.162 ± 0.002
LowRes 0.259 ± 0.002

MC normalization systematic uncertainties
Source value target

luminosity 2.5% Signal Models, SM Higgs boson MC
trigger e�ciency 5% Signal Models, SM Higgs boson MC

Higgs boson theory 2%� 8% SM Higgs boson MC
signal theory x-sec uncertainty ⇡ 13%

Object-level systematic uncertainties
jet energy scale shape (3%) Signal Models, SM Higgs boson MC

photon energy and resolution shape (1%) Signal Models, SM Higgs boson MC
b-tagging ID shape (0� 4%) Signal Models, SM Higgs boson MC

�E/E uncertainty shape Signal Models, SM Higgs boson MC

Normalization & shape systematic uncertainties
background prediction uncertainty 1%� 50% background shape

sideband yields 1� 100% low event yields in the data sidebands
fit choice ⇡ 1% background normalization

MC statistics varies statistics in SM Higgs boson and SMS MC
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Razor h → ɣɣ
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Razor h → ɣɣ
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Razor h → ɣɣ
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