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Introduction 

 

• Higgs pair production has a small XS in SM (~33 fb @ 13 
TeV) 

• BSM can effectively enhance Higgs pair production. 

• non-resonance: altered Higgs self-coupling, tth 
coupling, tthh coupling.  

• resonance: BSM resonance decay, such as heavy 
Higgs and Kaluza-Klein graviton.  

• [not hh search]  New theoretical model:  

• arXiv:1606.01674. 
• 𝐻 → 𝑆ℎ, H (not SM Higgs) is a heavy scalar with 

250 ≤ 𝑚𝐻 ≤ 350 GeV, S is a Higgs-like scalar with 
125 ≤ 𝑚𝑆 ≤ 225 GeV. 

𝜸𝜸𝑾𝑾 

(a) (b) 



Quick look 
• hh (no Sh) analyses will be presented 

• Three separate analyses in 𝛾𝛾𝑊𝑊 

• Semi-leptonic, resolved handronic and boosted handronic ones 

• All of them share the same selections at photon side as 
HGam 

• Low mass region for resolved analyses, 260 – 500 GeV 

• 260 GeV – 3 TeV for boosted analysis 

• Assuming 𝜎 𝑔𝑔 → ℎℎ/𝑔𝑔 → 𝑋 → ℎℎ = 1 pb 

𝜸𝜸𝑾𝑾 



Semi-leptonic - selections 
Photons: 
PID: Tight; Iso: FixedCutLoose; 
 𝜂 ∈ 0,1.37 ∩ [1.52, 2.37]; 
Rel. 𝑝𝑇 cut: 
𝑝𝑇 𝛾1

𝑚 𝛾𝛾
≥ 0.35, 

𝑝𝑇 𝛾2

𝑚 𝛾1𝛾2
≥ 0.25 

𝑚 𝛾1𝛾2 ∈ [105, 160] GeV  
Jets: 
AntiKt4EMTopoJets 
𝑝𝑇 > 25 GeV; 𝜂 < 2.5; 
𝐽𝑉𝑇 < 0.59  ( 𝑝𝑇 < 60 GeV &  𝜂 < 2.4 ) 
Electrons: 
𝑝𝑇 > 10 GeV; 
𝜂 ∈ 0,1.37 ∩ [1.52, 2.47]; 
𝑑0  significance < 5; 𝑧0 < 0.5 mm; 

PID: Medium; Iso: Loose 
Muons: 
 𝑝𝑇 > 10 GeV; 𝜂 ∈ 0, 2.7 ; 
𝑑0  significance < 3; 𝑧0 < 0.5 mm; 

PID: Medium; Iso: GradientLoose 
 

𝜸𝜸𝑾𝑾 

two central jets ( 𝜼 < 𝟐. 𝟓) 
B-veto (MV2c10, 70%) 

Tight mass window 𝒎𝜸𝜸 − 𝟏𝟐𝟓. 𝟎𝟗 <

𝟐 × 𝟏. 𝟕 (𝝈𝒎𝜸𝜸
) GeV 

Event Selection 

Full 𝒉 → 𝜸𝜸 selections 

At least two  
central jets  

At least one lepton 

B-veto 

Tight mass Window 



BKG study 1. 
• Two types of background: continuum background, SM 

Higgs background - VBF, ggH, WH, ZH, ttH. 

• Estimate the SM single Higgs background by MC 
(see next slide); 

• Using data-driven method to estimate the 
continuum background. 

• Now, using the method 𝑁𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚
𝑏𝑘𝑔

= 𝑁𝑠𝑏
𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 ×

𝜖𝛾𝛾

1−𝜖𝛾𝛾
 

• 𝑁𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚
𝑏𝑘𝑔

= 20.1 events 

• Model for continuum BKG: exp2 

𝜸𝜸𝑾𝑾 



BKG study 2. 
• Estimate the continuum background. 

• Fit the SB region.  

 
• Continuum background decomposition 
• Investigate the components in the continuum 

BKG 
 

• Background modeling 
• Xifeng/Abdualazem have the primary result on 

the comtinuum background model: Exp 
• High statistics samples is running: production  

𝜸𝜸𝑾𝑾 

https://prodtask-dev.cern.ch/prodtask/inputlist_with_request/9585/


Cutflow and Yields 

𝜸𝜸𝑾𝑾 

ggh VBF Wh Zh tth 

Cross sections 48.52 pb 3.779 pb 1.369 pb 0.8824 pb 0.5065 pb 

Yields 0.137 0.0312 0.554 0.238 0.737 

Stat. error 16.4% 11.8% 3.27% 4.03% 3.83% 

Non-res mh260 mh300 mh400 mh500 

Yields 1.50193 0.863991 1.0111 1.39069 1.64497 

Stat. error 1.58% 2.06% 1.94% 1.58% 1.50% 



Uncertainty 1. 
• The uncertainties on 𝜖𝛾𝛾  

• From lepton multiplicity: 7.4% 

• From fitting functions: 3.8% 

• From sideband definition: 1.2% 

• Statistics on 𝜖𝛾𝛾:1.3% 

• These uncertainties are separate NPs in the fit 

𝜸𝜸𝑾𝑾 

• Luminosity error, 4.1% 
• Theory 

•+2.1/2.0% on branching ratio of ℎ → 𝛾𝛾 and ±1.5% on ℎ → 𝑊𝑊  
•Scale and PDF uncertainties, shown as tables below 
•Special 37.5% assigned to Wh for high jet multiplicity: comparing Pythia8 
(parton shower jets ) and MadGraph5 (matrix element jets) both with 2 jets 
inclusively 



Uncertainty 2. 

𝜸𝜸𝑾𝑾 



Sensitivity 1. 

Non-res mh260 mh300 mh400 mh500 

+2𝜎 16.071 27.9317 24.305 17.4098 14.5864 

+1𝜎  11.2084 19.4905 16.8559 12.1447 10.1997 

−1𝜎 5.60365  9.74654 8.39283 6.06772  5.10635 

−2𝜎 4.17403 7.25999  6.25163 4.51971 3.80361 

Median  7.77684 13.5264  11.6477 8.4209 7.08669 

Observed 7.77491 13.5237  11.6423 8.41989 7.08776 

𝜸𝜸𝑾𝑾 

isBlind 
Sys are at 22.1 𝒇𝒃−𝟏  
WS: HistFactory 
Limits: Asymptotic 



Sensitivity 2. 
Non-res mh260 mh300 mh400 mh500 

+2𝜎 15.4164 26.77 22.8867  16.6449  14.1244 

+1𝜎 10.8897 18.9095 16.1665 11.7574 9.97701 

−1𝜎 5.50492 9.55762 8.17156 5.94347 5.04366 

−2𝜎 4.10049 7.11926 6.08682 4.42716  3.75691 

Median  7.63983 13.2642 11.3406 8.24845  6.99968 

Observed 7.6413 13.2688 11.344 8.25021 7.00089 

𝜸𝜸𝑾𝑾 

isBlind 
Only one sys: Photon energy resolution 5% 
for test  
WS: created by private code, shape fitting 
Limits: Asymptotic,  
Limits are consistent with HistFactory, a bit 
more sensitive. 
 
Signal model: DSCB 
Continuum BKG model: exp2 
SM higgs BKG: DSCB 



Resolved hadronic - Analysis Strategy 
• Basic Selection 

• diphoton as HGam, NO LEP, b-veto (70% WP), >=3 central jets (|eta|<2.5)  

• ==3 jet category and >=4 jet category since truth signal jet has low pT 

• Selection Optimization 

• define mass window of diphoton + multi-jet for resonant search 

• use one variable 𝒑𝑻(𝜸𝜸) to do optimization 

• scan the cut and fit the data sideband with Exponential to obtain continuum background, count the 
signal and SM Higgs yield from MC 

• calculate the significance : 𝟐((𝑵𝒃𝒔𝒎 + 𝑵𝒔𝒎𝑯𝒊𝒈𝒈𝒔 + 𝑵𝒄𝒐𝒏𝒕)𝒍𝒏(𝟏 +
𝑵𝒃𝒔𝒎

𝑵𝒔𝒎𝑯𝒊𝒈𝒈𝒔+𝑵𝒄𝒐𝒏𝒕
) − 𝑵𝒃𝒔𝒎))  

• Signal and Background Modeling 

• Signal modeling 

• signal samples : non-resonant and resonant (260 - 500 GeV) 

• shape modeling : Double-Sided Crystal Ball VS. Crystal Ball + Gauss 

• Background modeling 

• data sideband to do further optimization 

• large statistic yy+0,1,2,3 jet for spurious signal study (To do) 

• background decomposition (To do) 

• Systematic (To do), especially ggH theoretical uncertainty  

𝜸𝜸𝑾𝑾 



Kinematics  

4jet category 4jet category 

3jet category 3jet category 

4jet category 

3jet category 

•𝒑𝑻(𝜸𝜸) have good separation power -- mass dependent  
•3jet category has better mass resolution 

𝜸𝜸𝑾𝑾 

•  𝒑𝑻(𝜸𝜸), mass, mass resolution (Reco - truth) 



Mass window 

𝜸𝜸𝑾𝑾 

• Define a mass window 

which contains 85%, 

90% or 95% signal 

events 

 

• To decrease the width of 

mass window, use signal 

efficiency of 85% to 

define the mass window 

 

• Currently the resolution 

is not very good 

 



Summary of significance and cut 

• Two plots show the cut on 𝒑𝑻(𝜸𝜸) and expected significance 

• Since 𝒑𝑻(𝜸𝜸) is sensitive to high mass, 500 GeV has the 
highest expected significance 

𝜸𝜸𝑾𝑾 

non-res 260 GeV 300 GeV 400 GeV 500 GeV 

3jet 4jet 3jet 4jet 3jet 4jet 3jet 4jet 3jet 4jet 

𝑚𝛾𝛾𝑗𝑒𝑡𝑠 - - [210,470] [240,650] [230,510] [270,700] [290,630] [350,830] [360,760] [430,1000] 

𝑝𝑇𝛾𝛾 >155 >155 <55 <70 >30 >10 >120 >120 >175 >180 



Signal modeling:  non-res signal 

• CB+Gau VS. DSCB 

 

• The only difference 

between two functions 

is the high-mass tail 

 

• Double-Sided Crystal-

Ball (right hand side) 

able to describe the 

high-mass tail better 

in both 3jet and 4jet 

category (after non-res 

cut) 

𝜸𝜸𝑾𝑾 



Boosted hadronic - Analysis Strategy 
• Cut based approach 

• MC background (SM higgs) and data-driven (continuum) background 
estimation 

• Boosted topology (all four quarks end up in one large R jet), use 
AntiKt (R =1.0) jets 

• Common selection 

• 2 photons in tight mass window 

• Lepton-veto (tight) 

• B-jet veto 

• Optimization: 

• Use 2015 and 2016 data ∫ 𝐿 = 36 fb−1  

• Use the mass point 𝑚𝐻 = 1 TeV (260 GeV – 3 TeV) 

• Optimize on Asimov significance: 2 (𝑆 + 𝐵 𝑙𝑛 1 +
𝑆

𝐵
− 𝑆)) 

• Set upper limit on 𝜎 × 𝐵𝑅 for resonant production 

𝜸𝜸𝑾𝑾 



Parameters to investigate  
- optimization 

• Event level: 
• MET 
• Jet multiplicity 

• Photon side: 
• Δ𝑅(𝛾𝛾) 

• Jet side: 
• Substructure variables 

• nJH.𝛥𝑀 = 𝑚𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑𝑗𝑒𝑡𝑠 − 𝑚ℎ 
• nJH.Mult = number of selected jets 

• Comparing both sides: 
• Δ𝑅 𝛾𝛾, 𝑞𝑞𝑞𝑞  
• pT balance 
 

(nJH is the subset of all given jets whose (combined) invariant 
mass is closest to the higgs mass) 

 𝜸𝜸𝑾𝑾 



Orthogonality study 
Find orthogonality criterion to resolved analysis 

 
• Define boosted as presence of one large radius jet (AntiKt (R =1.0); 𝜂 < 2; 𝑝𝑇 >

200 GeV) 

• Define resolved as presence of three or more jets, AntiKt (R =0.4), apply a mass 
point and multiplicity dependent cut on the 𝑝𝑇𝛾𝛾 

• Define four categories: resolved (R), boosted (B), resolved AND not-boosted (RnB), 
boosted AND not-resolved (BnR) 

 

• Ongoing: find a suitable cut-off point (in 𝑚𝐻), such that below this point a 
combination of R and BnR yields the highest significance and above B and RnB 

• Status: running on 2 fb−1, reconstructing the significance results from the resolved 
analysis (as a cross check) 

𝜸𝜸𝑾𝑾 



Summary 
• Photons are following the selections as HGam analyses. 
• Regarding the pileup jets in forward region, resolved analyses 

use central jets. 
• No overlap between resolved analyses: lepton requirements. 
• Study overlap between boosted and resolved full hadronic 

analyses. 

• Consider applying the 𝑚𝑇𝑙𝜈𝑗𝑗𝛾𝛾 cut in semi-leptonic analysis 
• Plan to combine the resolved analyses. 

• Fit the 𝑚𝛾𝛾 distribution to get sensitivity in the resolved 
analyses. 

 
• Request unblinding in middle of January for resolved analyses, 

aim for a paper for Moriond2017  

𝜸𝜸𝑾𝑾 



END 


