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Theoretical motivation

Resonant production of Higgs boson pairs X→hh (mh = 125 GeV) is the 
ideal place to look for new physics! 

Phenomenologically rich set of final states 

Resonant hh production not allowed in the SM, but predicted in many well 
motivated BSM scenarios that require a coupling with the Higgs sector
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Theoretical motivation
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250 MX [GeV]1000 2000400 600 800
MSSM/2HDM Singlet model WED

MSSM/2HDM: additional Higgs doublet gives CP-even scalar H 
□ probe the low mH - low tanβ region of the MSSM plane where BR (H→hh) is sizable 

Singlet model: additional Higgs singlet S gives an extra scalar H 
□ sizable BR beyond 2xmtop, non negligible width at high mH 

Warped Extra Dimensions: spin-2 (KK-graviton) and spin-0 (radion) resonances 
□ different phenomenology if SM particles are allowed (bulk RS) or not (RS1 model) to 

propagate in the extra-dimensional bulk

3000



           Luca Cadamuro (LLR)                                10/05/2016       Search for resonant Higgs boson pair production at CMS

6−10

5−10

4−10

3−10

2−10

1−10

1

bb WW gg ττ ZZ γγ

γγ

ZZ

ττ

gg

WW

bb

hh final states
hh production and decays are 
decoupled effects 
□ assume SM BRs in the analyses  

Require one h→bb decay to 
keep BR sufficiently high 

Tradeoff between BR and 
background contamination in the 
choice of second h decay 
makes searches complementary 
□ high BR for bbbb, but high QCD 

and tt contamination 
□ high BR but irreducible tt 

background for bbWW 
□ tradeoff between relatively low 

background (QCD and tt) and BR 
for bb𝜏𝜏 

□ high purity but very low BR for 
bb𝛾𝛾
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BR hh→xxyy 
(mh = 125 GeV)
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CMS multilepton and lepton+photons analysis 
Phys. Rev. D 90 (2014) 112013  
not covered in this talk
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Analyses overview

hh→xxyy: the four objects are 
reconstructed separately
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Resolved Boosted

hh→(xx)(yy): merged objects, 
reconstruction with substructure 
techniques for jet, tau, b-tagging

Run I Run II

bbbb ✓ ✓

bbWW . ✓

bb𝜏𝜏 ✓ ✓

bb𝛾𝛾 ✓ .

Run I Run II

bbbb ✓ .

bbWW . .

bb𝜏𝜏 ✓ .

bb𝛾𝛾 . .

250 MX [GeV]1000 2000 3000400 600 800

Data

Reconstruction

Run I:  2012, √s = 8 TeV,   𝓛 = 17.9-19.7 fb-1 

Run II: 2015, √s = 13 TeV, 𝓛 = 2.3-2.7 fb-1
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resolved X→hh→bbbb
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Run I  : PLB 749 (2015) 560
Run II : CMS PAS HIG-16-002

Sidebands for background fit 
validation

Kinematic fit to the h(125)h(125) 
hypothesis improves mX 
resolution by 20%-40%

Similar strategy for Run I and Run II 
Relies on b-tagging at trigger level, require 
4 b jets offline 
Low (LMR) and Medium (MMR) mass 
region studied separately 
□ LMR : [260, 400], MMR : [400, 1200] GeV 

Background estimated from fit to data
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Limits on X→hh→bbbb set for spin-0 and 
spin-2 resonances
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resolved X→hh→bbWWRun II : CMS PAS HIG-16-011
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 (13 TeV)-12.30 fbCMS Preliminary

similar limits for spin-2

WW→lνl lνl (l = e, μ) ⟹ bbee, bbμμ, bbeμ 
Reject background exploiting the kinematic 
distributions: cut + BDT approach 
Two BDTs trained for low and intermediate mass 
Signal extracted from simultaneous fit in 4 regions
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resolved X→hh→bb𝜏𝜏Run I  : PLB 755 (2016) 217

 (GeV)Hm
260 280 300 320 340

) (
pb

)
ττ

bb
→

hh
→

B
(H

×
(g

gH
)

σ
95

%
 C

L 
lim

it 
on

 

0.2

0.4

0.6

0.8

1.0

1.2

1.4
Observed
Expected

 Expectedσ 1±
 Expectedσ 2±

CMS
 (8 TeV)-119.7 fb

hτhτ+
h
τµ+hτe

ττbb→hh→H

3 final states of 𝜏𝜏 system for low mass (e𝜏h, μ𝜏h, 𝜏h𝜏h), 𝜏h𝜏h only for high mass 
3 categories (0, 1, ≥2 b-tag) 
Selections similar to legacy SM H→𝜏𝜏 analysis 
Likelihood method (SVFit) to reconstruct m𝜏𝜏 and kinematic fit on bb𝜏𝜏 system 

Data-driven QCD (charge+iso sideband), Z→𝜏𝜏 (embedding), W+jets (mT)

            CMS PAS HIG-15-013
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 = 3 TeV)RΛradion (
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 = 8 TeVs at -1, 18.3 fbττ bb→CMS Preliminary, HH 

1 analysis optimized at low mass 1 analysis up to mX = 1 TeV
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3 final states: bbe𝜏h, bbμ𝜏h, bb𝜏h𝜏h  
Selections optimized for resonant hh production 
Signal region: 2 opposite sign 𝜏 candidates,  
≥2 b-tagged jet 

Signal tagged using mbb and m𝜏𝜏
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resolved X→hh→bb𝜏𝜏Run II : CMS PAS HIG-16-013
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Main background processes: 
□ tt, taken from MC with shape corrected with pT 

reweighting 
□ Z→𝜏𝜏: MC yield corrected from Z→μμ sideband 

for 0,1,2 b tag jet contributions 
□ QCD shape and yield from same-sign anti-

isolated 𝜏h region 

bb𝜏h𝜏h channel with best S/B but low statistics 

At high mass, achieve a sensitivity close to 
Run I analysis but with ~15% of the luminosity
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resolved X→hh→bb𝛾𝛾Run I  : arxiv:1603.06896

Selections similar to legacy SM H→𝛾𝛾 analysis 
□ efficient vertex identification thanks to recoiling h→bb 

Two categories:1 and ≥2 b tagged jets 

Two mass regions 
□ [400, 1100] GeV: signal extraction with kinematic fit of mjj𝛾𝛾 
□ [260, 400] GeV: b jet regression + signal extraction with 
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boosted X→hh→bbbb
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Run I  :   arXiv:1602.08762
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h→bb reconstructed with Cambridge-
Aachen ΔR=0.8 jets, invariant mass 
obtained with pruning technique 

B-tagging applied on subjets 

jet purity criteria using N-subjettiness 

Fit of the background in 3 separate 
categories of jet purity
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h→bb reconstructed with Cambridge-
Aachen ΔR=0.8 jets, invariant mass 
obtained with pruning technique 

B-tagging applied on subjets 

jet purity criteria using N-subjettiness 

h→𝜏𝜏→l𝜏h : overlapping lepton is identified 
and removed amongst 𝜏h decay products 
to improve reconstruction and maintain 
MVA isolation performance 

Background shapes from MC, 
normalization from data sidebands 
□ anti b-tagged, loosened and inverted 𝜏h 

isolation, mbb sideband

boosted X→hh→bb𝜏𝜏Run I  : CMS PAS EXO-15-008
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Run I: summary of the results

bb𝛾𝛾 most sensitive channel at low mass, bbbb at high mass 
Run II analyses are already close in sensitivity to Run I
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hh contributes significantly to the exploration of the MSSM plane in the low mA - low 
tanβ region
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Summary

Search for resonant hh production are motivated in many BSM physics 
scenarios for a large range of mX 

The CMS experiment has performed a large number of analysis on 
different hh final states, using both Run I and Run II data 

Different reconstruction techniques are exploited depending on mX 
(resolved and boosted regimes) 

No evidence for signal, limits set for mX between 250 GeV and 3 TeV for 
spin-0 and spin-2 hypotheses  

Despite the small luminosity (< 3 fb-1), Run II analyses start to be 
competitive with Run I, and will supersede it with 2016 data (~10 fb-1 by 
this Summer) 

2016 will be the turning point of hh physics!

16



Additional material
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Multilepton / leptons + photonsRun I  : Phys. Rev. D 90  
         (2014) 112013  
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≥ 3 leptons → 7 final states: WWWW, WWZZ, 
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2 photons + ≥ 1 lepton → 3 final states: WW𝛾𝛾, 
ZZ𝛾𝛾, 𝜏𝜏𝛾𝛾 
Use missing ET distribution to search for signal 
contribution 
Model independent limits interpreted in Type-I 
and Type-II 2HDM
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Trigger efficiencies for LRM and MMR
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3 categories in number of b-tagged jets are used 
□ 2-b tag: most sensitive, best S/B 
□ 1 b-tag: retrieve signal lost due to b-tag inefficiency (~1% of 

misidentification rate with ~65% of signal efficiency for the 
WP used) → + 100% signal collected with higher background 
→ ~10% sensitivity improvement 

□ 0 b-tag: constrain background to reduce systematics
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resolved X→hh→bb𝜏𝜏Run I  : CMS PAS HIG-15-013
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bb𝜏h𝜏h has the best S/B ratio and has the main 
contribution to the final sensitivity 
Sizable contribution from bbμ𝜏h and bbe𝜏h channels at 
high mass
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resolved X→hh→bb𝜏𝜏Run II : CMS PAS HIG-16-013
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resolved X→hh→bb𝛾𝛾Run I  : arxiv:1603.06896

Selection efficiency as a function of the mass 
of the resonance 
Medium purity category (1 b-tagged jet) 
improves signal efficiency and contrains 
background reducing the systematics
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