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Di-Higgs in SM
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‣ Destructive interference ⇒ small cross section

‣ BSM contributions could enhance the HH production cross-section

σ(gg → HH)SM = 33.5 fb+4.3%
−6.0% (scale) ± 5.9 % (PDF)

σ(VBF HH)SM = 1.64+0.05
−0.06 fb
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yt Top Yukawa coupling

@ 13 TeV

‣ Di-Higgs production cross-section measurement probes the trilinear self-
coupling λHHH

‣ Main production mode: gluon-gluon fusion

}

CERN-2017-002-M

(NNLO+NNLL w/ finite 
top quark mass effects)
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‣ EFT approach using higher dimension operators
‣ modified kinematics

Di-Higgs in BSM
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Non-resonant
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Resonant
‣ The reach for BSM physics is very large

‣ e.g. narrow-width resonance decaying into HH: spin-0 radion (two-Higgs-
doublet model), spin-2 KK graviton (bulk Randall-Sundrum model) …
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‣ bbbb
๏ Resolved
๏ Semi-resolved
๏ Boosted (fully-merged)

‣ bbττ
๏ Resolved
๏ Boosted

‣ bbVV*(l+l-νν)

‣ bbγγ

‣ COMBINATION of all analyses           
to achieve best signal sensitivity

Di-Higgs decay channels
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33.3%

7.3%

0.3%

highest BR

Assuming SM Branching RatiosResonant 
       + 
Non Resonant

ALL ANALYSES: √s = 13 TeV (2016) 
                          Lint = 35.9 fb-1

BR = 2.7%



Lisa Borgonovi Higgs Hunting - 24 July 2018

‣ Resolved → low mass: 260 ÷ 1200 GeV  
                         4 b-jets 
‣ Boosted  →  high mass: 750 ÷ 3000 GeV 
                         2 large-area jets
‣ Semi-resolved combined with boosted
                         1 large-area jet + 2 b-jets  ⇒    

bbbb - resonant
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‣ Background (main: multi-jet 
QCD) modeled from data 
(sidebands of H boson mass 
distribution)

spin-0 radion              Resolved 

improvement: 55÷8% for radion,
                       18÷7% for graviton
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‣ 4 b-jets
‣ Analysis optimized for SM signal
‣ BDT for signal/background 

separation (modelling checked with 
sidebands)

‣ Background modelling: hemisphere 
mixing technique to (i) provide input 
for BDT training (ii) predict the BDT 
background shape

bbbb - non resonant
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SM + 12 BSM benchmarks + null self-coupling

κλ scan 
assuming κt = 1

CMS PAS HIG-17-017
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‣ low - high mass resonance       
(<1000 GeV, 900 ÷ 4000 GeV)

‣ 2 b-jets (resolved) or 1 large-area jets 
(boosted)

‣ 2 τ ⇒ τhτh + τhτe + τhτμ (88%)

bbττ
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‣ Backgrounds:
Z/γ+jets, single top, tt, SM H from MC
multi-jet from data 

‣ BDT to reject top background in 
τhτe + τhτμ events

Resonant & Non Resonant

Non 
Resonant
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‣ mass range: 260-900 GeV
‣ 2 b-jets + Z(ll)Z(νν) 
              OR W(lν) W(lν)
      where l = e, μ, τ ⇒ BR = 2.7%

bbVV(lνlν)
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Resonant & Non Resonant

 Resonant: spin-0 radion

‣ Main backgrounds: tt + single top 
(modeled from MC) and DY (from data)

‣ Deep NN uses a parametrized ML 
technique to improve signal-to-
background separation (exploits event 
kinematics)

Non 
Resonant

CMS PAS HIG-17-006
JHEP 01 (2018) 054
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‣ mass range: 260-900 GeV
‣ 2 photons + 2 b-jets
‣ small BR but clean signature

bbγγ
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Resonant & Non Resonant

 Resonant: spin-0 radion

‣ Main backgrounds: nγ + jets, VH, ttH, ggH
‣ MVA to categorize events 

Non Resonant

‣ Most sensitive channel to SM HH
‣ VBF HH considered: 1.3% increase in 

sensitivity

CMS PAS HIG-17-008
submitted to PLB
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‣ Four HH channels: 
    bbbb, bbττ, bblνlν, bbγγ
‣ Resonant and non-resonant
‣ Results compatible with 

expected SM background

Combination
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 Non-resonant

Resonant 
spin-0 radion

Limit for κλ (κt = 1):
-11.8 <  κλ < 18.8   (obs) 
 -7.1 <  κλ  < 13.6   (exp) 

79 (89)

75 (37)

31 (25)

24 (19)

22.2 (12.8)

CMS PAS HIG-17-030

most sensitive 
result up 

to now!

more on Chiara’s talk on Wed
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‣ Challenging conditions: L = 5x1034 cm-2s-1, PU: 140 → 200
‣ √s = 14 TeV → σHH ≈ 40 fb (18% increase)
‣ Lint = 3000 fb-1 
‣ Major upgrade of the CMS detector → improve object reconstruction

‣ HL-LHC will enable precision measurements in the Higgs sector

High Luminosity LHC
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expected uncertainty
2− 1− 0 1 2 3 4 5

bbbb
µ

VVbb
µ

bbττ
µ

bbγγ
µ

ECFA16 S2 ECFA16 S2+
Stat. Only

 = 13 TeVs Projection CMS  HH→SM gg ‣ From Run 2 data (2015 data: 2.3 - 2.7 fb-1 only)
‣ 3 different scenarios studied:

• no systematics
• ECFA16 S2 (reduces uncertainties)
• ECFA16 S2+ (including future detector 

performance)
‣ √s = 13 TeV

‣ These projections are too conservative!
     in bbττ achieved with 2016 data (35.9 fb-1) the 
     same sensitivity that we projected for 100 fb-1

Di-Higgs @ HL-LHC
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Existing extrapolations
CMS PAS FTR-16-002
CMS-TDR-019

1.4 σ

0.4 σ

0.5 σ

0.4 σ
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‣ Ongoing effort to update projections (2018 CERN Yellow Report)

‣ Example: bbττ

Di-Higgs @ HL-LHC
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Updating projections for YR

Upper limits (95% CL):
1.7 x σggH

51 x σVBF
→ 1.6 x σSMH

CMS PAS FTR-16-002
CMS-TDR-019

314 Chapter 11. Physics performance
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Figure 11.29: Stransverse mass distribution for thth events in the two b-tagged jets category.

Table 11.6: Final expected limit, presented as ratio over the SM double Higgs production.
Category 95%CL on sHH/sSM 95%CL on sggHH/sSM 95%CL on sVBF/sSM

2b0j 1.8 1.9 71.7
VBF 3.9 4.2 85.5

Combined 1.6 1.7 51.1

cross section value is expected for the SM double Higgs boson production in the bbtt chan-
nel. This is in good agreement with previous projections obtained by rescaling lower energies
and lower statistics results. Further improvements on these results can be obtained by includ-
ing the category with one b-tagged jet and the semileptonic final states, which can potentially
bring this close to the SM sensitivity.

11.2.4 Search for electroweakinos in the final states with two same-sign leptons

Supersymmetry is considered one of the most compelling theories of physics beyond the SM.
However, large regions of parameter space characterized by the production of strongly in-
teracting sparticles with R-parity conserving decays have been excluded at 95% CL. On the
contrary, due to its low production cross section, the exploration of electroweak production of
SUSY particles has just started at the LHC. The HL-LHC data, with an integrated luminosity
of 3000 fb�1, will offer an unprecedented discovery potential for SUSY through searches for
electroweakinos.

In most of the SUSY breaking scenarios, the supersymmetric partners of the gauge and Higgs
bosons are expected to be lighter than a few hundreds of GeV based on naturalness and unifi-
cation arguments. The higgsino(µ), bino(M1), and wino(M2) mass parameters typically satisfy
the relation µ <M1<M2. As a result, the mass spectra are characterized by low-mass higginos-
like ec0

1, ec0
2, ec±

1 , heavier bino-like ec0
3 along with mass-degenerate wino-like ec±

2 , ec0
4. Assuming

minimal mixing, the mass of the ec0
1, ec0

2, ec±

1 states is close to µ, that of ec0
3 to M1, while the ec±

2 ,
ec0

4 mass is close to M2.

Due to the higgsino nature of the ec±

1 , ec0
2 and ec0

1, the mass difference between the low mass
states and the ec0

1 is just a few GeV leading to signatures with very low pT SM particles and
thus to a very challenging experimental search. The mass of the ec±

2 , ec0
4 is instead expected

to be several hundreds GeV. In radiatively-driven natural supersymmetry (RNS) [79, 80] the
ec±

2 and ec0
4 are then expected to decay into higgsinos emitting same charge W bosons with a

total branching ratio close to 25% (Fig. 11.30). The search for the pair production of ec±

2 , ec0
4

in the final states with two same charge leptons, large pmiss
T and modest jet activity is a novel

‣ Update projection exploiting 
analysis improvements

‣ ggF + VBF considered

‣ Combine all results to obtain 
the best sensitivity
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‣ Di-Higgs searches based on 2016 data (35.9 fb-1)
‣ 4 final states: bbbb, bbττ, bbVV, bbγγ
‣ Resonant and non-resonant studies, low and high mass ranges covered

‣ Results are compatible with expectation of SM background
‣ Combination of all analyses:

‣ 95% CL limit on σHH/σSM: 22 (obs) 13 (exp)
‣ Limits set on the resonant production of HH from spin-0 radion and 

spin-2 graviton

‣ Di-Higgs prospects for HL:
‣ challenging
‣ existent extrapolation from 2015 data are conservative
‣ big effort ongoing to update projection (Yellow Report) 

Conclusions
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‣ EFT approach using higher dimension operators
‣ modified kinematics

Di-Higgs in BSM
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Non-resonant
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12 BMS benchmarks
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+ kλ = 0
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Systematic uncertainties
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bbbb - resolved - resonant

bbbb - boosted - resonant
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Systematic uncertainties
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bbbb - semi-resolved & boosted - resonant

bbbb - non resonant
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Systematic uncertainties
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bbττ
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Systematic uncertainties
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bblνlν
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Systematic uncertainties
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bbγγ


