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di-Higgs in the SM
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The measurement of the Higgs boson self coupling is a fundamental test of the SM 

SM predicts a extremely small cross section for HH production (33.5 fb at 13 TeV) 

Main production mode is gluon fusion 

In the SM: 

�HHH =
m2

H

2v2
= 0.13
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di-Higgs in BSM
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Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922  
JHEP04(2016)126
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36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.
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Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊

ú
|, as discussed in more detail in Section 5.2 of

Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding

L.Cadamuro’s thesis
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di-Higgs in BSM
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Modified in many BSM scenarios 

Better than 20% precision on λHHH  [1305.6397] to see a deviation from SM (or less [1505.05488] in NMSSM)

Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922  
JHEP04(2016)126

κλκt κt

κt

c2
c2g cg

36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.

 [GeV]HHm
300 400 500 600 700 800 900

 a
.u

.

0

0.005

0.01

0.015

0.02

0.025

0.03
 = 1t = kλk

 = 1tk
 = 12c

 = 1g = cλk
 = 12gc

Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊

ú
|, as discussed in more detail in Section 5.2 of

Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding

L.Cadamuro’s thesis



Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

HH, a variety of final states
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highest BR: larger statistics 
high b-tag efficiency and low fake rate 
multi-light jets background is highly reduced  

H(bb̄) 

simple topology 
excellent mass resolution 
Limited by small BR  

H(γγ) 

0.3%

Assuming SM H BR

33.3%

24.8%

7.3%

Complementarity of the channels



Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

HH CMS results

• Run I 

• bb̄ττ + bb̄γγ combination 43 (47) x SM observed (expected) Phys. Rev. D 96, 072004 (2017) 

• Dominant systematic uncertainties from background modeling and b-tagging 

• Run II 

• bb̄γγ CMS-HIG-17-008  

• bb̄ττ Phys. Lett. B 778 (2018) 101  

• bb̄VV*(→lνlν) JHEP 01 (2018) 054 

• bb̄bb̄ CMS-HIG-16-026 (based on L= 2.3 fb-1 only)
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HH searches need: 
• good b-jets identification efficiency 
• best possible resolution on mH/mbb̄ 
• exploit all possible information from the 

event to improve S/B
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H(γγ)H(bb̄)
• 2 photons, 100 < mγγ < 180 GeV  
• 2 jets, 70 < mjj < 190 GeV 
• b-jet energy regression to improve m(bb̄) resolution 
• Mx and BDT (including angular correlations) classifier used to categorize events  
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CMS-HIG-17-008
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MX = m
bb̄�� � (m

bb̄
�mH)� (m�� �mH)

low high mass
medium/high  
purity categories

• photon+jets (prompt 
photons or jets 
misidentified as 
photon) from data 

• SM single Higgs from 
simulation
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H(γγ)H(bb̄)
• Likelihood fits simultaneous to m(bb̄) and m(γγ) 

• single Higgs background  constrained as no resonant structure is expected in the m(bb̄) distribution 

• The observed (expected) upper limit at 95% CL corresponds to about 19 (16) x SM 
• Anomalous κλ coupling tested
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CMS-HIG-17-008
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Sources of Systematical Uncertainties Type Value
General uncertainties

Integrated luminosity Normalization 2.5%
Photon related uncertainties

Photon energy scale ( DM(gg)
M(gg) ) Shape 1.0%

Photon energy resolution ( Dsgg
sgg

) Shape 1.0%
Diphoton selection (with trigger uncertainties and PES) Normalization 2.0%
Photon Identification Normalization 1.0%

Jet related uncertainties
Jet energy scale ( DM(jj)

M(jj) ) Shape 1.0%

Jet energy resolution ( Dsjj
sjj

) Shape 5.0%
Dijet selection (JES) Normalization 0.5%

Resonant specific uncertainties
Mass window selection Normalization 3.0%
Classification MVA (high purity) Normalization 2.5%
Classification MVA (medium purity) Normalization 1.5%

Nonresonant specific uncertainties
M̃X Classification Normalization 0.5%
Classification MVA (high purity) Normalization 5%
Classification MVA (medium purity) Normalization 2.0%

Sources of Systematical Uncertainties Type Value
General uncertainties

Integrated luminosity Normalization 2.5%
Photon related uncertainties

Photon energy scale ( DM(gg)
M(gg) ) Shape 1.0%

Photon energy resolution ( Dsgg
sgg

) Shape 1.0%
Diphoton selection (with trigger uncertainties and PES) Normalization 2.0%
Photon Identification Normalization 1.0%

Jet related uncertainties
Jet energy scale ( DM(jj)

M(jj) ) Shape 1.0%

Jet energy resolution ( Dsjj
sjj

) Shape 5.0%
Dijet selection (JES) Normalization 0.5%

Resonant specific uncertainties
Mass window selection Normalization 3.0%
Classification MVA (high purity) Normalization 2.5%
Classification MVA (medium purity) Normalization 1.5%

Nonresonant specific uncertainties
M̃X Classification Normalization 0.5%
Classification MVA (high purity) Normalization 5%
Classification MVA (medium purity) Normalization 2.0%
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H(ττ)H(bb̄)

• τhτµ+τhτe+τhτh (88%)  
• 2 jets (resolved) or 1 large-R jet (boosted) 
• Likelihood fit to estimate m(ττ) (despite the missing energy)  
• m(bb̄) and m(ττ) compatible with mH 

• Events are then categorized by number of b-tags  
• Main backgrounds:  

• top, Z/γ*+jets (from MC) 
• multijet (from data)  

• BDT to reject top background in τhτµ+τhτe  
• based on angular separation of leptons and visible mass 

• stranverse mass (mT2) used to extract the signal
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Phys. Lett. B 778 (2018) 101

 [GeV]T2m
0 50 100 150 200 250 300 350 400 450 500

]
-1

 [G
eV

T2
dN

/d
m

5−10

4−10

3−10

2−10

1−10

1

10

210

310 Data
tt
Multijet
Drell-Yan
Other bkg.
SM Higgs boson
Bkg. uncertainty

 100× = 1, SM) 
λ

(k
 10× = 20) 

λ
(k

hτµτresolved 2b 
channel

CMS  (13 TeV)-135.9 fb

mT2 = min
pT1+pT2=p⌧⌧

T

{max(mT,m
0
T)}
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H(ττ)H(bb̄)
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Phys. Lett. B 778 (2018) 101

Systematic uncertainty Value Processes
Luminosity 2.5% all but multijet, Z/g⇤ ! ``
Lepton trigger and reconstruction 2–6% all but multijet
t energy scale 3–10% all but multijet
Jet energy scale 2–4% all but multijet
b tag efficiency 2–6% all but multijet
Background cross section 1–10% all but multijet, Z/g⇤ ! ``
Z/g⇤ ! `` SF uncertainty 0.1–2.5% Z/g⇤ ! ``
Multijet normalization 5–30% multijet

Scale unc. +4.3%/�6.0% signals
Theory unc. 5.9% signals

• The observed (expected) upper limit at 95% CL 
corresponds to about 30 (25) x SM 

• Anomalous κλ and κt couplings tested  
• Sensitive to the sign of κt
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H(VV*→lνlν)H(bb̄)

• 2 opposite sign leptons (ee, µµ and eµ+µe) and 
2 b-jets  

• Backgrounds:  
• top (from MC)  
• Z+jets (from 0 b-jets data)  

• DNN based on the event kinematic to separate 
signal and top background  
• Parametrized DNN as function of κλ and κt  

• mjj and DNN classifier used to categorize events  
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JHEP 01 (2018) 054
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H(VV*→lνlν)H(bb̄)
• The final DNN discriminant is used in three m(bb̄) regions 
• The observed (expected) upper limit at 95% CL corresponds to about 79 (89) x SM 
• Anomalous κλ and κt couplings tested
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JHEP 01 (2018) 054

Source Background yield variation Signal yield variation
Electron identification and isolation 2.0–3.2% 1.9–2.9%
Jet b tagging (heavy-flavour jets) 2.5% 2.5–2.7%
Integrated luminosity 2.5% 2.5%
Trigger efficiency 0.5–1.4% 0.4–1.4%
Pileup 0.3–1.4% 0.3–1.5%
Muon identification 0.4–0.8% 0.4–0.7%
PDFs 0.6–0.7% 1.0–1.4%
Jet b tagging (light-flavour jets) 0.3% 0.3–0.4%
Muon isolation 0.2–0.3% 0.1–0.2%
Jet energy scale <0.1–0.3% 0.7–1.0%
Jet energy resolution 0.1% <0.1%

Affecting only tt (85.1–95.7% of the total bkg.)
µR and µF scales 12.8–12.9%
tt cross section 5.2%
Simulated sample size <0.1%

Affecting only DY in e±µ⌥ channel (0.9% of the total bkg.)
µR and µF scales 24.6–24.7%
Simulated sample size 7.7–11.6%
DY cross section 4.9%

Affecting only DY estimate from data in same-flavour events (7.1–10.7% of the total bkg.)
Simulated sample size 18.8–19.0%
Normalisation 5.0%

Affecting only single top quark (2.5–2.9% of the total bkg.)
Single t cross section 7.0%
Simulated sample size <0.1–1.0%
µR and µF scales <0.1–0.2%

Affecting only signal SM signal mX = 400 GeV
µR and µF scales 24.2% 4.6–4.7%
Simulated sample size <0.1% <0.1%
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Summary of CMS HH results
• Similar sensitivity from several channels to SM HH production  

• SM production limits reach ~20xSM  
• Best channel (bb̄γγ) limits on anomalous trilinear coupling: κλ ∈[-9, 15] assuming SM top-H coupling 

• Constraints set on anomalous Higgs boson couplings  
• 12 benchmarks of representative shapes 
• The different final states are complementary in different regions of BSM topologies
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bb̄ττ 31(25)
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LHC → HL-LHC

 13

We are here

13 TeV

HL-LHC will enable precision measurements of H properties (couplings, self-couplings,…) 
and to probe the existence of very rare new physics processes
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Projections for HL-LHC

Extrapolation from Run II to HL-LHC (3000 fb−1) 

• based on 2015 data, about 2.3-2.7fb−1 

• Different scenarios:  

• No systematics  

• ECFA16 S2 reduced theory uncertainties and 
reduced systematics  

• ECFA16 S2 + including future detector 
performance
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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 

1.6σ

0.4σ

0.4σ

0.5σ

CMS-TDR-17-001



Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

Considerations about HL-LHC

•    SM HH discovery is challenging but analysis improvements 
thus far are faster than only luminosity gains  

• We will have a new tracker detector at HL-LHC… 

• 10% improvement in signal acceptance for H(bb̄)H(bb̄) from 
extended tracker acceptance up to |η| = 4 

• 10-15% increase for the VBF process 

• b-tagging performance will benefit from a more granular 
detector 

• We will have a timing detector at HL-LHC… 

• ~ 30% improvement in light-jet discrimination by removing 
spurious tracks entering into secondary vertex reconstructing 

• ~20% increase in effective integrated luminosity for HH 

• Better background discrimination from selection optimization 
with the large dataset 
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CERN-LHCC-2017-027 

Channel Signal increase (%)

HH! bb̄�� 22

HH! bb̄bb̄ 18

Mip Timing Detector 
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On going studies for HL-LHC (towards YR5)

• Dedicated analysis for Phase II shows that SM HH production 
can be measured by CMS with approximately 50% precision 
using 3000 fb−1 

• H(bb̄)H(bb̄) not included but a promising channel 

• Studies based on full-sim/Delphes are on going:  

• bb̄bb̄, bb̄γγ, bb̄VV, bb̄ττ, and VBF for VVHH 

• Combination of all channels  

• projections from CMS HH 13 TeV combination as reference  

• possible combination with ATLAS  

• Possibility to constrain λHHH  further from: 

• single H measurement [currently interest in H(γγ)] 

• mHH differential information
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CMS-TDR-17-001 
CMS-TDR-17-007 
arXiv:1704.01953  
arXiv:1709.08649 

306 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 sHH/sSM sggHH/sSM sVBF/sSM

2b0j 1.8 3.0 72.6
VBF 3.9 5.4 86.6

Combined 1.6 2.8 52.2

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

Historically supersymmetry is considered one of the most compelling theories of physics be-
yond the SM. However, large regions of parameter space characterized by the production of
strongly interacting 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 produc-
tion of SUSY particles has just started at the LHC. The HL-LHC data, with an integrated lumi-
nosity 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. Due to the

higgsino nature of the lightest states, the ec0
1 ec0

2 mass difference is just a few GeV leading to sig-
natures 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 emit-

ting 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 analysis representing one of the most promising probes for SUSY
at the HL-LHC. The forward calorimeter is a critical subdetector for this analysis as optimal
pmiss

T and jet reconstruction performance is essential in discriminating signal from background.
The details of the analysis are provided below.

bb̄τhτh ~ 1.5xSM 
(2-3xSM from Run II projections)
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Conclusions & Outlook

• Similar sensitivity from several channels to SM HH production  
• SM production limits reach ~20xSM  
• best channel (bbγγ) limits on anomalous trilinear coupling: κλ ∈[-9, 15] 

• Run III and HL-LHC will be crucial to test SM HH and BSM contributions 

• HL-LHC projections show a challenging road ahead  

• We will have new tracker and timing detectors  

• improved tracking and b-tagging performance 

•  Analysis techniques improves fast 
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Additional Material
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H(γγ)H(bb̄)
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CMS-HIG-17-008

) [GeV]γγM(
100 110 120 130 140 150 160 170 180

Ev
en

ts
/(1

.0
 G

eV
)

1−10

1

10

210

310

410

510

610

710

810  Data

 Stat. Uncert.

)γγH(b b

)γγH(t t

)γγ VH(

)γγ VBF H(

)γγ ggH(

 = 300 GeVX Grav. m

 = 600 GeVX Rad. m

 SM HH (x5000)

Preliminary CMS  (13 TeV)-135.9 fb



Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

Run II HH resonant searches 
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• H(bb̄)H(bb̄) is the best final state to 
search for a new HH heavy state 

• boosted topology helps to reduce 
multi-jet background 300 400 500 1000 2000 3000 4000
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HH to 4b is also a preliminary step towards Higgs self-coupling measurement  
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Timing for leptons
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 ~7% efficiency gain for each muon 
or electron (taking 2% bkg. eff WP) 


