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Outline

2

ttH production

HH: motivations and theory

HH: What are we doing and what are we bringing to Moriond 

•The main 4 channels: bbbb, bbWW, bb𝛕𝛕, bb𝛄𝛄

•The 2 new guys in town: bbZZ, 𝛄𝛄𝛄𝛄

HH: what is coming soon…

…and what to expect for the future

Conclusions and open points
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ttH production
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Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Why the interest in ttH production?
• Is dominated by the top-Yukawa
• 2-σ upward fluctuation in Run1

rather complex final state
• ttH→bb, high σxBR, lots of jets in final state
• ttH→𝛄𝛄, small BR, very clean, low systematics
• ttH→WW*/ZZ*/𝛕𝛕, low rate, low multilepton background
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ttH, brief resume
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multilepton: fit on BDT 
distributions in 2 categories: SS 
dilepton and 3-leptons, events 
categorised for b-tag, lepton flavour, 
𝛕 decay, lepton charge

Lepton+Jets Channel
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S+B fit
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γγ→H
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6 B component subtracted

bb: dilepton/l+jets tt events + b-tags, categorise events 
according to njets+b-tag, BDT+MEMs to reject background

𝛄𝛄: tagged 
H→𝛄𝛄 
categories
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SM
σ/σ = µBest fit 
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ttH: status and results
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• Discussion on the handling of systematic uncertainties already started
• Planning towards CMS+ATLAS combination
• MEMs developments for multi leptons
• Let’s see with the new 2016 statistics!

Quite excitingly, preliminary results from multi-lepton and 𝛄𝛄 analyses seems to 
confirm the excess of run 1

µ
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But let’s not get excited too early
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HH Motivations: anomalous λhhh
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Anomalous λHHH
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λHHH dependence
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(a) gg double-Higgs fusion: gg → HH
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ŝ

2

(

1− 2
M2

H

ŝ
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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The value of λhhh affects both the production cross-section  
and the hh kinematical variables

~3.7 times increase in the production xsection going from 8 to 13TeV 

𝛔(
N

)L
O

[fb
]

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77
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 HH Motivations: BSM

7

→ The BSM physics can be modelled in EFT adding dim-6 operators[2] to the SM 
Lagrangian, and the physics can be described with 5 parameters: λhhh, yt, c2, c2g, cg 

• Non SM Yukawa and λhhh  couplings 
• New diagrams and couplings in the game
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(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

4 2 Phenomenology

Channel BR [%] Exp. # events Exp. # events
L = 5 fb�1 L = 300 fb�1

bbtt 7.3 13.6145 272.29
bbgg 0.26 0.4849 9.698
bbWW ! bbjj`n 7.3 13.6145 272.29
bbWW ! bb`n`n 1.2 2.238 44.76
bbZZ ! bb```` 0.014 0.02611 0.5222
bbZZ ! bbjj`` 0.29 0.54085 10.817
bbZZ ! bbjjjj 1.49 2.77885 55.577

Table 1: Decay channels for the h pair production, relative branching ratio, and the inclusive
expected number of events at 13 TeV for two benchmark integrate luminosity scenari, 5 fb�1

and 300 fb�1. The symbol ` refers to an electron or a muon.

1. New particles responsible for additional loops could in principle be enhanced by a factor78

up to 1000, like in the color-octet scalars model [8].79

2. A modification of the value of the Higgs self coupling [9–11]. There are many models that80

could be in agreement with other Higgs measurement but differ in the value of lhhh.81

An inclusive measurement of shh could not distinguish between this two options. The shape of82

the differential cross section could be in principle sensitive to this effect, but such measurement83

would depend on the number of expected events. Anyway, a deviation of shh from the SM84

prediction would be an indication of the presence of New Physics (NP).85

At Run 2 we do not have sensitivity to perform a direct lSM
hhh measurement but the available86

data allow to constrain BSM models which enhance the non-resonant Higgs boson pair produc-87

tion. The BSM physics can modelled with the Effective Field Theory (EFT) approach adding88

dimension-6 operators to the SM Lagrangian yielding two consequences:89

• anomalous yt and lhhh coupling strengths;90

• additional BMS diagrams enter in the game.91

The different BSM processes contributing to the Higgs boson pair production in pp collisions92

at leading order (LO) are schematized in Figure 2. Three more couplings have been introduced:
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Figure 2: Feynman diagrams of processes that contribute to Higgs boson pair production by
gluon-gluon fusion at leading order. Diagrams corresponds to pure BSM effects.

93

c2, c2g, and cg. To be noted that for linear EFT we identity c2g = cg and c2 = �(3mt/2v)yt. Then94

the combination of cg and yt is fixed by the requirement that single Higgs production must95

agree with the experimentally observed value ( s(gg!h)
s(gg!h)SM

⇠ |cg + yt|2). The couplings c2g, and96

lhhh cannot be probed in single Higgs production, but require measurement of the di-Higgs97

rate and distributions.98

Finally, at LO the gg ! hh process is completely determined by two variables (as the invariant99

mass of the system, mhh and the scattering angle, Hq), all the SM and BSM effects can be de-100

To be noted :  
in a linear EFT   cg = c2g and c2 =−(3mt/2v)yt 

-0.4 -0.2 0 0.2 0.4
κg

0.6

0.8

1

1.2

1.4

1.6

κ t

δ=10%
δ=5%

gg → h rate within δ of SM predicitiongg! h rate within δ of SM  

Some'EFT'Parameters'Restricted'
O  Single Higgs production close to SM value 
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cg 

1+
δy

t Excluded by 20% 
measurement of 
tth 

S. Dawson, BNL, Jan 18, 2016 

�(gg ! h)

�(gg ! h)SM
⇠| cg + �yt |2

σSMhh(13TeV) = 33.45fb+4.3%-6.0%(scale unc.) ±3.1%(PDF+αS unc)[1]

The non-resonant double Higgs production is the principal way to extract the Higgs 
trilinear coupling (λhhh). Even if in Run2 we will not have full sensitivity to “measure” λhhh

[1] LHCHSWG Yellow Report 4
[2] Phys. Rev. D91 (2015), no. 11, 115008 
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 HH Motivations: Resonant

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

Theoretical motivation

3

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

3000250 400 1000800600 30002000 MH [GeV]

MSSM/2HDM: Additional Higgs doublet→CP-even scalar H.
•We can probe the low mA/low tanβ region where BR(H→h(125)h(125)) is 
sizeable.

Singlet model: Additional Higgs singlet with an extra scalar H.
• Sizeable 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  
(RSI model) in the extra dimensional bulk
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Trilinear coupling from single Higgs

9

Assumption: NP only manifest itself via an anomalous trilinear coupling, while all 
other couplings are unchanged (or modifications are negligible)
Several discussions are ongoing to decide if it is a reasonable assumption, 
requires ΛNP to be not too high

Quick projection: results are competitive with what is obtained from double 
Higgs production.
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Trilinear coupling from single Higgs

9

Assumption: NP only manifest itself via an anomalous trilinear coupling, while all 
other couplings are unchanged (or modifications are negligible)
Several discussions are ongoing to decide if it is a reasonable assumption, 
requires ΛNP to be not too high

Quick projection: results are competitive with what is obtained from double 
Higgs production. ttH production is the main driver of the sensitivity

HL-II, 1% uncertainties
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 CMS searches

10

6 different searches at CMS

• bbbb, bbWW, bb𝛕𝛕, bb𝛄𝛄, bbZZ, 𝛄𝛄𝛄𝛄

Rare processes, low 𝝈xBR, complex 
environment

3.1%

5E-6

Complementarity among searches

• bbbb: high BR, large QCD, tt backgrounds

• bb𝛄𝛄: high purity, low BR

• bb𝛕𝛕: tradeoff between purity/BR

• bbWW: large BR, large tt background

different sensitivities to different mH ranges

channel

bbbb 13.3 2.3/2.7

bbWW 2017 2.3

bb𝛕𝛕 - 12.9

bb𝛄𝛄 3.2 2.7

WW𝛄𝛄 13.3 -

bbZZ - 2017

𝛄𝛄𝛄𝛄 - 2017
lumi analysed @ 13TeV
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hh→bb𝛄𝛄

11

Most sensitive channel for non-resonant production
• 2 b-tag categories (low/high purity)
• background from fit to the data
• 2D fit on the reconstructed H masses
• Effective mass MX=Mjj𝛄𝛄-Mjj+125 GeV to remove 
background (resonant) or categorise events (non-
resonant)

Still working on: 
• B-jet regression, helicity angles, VBF production
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HH→bbWW

12

Search for hh→bbWW→bb2l2ν, BR=1.22%, huge irreducible tt background 
• ATLAS is planning the fully hadronic channel
• Select events with 2 OS leptons (HWW ID) +2 medium b-tag jets
• Reject pairs in the Z peakBDTs to reject the background
• Mjj side bands to check the background
• 2D fit in (Mbb,BDT)

2016: already good agreement data/MC
Improvements for 2017: new MVA training,  
DY background estimation from data
At the moment not large sensitivity, mostly due to 
the small BR
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HH→bbZZ and 𝛄𝛄𝛄𝛄

13

• New entries in 2017! Only entering for resonant searches for now.
• Both targeting Moriond2017 for first public results  

HH→bbZZ→bb2l2j BR=0.15%
• Can use a lot of kinematic 
handles/recoils

• but a lot of jet combinatorial as 
well

• Analysis not finalised yet
• Good data/(private)MC 
agreement

HH→𝛄𝛄𝛄𝛄
• Inheriting from SM H→𝛄𝛄, basically same strategy with 
loosen photon-ID

• Impressive resolution, almost 0 BR
• No estimate about sensitivity yet, but very few events in 
the signal region
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 hh→bb𝛕𝛕

14

Bari-Pisa, Milano-Parigi (fully synchronised)

1𝛕H+1 isolated leptons (e, 𝛍,𝛕H)+2 b-jets 

3 final states: e𝛕H, 𝛍𝛕H, 𝛕H𝛕H

Main bkgs: t t ̄(from MC), QCD multijet (from data in  
control regions)

Resonant search:
• Limit on kinematic fit of the 4-body invariant mass
• 3 categories: 1bjet, 2bjet, boosted b-jets category

 [GeV]hhm
200 300 400 500 600 700 800 900 1000

 [1
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]

hh
dN

/d
m

4−10

3−10

2−10

1−10

1

10

210 CMS
preliminary

 (13 TeV)-112.9 fb
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 = 20λk
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Non-resonant analysis: 
• kinematic BDT discriminant to reduce t t ̄
• visible/stransverse mass as final variable
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hh→bb𝛕𝛕: improvements

15

HIP mitigation alone will largely improve the sensitivity
Other improvements targeting bkg discrimination:
• MVA 𝛕H isolation to remove QCD 
• Resonant: BDT to reject tt
• Non-res: Jet categorisation to remove DY+light jets 
production and stransverse mass (MT2) as final variable

dN
/d

M
T2

 [1
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CMS
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HH mass MT2 MT2+MVA iso
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kλ = 20 1313 
(6xtheo)

1097 
(5 x theo)

709 
(3 x theo)

We expect large improvements once all 
the new features are included
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hh→bb𝛕𝛕: BDT and categorization

16

Resonant BDT goal: improve tt rejection while 
keeping performance stable against mass
• extension of the BDT training method used 
in the non-resonant analysis

• variables: angles (common to non-resonant 
BDT)+mT(1)+mT(2)

• Only for semi-leptonic channels
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Current non resonant 
categorization: 2 b-tag loose. 68% of 
the DY bkg is 𝜏h𝜏h + 2 light jets 
New: 2 b tag categories with 
2b+1b1j
Good sig/bkg separation at high MT2 
values
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hh→bbbb

17

•Most sensitive channel (both for CMS and ATLAS)
•Different strategies for resonant/non-resonant (Bicocca)
•3 b-tag online at trigger level, ≥4 b-tag offline
•ATLAS over performing CMS (for now)

Resonant analysis:
Low Mass (mH<400) and High Mass 
(400<mH<1200) studied separately
Background shape estimation from data

C. Vernieri

C. Vernieri

Non-Resonant analysis:
Background estimation from 
hemisphere mixing + BDT cut
2D fit on dijet masses
Final limit: 342xSM (308 exp)
ATLAS: 109xSM (with 3.2fb-1)  
             29xSM (with 13.3fb-1)
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hh→bbbb

17

•Most sensitive channel (both for CMS and ATLAS)
•Different strategies for resonant/non-resonant (Bicocca)
•3 b-tag online at trigger level, ≥4 b-tag offline
•ATLAS over performing CMS (for now)

Resonant analysis:
Low Mass (mH<400) and High Mass 
(400<mH<1200) studied separately
Background shape estimation from data

C. Vernieri

C. Vernieri

Non-Resonant analysis:
Background estimation from 
hemisphere mixing + BDT cut
2D fit on dijet masses
Final limit: 342xSM (308 exp)
ATLAS: 109xSM (with 3.2fb-1)  
             29xSM (with 13.3fb-1)
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Room for improvements

18

Upgrades are being developed in the non-resonant analysis:
• BDT tuning and reduced mass MX = M(4j)–M(jjH1)–M(jjH2)+250 GeV
• ATLAS can benefit from 2 b-tag online ev. selection, analysis optimised for several years

But the most important update to cover the gap will be the pixel upgrade:  ATLAS got a factor 
2-4 boost from their upgrade. We will get:
• Higher tracking efficiency
• >10% improvement in b-tagging (for each b-jets)

2017 trigger: general request is HT increase at L1, need to assess the impact on bbbb
After EYETS: How to fully exploit new pixels capabilities? Any contribution is welcome
Summary: we are confident we can cover the gap with ATLAS, but a lot of work to do!
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Coming soon: combination

19

Plan in the HH group: 
• All analyses are targeting Moriond 2017 for the update 
with the full 2016 dataset 

• Needs coordination before Moriond (check overlapping 
signal/backgrounds, coordinate systematics, 
interpretation) 

• Move to (CWR) right after the conference
• Use the time until EPS to prepare the combination of 
the channels

• After EPS start analyse extensions (VBF, finite width) [GeV]Am
200 300 400 500 600 1000

β
ta

n

1

2

3

4
5
6

10

20

30

40
50
60

Model not strictly applicable

 (8 TeV)-1 19.7 fb≤ (7 TeV) + -1 5.1 fb≤

130

CMS Preliminary

Observed exclusion 95% CL

Expected exclusion 95% CL

Model not strictly applicable

h(125) (HIG-15-002)

 bb (arXiv:1506.08329)→A/H 

 (arXiv:1508.01437)µµ →A/H/h 

  (HIG-14-029)ττ →A/H/h 

(arXiv:1510.01181)
)ττ Zh (ll→) / A ττ hh (bb→H 

) (HIG-13-032)γγ hh (bb→H 

 WW/ZZ (arXiv:1504.00936)→H
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channel

bbbb 29 (38?) 342(308)

bbWW - 410(227)

bb𝛕𝛕 - 208(172)

bb𝛄𝛄 117(161) 91(90)
lumi analysed @ 13TeV, obs(exp) non-resonant limitXSM
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Future extrapolations

20

HH analyses are clearly a topic for HL-LHC
Studies have been prepared for ECFA, and 
are starting for the TDRs
All HH analyses are involved in TDRs, main 
focus on hh→bbbb

ECFA exercise.
Underestimates the 
possible performances, 
mostly because larger 
statistics will improve 
the background 
estimation, and does 
not include all the 2016 
improvements.
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Open points

21

People are targeting certain channels mostly because of what PAG/POG they 
belong to or have expertise with. 

• This left out a lot of interesting possibilities
• Interesting channels we are missing: WW𝛕𝛕, bbWW with hadronic final state, 
maybe WW𝛄𝛄

TDRs: we are preparing the MC, studies will start right afterwards
2017 preparation: HLT studies are starting, will need to study new thresholds 
and b-tag performances
A lot of extensions are planned, but not yet included, mostly due to lack of 
manpower

• (anomalous) VBF production (up to 15% final cross-section), finite width 
resonances, single Higgs combination…

• Theoreticians are coming up with suggestions at a faster pace then what we can 
implement

The HH is mostly work in progress. There’s plenty of space for proposals! 
interpretation, channels, improvements, projections, MC…
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Conclusions

22

•The channels under study in CMS show a nice complementarity
•We are covering several channels ATLAS does not have.
• Interest in HH is increasing more and more
• If you are interested, this is a good moment to join

•Ideally, there are a lot of channels to cover
•The new pixels will have a big impact on HH analyses, especially 4b, 
and it is important in order to be competitive with ATLAS

•CMS is trying to coordinate the efforts under the Higgs-EXO
•Italy (Pisa, Bari, Milano Bicocca) is mostly active in bbbb and bb𝛕𝛕, 
but is also covering the combination, the trigger studies…

Still a long road before being able to directly probe the SM



BACKUP
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Typical BSM spin-0 production diagram
.
.

Projections for resonant : bbbb

• CMS-PAS-HIG-16-002: gg → X → HH → bbbb
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 gg→hh parametrization

25

The relevant lagrangian terms of gg→HH production in D=6 EFT

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <
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g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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where we have explicitly written down the contributing components of the QL doublets.
Naively all the Wilson coefficients in Eq. (3.1) should be bounded from perturbativity ar-
guments by 4⇡, and hence if we consider ⇤ & 900 GeV this automatically implies |ci| . 1 in
Eq. (3.4). For details on the derivation of the terms in the Lagrangian of Eq. (3.4), see ap-
pendix B.8 In Eq. (3.4) we have also given the quartic Higgs self-coupling for completeness.
The trilinear and quartic couplings can be written as

� = 1 +� ,

˜� = 1 + 6�+

2

3

cH , (3.5)

where � = c6 + 3cH/2. From the above, it can be seen that the SM relation of � =

˜� is
broken by the EFT effects: an accurate measurement of both couplings is thus a powerful
probe of new physics in the Higgs sector, although, as already mentioned, measurement of
the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT
that results from taking the top mass to infinity within the SM framework. This will help
us in writing down the cross section formula for gg ! hh in the D=6 EFT.

There are several modifications necessary to incorporate the effect of the D=6 EFT
operators in Higgs boson pair production via gluon fusion (see Fig. 1):

• The Higgs boson self-coupling will be modified according to the first line in Eq. (3.4),
represented by modifications of the h3 vertex in diagram 1A.

7This field redefinition [64] involves non-linear terms which remove momentum-dependent Higgs-boson
interactions that would be less straight-forward to implement in a Monte Carlo event generator.

8The Feynman rules for the Lagrangian terms appearing in Eq. (3.4) have been checked using the
Mathematica [65] package FeynRules [66, 67].
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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Sampling the 5D EFT phase space
Cross section: 
parametrized as a 
function of the 5 EFT 
parameters (talk by F. Goertz) 
Shape: representative 
signal shapes are 
sampled using a cluster 
technique  
(10.1007/JHEP04(2016)126) 
□ similar shapes are 

represented by a unique 
“shape benchmark” 

□ clustered at gen. level as 
function of mhh and cosθ* 

□ 12 shape benchmarks 
available

8

186 4. Benchmark BSM scenarios

p
s 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.21 2.18 2.09 2.08 1.90
A2 9.82 9.88 10.15 10.20 11.57
A3 0.33 0.32 0.28 0.28 0.21
A4 0.12 0.12 0.10 0.10 0.07
A5 1.14 1.17 1.33 1.37 3.28
A6 -8.77 -8.70 -8.51 -8.49 -8.23
A7 -1.54 -1.50 -1.37 -1.36 -1.11
A8 3.09 3.02 2.83 2.80 2.43
A9 1.65 1.60 1.46 1.44 3.65

A10 -5.15 -5.09 -4.92 -4.90 -1.65
A11 -0.79 -0.76 -0.68 -0.66 -0.50
A12 2.13 2.06 1.86 1.84 1.30
A13 0.39 0.37 0.32 0.32 0.23
A14 -0.95 -0.92 -0.84 -0.83 -0.66
A15 -0.62 -0.60 -0.57 -0.56 -0.53

Table 7.16: Values of Ai parameters for Eq. (7.14) [?].

� mt

v

✓
v + th +

c2

v
hh

◆✓
tLtR + h.c.

◆
+

↵s

12⇡v

✓
c1gh � c2g

2v
hh

◆
GA

µ⌫G
A,µ,⌫ . (7.12)

The SM limit is 2 = � = 1 and c2 = c1g = c2g = 0. This fit can be straightforwardly mapped onto2914

the EFT parameters of Eq. (7.9) via the identities2915

cg =
c1g

12⇡2 , cgg = � c2g

12⇡2 , y(2)
t = 2c2 , �yt = (t � 1) , ��3 = �v(� � 1)�SM . (7.13)

Further information on the EFT coefficients can be found from hh production by noting that2916

different EFT operators have different kinematic dependences. The LO box and triangle diagram exactly2917

cancel each other at threshold in the SM. This implies that d�/dMhh is most sensitive to variations in2918

t and � at threshold, while the dependence on � is suppressed at high partonic energies. The NLO2919

corrections to the EFT predictions for double Higgs production have been investigated in the large mt2920

limit Ref. [316], with the conclusion that the K factor of the EFT shows little kinematic dependence and2921

little dependence on the effective couplings, however with the same caveats as mentioned in Secs. 2 and2922

3.2923

We can take advantage of this property of the K-factors, approximating the ratio between the cross2924

sections obtained for different EFT parameters and the SM cross section with the corresponding LO2925

ratio:2926

Rhh ⌘ �hh

�SM
hh

LO
= A1

4
t + A2c

2
2 + (A3

2
t + A4c

2
g)

2
� + A5c

2
2g + (A6c2 + A7t�)2

t

+(A8t� + A9cg�)c2 + A10c2c2g + (A11cg� + A12c2g)
2
t

+(A13�cg + A14c2g)t� + A15cgc2g� . (7.14)

The Ai coefficients are extracted from a simultaneous fit, based on the maximization of a likeli-2927

hood, to the cross sections obtained from a LO simulation and provided in Tab. 7.16. A detailed study of2928

theoretical uncertainties was performed in Ref. [?]. The uncertainties related to PDF and ↵S variations2929

induces less than a 2% variation in the Ai values.2930

x

 An EFT implementation for hh

26

The double Higgs production cross 
section can be written as a function of the 
5 EFT parameters: λhhh, yt, c2, c2g, cg

2D (MHH,cos𝛝*) signal shapes from 
different points in the 5D EFT phase 
space are clustered together.

12 clusters are identified according to 
there kinematical properties

Inside each cluster, a representative 
shape is identified, as the one with the 
minimum distance (in the test statistics) 
from all other shapes in the cluster

Each point of the phase space can be mapped by means of its cross-section and 
representative shape
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