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Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC 
mÜóëK=iÉííK=_=TNS=EOMNOF=PM=J=`áíÉÇ=Äó=RUQT=êÉÅçêÇë==

Combined results of searches for the standard model Higgs boson in $pp$ collisions at √s =7 TeV  
mÜóëKiÉííK=_=TNM=EOMNOF=OSJQU==J=`áíÉÇ=Äó=TTR=êÉÅçêÇë=

Measurement of the properties of a Higgs boson in the four-lepton final state  
mÜóëK=oÉîK=a=UV=EOMNQF=MVOMMT==J=`áíÉÇ=Äó=PTS=êÉÅçêÇë==
Study of the Mass and Spin-Parity of the Higgs Boson Candidate via Its Decays to Z Boson Pairs  
mÜóëK=oÉîK=iÉííK=NNM=EOMNPF=MUNUMP=J=`áíÉÇ=Äó=PMR=êÉÅçêÇë===

Performance of electron reconstruction and selection with the CMS detector in pp collisions at √s = 8 TeV  
gfkpq=NM=EOMNRF=mMSMMR=J=`áíÉÇ=Äó=NQV=êÉÅçêÇë==

Constraints on the Higgs boson width from off-shell production and decay to Z-boson pairs   
mÜóëK=iÉííK=_=TPS=EOMNQF=SQF==J=`áíÉÇ=Äó=NPU=êÉÅçêÇë==

Search for the standard model Higgs boson in the decay channel H→ZZ→4  at 7 TeV 
mÜóëK=oÉîK=iÉííK=NMU=EOMNOF=NNNUMQ=J==`áíÉÇ=Äó=NPP=êÉÅçêÇë==
Constraints on the spin-parity and anomalous HVV couplings of the Higgs boson in pp collisions at 7 and 8 TeV  
mÜóëK=oÉîK=a=VO=EOMNRF=MNOMMQ==J=`áíÉÇ=Äó=NNQ=êÉÅçêÇë==
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… and lots of other preliminary results on physics and objects

Analyses(papers) where members of the group have leadership/editorial role 

Example of the most cited papers 

Run-I short summary
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In the following just the ongoing (2015/2016) LLR Run-II analyses 
are highlighted  

✓  For some of them we have already produced preliminary results  
  for Moriond2016 (2.7/fb @13 TeV) 
        Only 1% of the final LHC Phase1 dataset was used  

✓  For all of them we are targeting ICHEP2016 (~10/fb) and/or the end  
   of the year (~30/fb) 
        the Run-I results be will largely superseded, it will be a turnaround  
         for HEP (the X(750) resonance?) 

Coherent effort to completely understand the EWSB 

Run-II effort
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H→ZZ→4ℓ VBS HH
H→!" / ttH  
with MEM

Same analysis framework Same analysis framework 

Triggers and objects expertise largely  shared 

Understand the EWSB @  LLR

✅



Clean experimental signature: narrow resonance of four primary 
and isolated leptons in the invariant mass spectrum

... but:

an extremely demanding channel for 
selection, it requires the highest 
possible efficiencies  
(e.g lepton ID/Isolation)

The most 

performing channel on the whole mass 
range for the exclusion, discovery,  
and properties measurement of the 
Higgs boson and new resonances...

H→ZZ→4ℓIntro
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H→ZZ→4ℓ

S. Regnard (PhD) : editor of 13 TeV H→ZZ→4l first preliminary results  

Coming conference talk : ICHEP2016 (SR) 
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Improve the categorisation to observe  
H→ZZ→4  in all the exclusive  
production modes 

First results at 13 TeV already shown at  
Moriond16, the Higgs boson is still there  S. Regnard

@LLR



In the SM without the Higgs boson, VBS processes violate unitarity in the 
longitudinal polarization mode at the TeV scale.  The unitary is ensured by 
the destructive interference between VBS and Higgs diagrams

If BSM physics is present in the electroweak sector, VBS offers a promising 
approach by its impact on gauge boson couplings via the probing of 
anomalous triple (aTGC) and quartic gauge couplings (aQGC)

As a purely electroweak process  
the cross-section is of order α6

EWK 

Multiple production mechanisms: 
Quartic Gauge Coupling (QGC) 

Double Triple Gauge Coupling (TGC) 

Higgs exchange in s- and t-channel

Intro

Vector Boson Scattering

●
●

●



Vector Boson Scattering

Focus on the the ZZjj→4 jj  final states   
       work side-by-side with H→ZZ→4  group 

Improving on the QCD ZZjj background rejection using either a  “minimal” 

BDT (which only exploits kinematics) or Matrix Element Method approach

Signal extraction by a shape analysis 
The expected significance for 30 fb-1 is 2.3σ  
Expected ~6 signal events after selection cuts 

@LLR

In track to release the first ever LHC analysis on VBS with ZZjj  final state by the end of the year 

P. Pigard

Improvement
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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 non-resonant Higgs boson pair production is the principal way to 
extract  the Higgs boson trilinear coupling (#hhh) to probe EWSB and 
measure the shape of the Higgs potential 

The resonant Higgs boson pair production (X→hh) is a key channel to 
observe BSM physics and to fully cover the MSSM Higgs sector

non-resonant
resonant

●
λhhh

Focus on the bb$$ final state :  quite 
high BR (7.3%) and a relatively small 
background contamination
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014
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Higgs boson pair production
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L. Cadamuro (PhD) : editor of 13 TeV resonant analysis  / G. Ortona (CDD) :  editor of the 13 TeV non-resonant analysis  

Coming conference talks : PHENO2016 (LC) -  ICHEP2016 (GO) 

Higgs boson pair production

The first 13 TeV CMS resonant and non-resonant Higgs boson pair production 
result have been shown at Moriond2016 
Improved analyses are target for ICHEP and the end of the year

@LLR



In SM the top-Higgs Yukawa coupling is strongest one (YT ∝ mT/ν ≈ 1)  
The top-Higgs vertex (●) is only directly accessible when H is produced 
in association with one or more top quarks 

LLR is focusing on ttH($$) asking the presence of at least 1 'h in the final state
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Knowledge from Run-I :  25% accuracy
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Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.
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Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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Figure 4: Leading-order Feynman diagrams of the Higgs boson production in association with a single top quark:
(a,b) tHq and (c,d) tHW .
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Figure 5: Leading-order Feynman diagrams of Higgs boson decays (a) to W and Z bosons and (b) to fermions.
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Figure 6: Leading-order Feynman diagrams of Higgs boson decays to a pair of photons.

2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross
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The comparison of the precise direct measurement of YT with the one 
inferred by other cross section measurements can constrain contributions 
from new physics to the gluon fusion loop
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Improve the performance using the Matrix Element Method approach

1 Motivation

The MEM relies on the computation of a weight wi(y), which represents the probability
that an event, characterized by a set of observables y, is compatible with a process i. i
would be for instance the signal from VBF-production of a Higgs decaying to · leptons or
the Drell-Yan associated background. The weight wi is given by the expression

wi(y) = 1
‡i

ÿ

p

⁄
dxadxb

f(xa, Q)f(xb, Q)
xaxbs

”2(xaPa + xbPb ≠
ÿ

pk)|Mi(x)|2W (y||x)dx

In that formula |Mi(x)|2 represents the squared matrix element associated to the hard
process we are interested in. It will be evaluated at leading order using MadGraph. The
other relevant quantities for the following developments are the parton distribution func-
tions f , the center-of-mass energy

Ô
s and the momentum fractions xa,b. For more details

about the other parts of the integral, please have a look at the previous notes.
In the case of the VBF-production, it can be generically represented as q

1

q
2

æ q
3

q
4

H,
H æ ·≠·+. Because of the parton distribution functions f , not only the valence quarks
of the protons can contribute to the process, but other flavors such as s or c quarks and
anti-quarks as well. The overall matrix element can therefore be written as

f(xa, Q)f(xb, Q)|M(x)|2 =
ÿ

q1q2q3q4

fq1(x
1

, Q)fq2(x
2

, Q)|M(q
1

q
2

æ q
3

q
4

H, H æ ·≠·+)|2(x)

where the qi’s run over the possible quark and anti-quark flavors. Assuming no CKM
mixing and eight possible flavors for the initial quarks (u, d, s, c and the associated anti-
quarks), this leads to 48 processes and 168 matrix elements to evaluate, including all the
possible permutations. However they are not all independent and we can in principle reduce
their number. This is the motivation for the following developments. Since the couplings
of the Z boson with up-type and down-type quarks are di�erent as well as the coupling
of the Z and of the W bosons with the Higgs, some di�erences are expected between the
di�erent processes.

The evaluation of the matrix elements squared

|M(q
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is done using MadGraph. In the following sections, the processes will be divided into
three categories: the uu æ uuH-like, the ud æ udH-like and the other processes. The
uu æ uuH-like processes are the processes which involve a single quark flavor and are
associated to two Feynman diagrams (see Fig. 1). The ud æ udH-like processes are the
processes for which the initial partons form a weak isospin-doublet and are also associated
to two Feynman diagrams, one with W and one with Z bosons. The other processes are
associated to a single Feynman diagram, except for the processes like uū æ dd̄H which
have contributions from a VBF and from a VH diagram.

1

Event weight

Using Run-1 data :  
LLR pioneering work to apply the MEM to H→''→('had  

CHAPTER 7. MATRIX ELEMENT METHOD IN THE H ! ⌧⌧ ! µ⌧H CHANNEL
- Section 7.7 276

SVfit SVfit + MEM

Observed µ at mH = 125 GeV 1.08+47%
�43% 1.29+40%

�36%

Table 7.8: Signal strength modifier (µ) obtained for the SVfit and SVfit + MEM analysis for a value of

mH = 125GeV.
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Figure 7.34: Expected p-value computed for di↵erent values of the Higgs boson mass mH . The p-value

is obtained for both the SVfit (Left) and SVfit + MEM (Right) analysis approaches.

As can be concluded from the exclusion limits, significance and p-value results obtained

for the two di↵erent analysis approaches, the MEM brings a substantial improvements to the

analysis sensitivity. The improvement brought by the MEM approach in the VBF H ! ⌧⌧ !
µ⌧h channel in the full category combination is summarized in Tab. 7.10. Instead, in Tab. 7.8,

the signal strength modifier has been listed both for the SVfit and the SVfit + MEM analysis,

evaluated at a value of mH = 125GeV.

Both the signal strength modifiers are compatible with 1.0, i.e., with the SM H ! ⌧⌧

hypothesis.

Signal injection test

In order to check the consistency of the results shown in the previous section, and search for

eventual bias in the limit extraction procedure, a test has been made replacing the data by

the sum of the SM background and Higgs boson signal simulated through the Monte-Carlo.

This procedure, called also signal injection test, aims at obtaining a distribution for the signal

strength modifier µ as function of the di↵erent values of the Higgs boson mass from the global

fit in all the categories (see Section 7.3). In this test, the mass of the injected Higgs boson signal

MEM
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further optimise the analysis 

!
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within ΔR=0.3
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Special attention has to be paid to the other decay channels

More decay channels

1. S ! ZZ, �Z: a must implied by S ! ��.
2. S ! W+W� (or correlations of 1) would tell that SU(2)L is involved.
3. S ! hh (or correlations of 1,2) would tell that H is involved.
4. S ! tt̄, b̄b, . . .DM, ? would point to di↵erent directions.

The 750 GeV 
anomaly

Strumia Moriond EWK


