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I. Introduction

The observation by ATLAS [1] and CMS [2] of a new boson
with a mass of approximately 125GeV decaying into γγ, WW and
ZZ bosons and the subsequent studies of the properties of this
particle is a milestone in the understanding of the mechanism that
breaks electroweak symmetry and generates the masses of the known
elementary particles1, one of the most fundamental problems in
particle physics.

In the Standard Model, the mechanism of electroweak symmetry
breaking (EWSB) [3] provides a general framework to keep untouched
the structure of the gauge interactions at high energy and still generate
the observed masses of the W and Z gauge bosons by means of
charged and neutral Goldstone bosons that manifest themselves as
the longitudinal components of the gauge bosons. The discovery of
ATLAS and CMS now strongly suggests that these three Goldstone
bosons combine with an extra (elementary) scalar boson to form a
weak doublet.

This picture matches very well with the Standard Model (SM) [4]
which describes the electroweak interactions by a gauge field theory
invariant under the SU(2)L × U(1)Y symmetry group. In the SM,
the EWSB mechanism posits a self-interacting complex doublet of
scalar fields, and the renormalizable interactions are arranged such

1 In the case of neutrinos, it is possible that the EWSB mechanism
plays only a partial role in generating the observed neutrino masses,
with additional contributions at a higher scale via the so called see-saw
mechanism.
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!  Still much to explore on the rarer ends. 
(to the right and to the bottom) (and outside this picture) 
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ATLAS performs a cut based analysis [138], with selected events
divided into a large number of categories in pT (V). The discriminating
variable used is mbb, and customized control samples devised from data
are used to constrain the contributions of the dominant background
processes. No significant excess is observed. The signal strength for
mH = 125GeV is measured to be µ = 0.2 ± 0.5(stat.) ± 0.4(syst.).

III.5. Observed signal strengths

The µ value obtained by ATLAS [119] and CMS [124] in the five
channels and the combined best fit value are displayed in Fig. 11.16.
The µ value for each channel and the combination is calculated for the
best fit mass of 125.5 and 125.7GeV by ATLAS and CMS respectively.
The ATLAS combination used only the γγ, WW and ZZ channels for
which the full 7 and 8TeV data were analyzed. Table 11.4 summarizes
the measurements from the Tevatron and the LHC. All measurements
are consistent with the expectation from the SM Higgs boson with a
mass of 125GeV.
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Figure 11.16: The signal strengths µ measured by the ATLAS
experiment from Refs. A1 [119], A2 [133] and A3 [138], and
CMS experiment from Ref. C1 [124] and C6 [132] in the five
principal channels and their combination. It should be noted
that the ATLAS combination only includes the bosonic γγ, ZZ
and WW channels.

Table 11.4: Summary of the results in the five low mass Higgs channels measured at
the LHC and the Tevatron. It should be noted that the ATLAS combined signal strength
measurement only includes the bosonic γγ, ZZ and WW channels. The latest result of
the CMS experiment in the H → τ+τ− final state [132] is reported and denoted by (*).

γγ ZZ (4ℓ) WW (ℓνℓν) ττ W/Z(bb) Combination

ATLAS

µ (at 125.5GeV) 1.55+0.33
−0.28 1.43+0.40

−0.35 0.99+0.31
−0.28 1.4+0.5

−0.4 0.2±0.7 1.3±0.2

Z Exp. 4.1 4.4 3.8 4.1 1.4 –

Z Obs. 7.4 6.6 3.8 3.2 0.3 –

Mass (GeV) 126.8±0.2±0.7 124.3±0.5±0.5 – – – 125.5±0.2±0.6

Reference [119] [119] [119] [133] [138] [119]

CMS

µ (at 125.7GeV) 0.77±0.27 0.92±0.28 0.68±0.20 1.10±0.41 1.15±0.62 0.80±0.14

0.87±0.29*

Z Exp. 3.9 7.1 5.3 2.6 (3.6*) 2.2 –

Z Obs. 3.2 6.7 3.9 2.8 (3.4*) 2.0 –

Mass (GeV) 125.4±0.5±0.6 125.8±0.5±0.2 125.7±0.3±0.3

Reference [120] [121] [127] [131,132] [137] [124]

Tevatron

µ (at 125GeV) 6.0+3.4
−3.1 – 0.9±0.8 1.7+2.3

−1.7 1.6±0.7 1.4±0.6

Reference [108] [108] [108] [108] [108]

III.6. Higgs Production in association with top quarks

As discussed in Section II, the coupling of the Higgs particle to
top quarks plays a special role in the electroweak breaking mechanism
and in its possible extensions. Substantial indirect evidence of this
coupling is provided by the compatibility of observed rates of the Higgs
boson in the main discovery channels as one of the main production
processes, the gluon fusion, is dominated by a top quark loop. Direct
evidence of this coupling at the LHC and the future e+e− colliders
will be mainly available through the ttH final state. The analyses
channels for such complex final states can be separated in four classes
according to the decays of the Higgs boson. In each of these classes,
most of the decay final states of the top quarks are considered. The
topologies related to the decays of the top quarks are denoted 0L, 1L
and 2L, for the fully hadronic, semi-leptonic and dilepton final states
of the tt pair respectively.

The first in this set is the search for ttH production in the H → γγ
channel. This analysis relies on the search of a narrow mass peak
in the mγγ distribution. The background is estimated from the mγγ

sidebands. The sensitivity in this channel is mostly limited by the
available statistics. This search was done in all three 0L and 1L final
states by the ATLAS and CMS collaborations with the full 8 TeV
datasets [139,140].

The second is the search in the H → bb channel. This search is
extremely intricate due to the large backgrounds, both physical and
combinatorial in resolving the bb system related to the Higgs particle,
in events with six jets and four b-tagged jets which are very hard to
simulate. With the current dataset, the sensitivity of this analysis is
already limited by the systematic uncertainties on the background
predictions. The ATLAS search was done in the 1L channel with
the 7 TeV dataset only [141]. The CMS collaboration after having
published first results with the full 7 TeV dataset [142,143], has
complemented this result with a full 8 TeV analysis [144] with the 1L
and 2L channels.

The third channel is a specific search for τ+τ− where the two taus
decay to hadrons and in the 1L channel only performed by CMS with
the full 8 TeV dataset [144].

Finally, both W+W− and τ+τ− final states are searched for
inclusively by CMS in the full 8 TeV dataset in multilepton
topologies [145]. The corresponding ttH modes can be simply
decomposed in terms of the decays of the Higgs boson and those of
the top quarks as having four W bosons in the final state (or two W
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ATLAS performs a cut based analysis [138], with selected events
divided into a large number of categories in pT (V). The discriminating
variable used is mbb, and customized control samples devised from data
are used to constrain the contributions of the dominant background
processes. No significant excess is observed. The signal strength for
mH = 125GeV is measured to be µ = 0.2 ± 0.5(stat.) ± 0.4(syst.).

III.5. Observed signal strengths

The µ value obtained by ATLAS [119] and CMS [124] in the five
channels and the combined best fit value are displayed in Fig. 11.16.
The µ value for each channel and the combination is calculated for the
best fit mass of 125.5 and 125.7GeV by ATLAS and CMS respectively.
The ATLAS combination used only the γγ, WW and ZZ channels for
which the full 7 and 8TeV data were analyzed. Table 11.4 summarizes
the measurements from the Tevatron and the LHC. All measurements
are consistent with the expectation from the SM Higgs boson with a
mass of 125GeV.
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Figure 11.16: The signal strengths µ measured by the ATLAS
experiment from Refs. A1 [119], A2 [133] and A3 [138], and
CMS experiment from Ref. C1 [124] and C6 [132] in the five
principal channels and their combination. It should be noted
that the ATLAS combination only includes the bosonic γγ, ZZ
and WW channels.

Table 11.4: Summary of the results in the five low mass Higgs channels measured at
the LHC and the Tevatron. It should be noted that the ATLAS combined signal strength
measurement only includes the bosonic γγ, ZZ and WW channels. The latest result of
the CMS experiment in the H → τ+τ− final state [132] is reported and denoted by (*).

γγ ZZ (4ℓ) WW (ℓνℓν) ττ W/Z(bb) Combination

ATLAS
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As discussed in Section II, the coupling of the Higgs particle to
top quarks plays a special role in the electroweak breaking mechanism
and in its possible extensions. Substantial indirect evidence of this
coupling is provided by the compatibility of observed rates of the Higgs
boson in the main discovery channels as one of the main production
processes, the gluon fusion, is dominated by a top quark loop. Direct
evidence of this coupling at the LHC and the future e+e− colliders
will be mainly available through the ttH final state. The analyses
channels for such complex final states can be separated in four classes
according to the decays of the Higgs boson. In each of these classes,
most of the decay final states of the top quarks are considered. The
topologies related to the decays of the top quarks are denoted 0L, 1L
and 2L, for the fully hadronic, semi-leptonic and dilepton final states
of the tt pair respectively.

The first in this set is the search for ttH production in the H → γγ
channel. This analysis relies on the search of a narrow mass peak
in the mγγ distribution. The background is estimated from the mγγ

sidebands. The sensitivity in this channel is mostly limited by the
available statistics. This search was done in all three 0L and 1L final
states by the ATLAS and CMS collaborations with the full 8 TeV
datasets [139,140].

The second is the search in the H → bb channel. This search is
extremely intricate due to the large backgrounds, both physical and
combinatorial in resolving the bb system related to the Higgs particle,
in events with six jets and four b-tagged jets which are very hard to
simulate. With the current dataset, the sensitivity of this analysis is
already limited by the systematic uncertainties on the background
predictions. The ATLAS search was done in the 1L channel with
the 7 TeV dataset only [141]. The CMS collaboration after having
published first results with the full 7 TeV dataset [142,143], has
complemented this result with a full 8 TeV analysis [144] with the 1L
and 2L channels.

The third channel is a specific search for τ+τ− where the two taus
decay to hadrons and in the 1L channel only performed by CMS with
the full 8 TeV dataset [144].

Finally, both W+W− and τ+τ− final states are searched for
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!  6.1σ observation in H!WW!lvlv 
channel (3.2σ VBF H!WW!lvlv) 

!  4.5σ in H!ττ channel 
" Signal strength measurement :                      

No significant deviation from SM                         
" Coupling combination being finalized 

More Run1 final results to come this year 
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ATLAS performs a cut based analysis [138], with selected events
divided into a large number of categories in pT (V). The discriminating
variable used is mbb, and customized control samples devised from data
are used to constrain the contributions of the dominant background
processes. No significant excess is observed. The signal strength for
mH = 125GeV is measured to be µ = 0.2 ± 0.5(stat.) ± 0.4(syst.).

III.5. Observed signal strengths

The µ value obtained by ATLAS [119] and CMS [124] in the five
channels and the combined best fit value are displayed in Fig. 11.16.
The µ value for each channel and the combination is calculated for the
best fit mass of 125.5 and 125.7GeV by ATLAS and CMS respectively.
The ATLAS combination used only the γγ, WW and ZZ channels for
which the full 7 and 8TeV data were analyzed. Table 11.4 summarizes
the measurements from the Tevatron and the LHC. All measurements
are consistent with the expectation from the SM Higgs boson with a
mass of 125GeV.
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Figure 11.16: The signal strengths µ measured by the ATLAS
experiment from Refs. A1 [119], A2 [133] and A3 [138], and
CMS experiment from Ref. C1 [124] and C6 [132] in the five
principal channels and their combination. It should be noted
that the ATLAS combination only includes the bosonic γγ, ZZ
and WW channels.

Table 11.4: Summary of the results in the five low mass Higgs channels measured at
the LHC and the Tevatron. It should be noted that the ATLAS combined signal strength
measurement only includes the bosonic γγ, ZZ and WW channels. The latest result of
the CMS experiment in the H → τ+τ− final state [132] is reported and denoted by (*).

γγ ZZ (4ℓ) WW (ℓνℓν) ττ W/Z(bb) Combination

ATLAS

µ (at 125.5GeV) 1.55+0.33
−0.28 1.43+0.40

−0.35 0.99+0.31
−0.28 1.4+0.5

−0.4 0.2±0.7 1.3±0.2

Z Exp. 4.1 4.4 3.8 4.1 1.4 –

Z Obs. 7.4 6.6 3.8 3.2 0.3 –

Mass (GeV) 126.8±0.2±0.7 124.3±0.5±0.5 – – – 125.5±0.2±0.6

Reference [119] [119] [119] [133] [138] [119]

CMS

µ (at 125.7GeV) 0.77±0.27 0.92±0.28 0.68±0.20 1.10±0.41 1.15±0.62 0.80±0.14

0.87±0.29*

Z Exp. 3.9 7.1 5.3 2.6 (3.6*) 2.2 –

Z Obs. 3.2 6.7 3.9 2.8 (3.4*) 2.0 –

Mass (GeV) 125.4±0.5±0.6 125.8±0.5±0.2 125.7±0.3±0.3

Reference [120] [121] [127] [131,132] [137] [124]

Tevatron

µ (at 125GeV) 6.0+3.4
−3.1 – 0.9±0.8 1.7+2.3

−1.7 1.6±0.7 1.4±0.6

Reference [108] [108] [108] [108] [108]

III.6. Higgs Production in association with top quarks

As discussed in Section II, the coupling of the Higgs particle to
top quarks plays a special role in the electroweak breaking mechanism
and in its possible extensions. Substantial indirect evidence of this
coupling is provided by the compatibility of observed rates of the Higgs
boson in the main discovery channels as one of the main production
processes, the gluon fusion, is dominated by a top quark loop. Direct
evidence of this coupling at the LHC and the future e+e− colliders
will be mainly available through the ttH final state. The analyses
channels for such complex final states can be separated in four classes
according to the decays of the Higgs boson. In each of these classes,
most of the decay final states of the top quarks are considered. The
topologies related to the decays of the top quarks are denoted 0L, 1L
and 2L, for the fully hadronic, semi-leptonic and dilepton final states
of the tt pair respectively.

The first in this set is the search for ttH production in the H → γγ
channel. This analysis relies on the search of a narrow mass peak
in the mγγ distribution. The background is estimated from the mγγ

sidebands. The sensitivity in this channel is mostly limited by the
available statistics. This search was done in all three 0L and 1L final
states by the ATLAS and CMS collaborations with the full 8 TeV
datasets [139,140].

The second is the search in the H → bb channel. This search is
extremely intricate due to the large backgrounds, both physical and
combinatorial in resolving the bb system related to the Higgs particle,
in events with six jets and four b-tagged jets which are very hard to
simulate. With the current dataset, the sensitivity of this analysis is
already limited by the systematic uncertainties on the background
predictions. The ATLAS search was done in the 1L channel with
the 7 TeV dataset only [141]. The CMS collaboration after having
published first results with the full 7 TeV dataset [142,143], has
complemented this result with a full 8 TeV analysis [144] with the 1L
and 2L channels.

The third channel is a specific search for τ+τ− where the two taus
decay to hadrons and in the 1L channel only performed by CMS with
the full 8 TeV dataset [144].

Finally, both W+W− and τ+τ− final states are searched for
inclusively by CMS in the full 8 TeV dataset in multilepton
topologies [145]. The corresponding ttH modes can be simply
decomposed in terms of the decays of the Higgs boson and those of
the top quarks as having four W bosons in the final state (or two W
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Summary 
!  Recent updates of major channels presented  

!  Many improvements from our previous 
results for all channels  

!  6.1σ observation in H!WW!lvlv 
channel (3.2σ VBF H!WW!lvlv) 

!  4.5σ in H!ττ channel 
" Signal strength measurement :                      

No significant deviation from SM                         
" Coupling combination being finalized 

More Run1 final results to come this year 

Stay Tuned!! 
2014/10/07 LHC Seminar  
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“What will be new and different in the 2015 edition?”

  LHC Run I Legacy Results 
 No new 13 TeV results but CMS/ATLAS final legacy results on full Run-1 data 
 Finalization of all ttH channels (including multi-lepton channels) 
 Constraints on Spin/Parity  

!

 Combination 
        Published combination of Higgs properties 

 ATLAS+CMS combination of Higgs properties (mass, signal strengths, couplings…) 
!

 Rare Decay Channels   
   γγ*, invisible 
   h →J/Ψ+γ as a measurement of the charm Yukawa coupling 
!
 Flavor violating channels 

  h →τµ !
  t → hc !

– 47–

Table 5: Summary of the results of searches for
a Higgs boson in association with a top quark
pair by the ATLAS and CMS collaborations.
The results are given in terms of upper limits
at the 95% CL on the signal strength, the
expected limits are given in parentheses. For
the results of the CMS searches, the measured
signal strengths in each channel are also given.

The ATLAS results indicated by ‡ are with the
7 TeV dataset only, and the results indicate
by ∗ are combining the full 7 TeV and 8 TeV
datasets. The unmarked results are with the full
8 TeV dataset.

ATLAS limits CMS limits CMS sig. strengths

tt(H → γγ) <5.3 (6.4) <5.4 (5.5) µ = −0.2+2.4
−1.9

tt(H → bb) <13.1 (10.5)‡ <4.5 (3.7)∗ µ = 1.0+1.9
−2.0

tt(H → 4ℓ) – <6.8 (8.8) µ = −4.8+5.0
−1.2

tt(H → 3ℓ) – <6.7 (3.8) µ = 2.7+2.2
−1.8

tt(H → SS2ℓ) – <9.1 (3.4) µ = 5.3+2.2
−1.8

tt(H → τ+τ−) – <12.9 (14.2) µ = −1.4+6.3
−5.5

Combination – <4.3 (1.8) µ = 2.5 +1.1
−1.0

III.7. Searches for rare decays of the Higgs boson

III.7.1. H → Zγ

The search for H → Zγ is performed in the final states

where the Z boson decays into opposite sign and same flavor

leptons (ℓ+ℓ−), ℓ here refers to e or µ. While the branching

fraction for H → Zγ is comparable to H → γγ (about 10−3) at

mH = 125 GeV, the observable signal yield is brought down by

the small branching ratio of Z → (e+e− + µ+µ−) = 6.7× 10−2.

In these channels, the mℓℓγ mass resolution is excellent (1-3%)

so the analyses search for a narrow mass peak over a continuous

background. The major backgrounds arise from the Z +γ , final

state radiation in Drell–Yan decays and Z + jets process where

a jet is misidentified as a photon.

Events are divided into mutually exclusive categories on ba-

sis of the expected mZγ resolution and the signal-to-background
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“What will be new and different in the 2015 edition?”
!  Rare production channels  !  th     h+boosted jet 
!
 Double-Higgs production  !     gg → hh 

     WW → hh 
!  Kinematical distributions !!  Differential cross sections in ZZ and γγ channels 

 off-shell couplings and EFT interpretation (rather than bound on width) 
interferometry in γγ channel 
!

  BSM Higgs Searches 

  



How did we handle the  previous recommendations? 

“ The Higgs review should be rewritten in a very substantial way as soon as possible, and no later than  
the 2013 update following the publication of final results from ATLAS and CMS on the full 7 and 8 TeV 
datasets. The focus should be on the SM Higgs and its properties.” 

  All New: We rewrote the review completely 
!
   SM Higgs:  We devoted 1/2 of the review: Sections II, III and IV to the SM-like Higgs  

            Properties, production mechanisms and decay rates. 	


            Description of SM Higgs boson analysis  channels	


            General theoretical framework to analyze deviations of Higgs properties from SM predictions	



!
  New Physics models with a light Higgs boson: Section V 

      SUSY extensions (incl. new sources of CP violation),  
      Non-SUSY extensions with an elementary Higgs, 
      Composite Higgs models 
      Searches for additional Higgs bosons 



How did we handle the  previous recommendations? 

     “On the experimental side, we suggest reorganizing the review to include first a summary of the status  
   before July 4 (a condensation of the present section), and then detailing the data that has subsequently 
   been  collected.”

• We have ~ a page of the status prior to July 4th, 2012, the rest is on new analyses 
• We are considering to shorten the details of the discovery analyses in the 2015 edition                                    
(refer to 2014 edition) 

          
“On the theory side, the focus should be changed to reflect the transition to a precision measurement era.  
 The data should be interpreted in a model-independent manner (with analogy to the S and T variables of  
 electroweak precision tests, which would parameterize both the tree-level structure of the theory and the  
 loop-induced effects). This would provide a guide to future measurements.” 

• We show the interpretation of data in terms of the EFT approach (Section IV).  
This allows to evaluate deviations of the Higgs couplings from its SM values (SM coupling modifiers)  
 in an as much as possible model independent manner 
!

• We present likelihood contours of global fits in terms of pairs of SM coupling modifiers under some 
assumptions for the rest of them. 
!

• We present a general framework to study the spin and parity quantum numbers of the newly   
discovered particle The most general tensor structure is used for the three possible spin hypotheses  
of spin 0, spin 1 and spin 2, as well as for probing CP mixture. 



Need to cover new exp. results  	



TH vs EXP	


    separated or kept together? 

    We all agree is better to keep them together.  

    More useful, coherent. More work, but the hardest part already done 

What could be removed:	


    large description of the analyses part? Refer to the 2014 edition for details?      

    narrative about the discovery? Already quite succinct! 
    pre-LHC bounds? Already quite succinct too, but could refer to the 2014 edition 

What could be improved:	


    expand the EFT part? 
    balance susy and compositeness parts while keeping them concise 

Can we make it shorter?


