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Lecture 8

for a consistent parametrization of both production and decay modes in terms of Higgs boson couplings.
Since several Higgs boson production modes are available at the LHC, results shown in two di-

mensional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production
has been observed yet, hence a common signal strength scale factor µggF+tt̄H has been assigned to both
gluon fusion production (ggF) and the very small tt̄H production mode, as they both scale dominantly
with the ttH coupling in the SM. Similarly, a common signal strength scale factor µVBF+VH has been
assigned to the VBF and VH production modes, as they scale with the WH/ZH gauge coupling in the
SM. The resulting contours for the H→ γγ, H→WW (∗)→ ℓνℓν, H→ZZ(∗)→ 4ℓ and H → ττ channels
for mH=125.5 GeV are shown in Fig. 2.
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factors B/BSM, which are different for the different
final states. The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF
and VH) production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL
contours are also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to account for a deficit of events from the
corresponding production process. As described in Ref. [12], while the signal strengths may be negative,
the total probability density function must remain positive everywhere, and hence the total number of
expected signal+background events has to be positive everywhere. This restriction is responsible for
the sharp cutoff in the H→ZZ(∗)→ 4ℓ contour. It should be noted that each contour refers to a different
branching fraction B/BSM, hence a direct combination of the contours from different final states is not
possible.

It is nevertheless possible to use the ratio of production modes channel by channel to eliminate the
dependence on the branching fractions and illustrate the relative discriminating power between ggF+ tt̄H
and VBF + VH, and test the compatibility of the measurements among channels. The relevant channels
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Couplings – Present Status

strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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Higgs Boson Production and Decay
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Higgs Boson Search Channels

Finally, avenues that can be pursued to improve upon this interim framework and recommenda-
tions on how to probe the tensor structure will be discussed in a future document.

2 Panorama of experimental measurements at the LHC
In 2011, the LHC delivered an integrated luminosity of slightly less than 6 fb−1 of proton–proton (pp)
collisions at a center-of-mass energy of 7 TeV to the ATLAS and CMS experiments. By July 2012, the
LHC delivered more than 6 fb−1 of pp collisions at a center-of-mass energy of 8 TeV to both experiments.
For this dataset, the instantaneous luminosity reached record levels of approximately 7 · 1033 cm−2s−1,
almost double the peak luminosity of 2011 with the same 50 ns bunch spacing. The 2012 pp run will
continue until the end of the year, hopefully delivering about 30 fb−1 per experiment.

At the LHC a SM-like Higgs boson is searched for mainly in four exclusive production processes:
the predominant gluon fusion gg → H, the vector boson fusion qq′ → qq′H, the associated production
with a vector boson qq → WH/ZH and the associated production with a top-quark pair qq/gg → ttH.
The main search channels are determined by five decay modes of the Higgs boson, the γγ, ZZ(∗),WW(∗),
bb and τ+τ− channels. The mass range within which each channel is effective and the production
processes for which exclusive searches have been developed and made public are indicated in Table 1. A
detailed description of the Higgs search analyses can be found in Refs. [1, 2].

Table 1: Summary of the Higgs boson search channels in the ATLAS and CMS experiments by July 2012. The√
symbol indicates exclusive searches targetting the inclusive gg → H production, the associated production

processes (with a vector boson or a top quark pair) or the vector boson fusion (VBF) production process.

Channel mH( GeV) ggH VBF VH ttH
ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS

H → γγ 110–150
√ √ √ √

- - - -
H → τ+τ− 110–145

√ √ √ √ √ √
- -

H → bb 110–130 - - - -
√ √

-
√

H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− 110–600
√ √

- - - - - -
H → WW(∗) → ℓ+νℓ−ν 110–600

√ √ √ √ √ √
- -

Both the ATLAS and CMS experiments observe an excess of events for Higgs boson mass hy-
potheses near ∼ 125 GeV. The observed combined significances are 5.9σ for ATLAS [1] and 5.0σ for
CMS [2], compatible with their respective sensitivities. Both observations are primarily in the H → γγ ,
H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− and H → WW(∗) → ℓ+νℓ−ν channels. For the H → γγ channel, excesses of
4.5σ and 4.1σ are observed at Higgs boson mass hypotheses of 126.5 GeV and 125 GeV, in agreement
with the expected sensitivities of around 2.5σ and 2.8σ, in the ATLAS and CMS experiments respec-
tively. For the H → ZZ(∗) → ℓ+ℓ−ℓ+ℓ− channel, the significances of the excesses are 3.6σ and 3.2σ at
Higgs boson mass hypotheses of 125 GeV and 125.6 GeV, in the ATLAS and CMS experiments respec-
tively. The expected sensitivities at those masses are 2.7σ in ATLAS and 3.8σ in CMS respectively. For
the low mass resolution H → WW(∗) → ℓ+νℓ−ν channel ATLAS observes an excess of 2.8σ (2.3σ ex-
pected) and CMS observes 1.6σ (2.4σ expected) for a Higgs boson mass hypotheses of ∼ 125 GeV. The
other channels do not contribute significantly to the excess, but are nevertheless individually compatible
with the presence of a signal.

The ATLAS and CMS experiments have also reported compatible measurements of the mass of
the observed narrow resonance yielding:

126.0 ±0.4(stat.) ±0.4(syst.) GeV(ATLAS),
125.3 ±0.4(stat.) ±0.5(syst.) GeV(CMS).

2

Higgs boson search channels in the ATLAS and CMS experiments by July 2012.  
!

The √ symbol indicates exclusive searches targeting the inclusive gg ➛ H production,  
the associated production processes or the vector boson fusion production process. 

[arXiv:1209.0040]
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2 Individual Channels

The different channel categories considered in this analysis are summarized in Table 1. Many of the

sub-channels are introduced to enhance sensitivity to the SM Higgs boson (e.g., the categorization of

events according to lepton flavor or low/high pile-up) but do not provide any discrimination between

different production modes. In contrast, requirements on lepton and jet multiplicities, on low/high-pTt

(a variable related to the transverse momentum of the Higgs boson) in the H→ γγ channel, and on Emiss
T

(the transverse missing momentum) provide discrimination between different production modes. Table 2

summarizes the primary sources of discrimination between the different production modes and provides

representative numbers of events satisfying the selection requirements from the various SM production

modes for a 126 GeV Higgs boson. These numbers refer to mass windows that contain about 90% of the

signal and to the combination of the luminosities and centre-of-mass energies reported in Table 1.

Table 1: Summary of the individual channels entering the combination. The transition points between

separately optimized mH regions are indicated where applicable. In channels sensitive to associated

production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕ represent direct

products and sums over sets of selection requirements, respectively.

Higgs Boson Subsequent
Sub-Channels

∫

L dt
Ref.

Decay Decay [fb−1]

2011
√

s =7 TeV

H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ} 4.8 [10]

H → γγ – 10 categories {pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet} 4.8 [11]

H → WW(∗) ℓνℓν {ee, eµ, µµ} ⊗ {0-jet, 1-jet, 2-jet} ⊗ {low, high pile-up} 4.7 [12]

H → ττ

τlepτlep {eµ} ⊗ {0-jet} ⊕ {ℓℓ} ⊗ {1-jet, 2-jet, VH} 4.7

τlepτhad
{e, µ} ⊗ {0-jet} ⊗ {Emiss

T
< 20 GeV, Emiss

T
≥ 20 GeV}

4.7
[13]

⊕ {e, µ} ⊗ {1-jet} ⊕ {ℓ} ⊗ {2-jet}
τhadτhad {1-jet} 4.7

VH → Vbb

Z → νν Emiss
T
∈ {120 − 160, 160 − 200,≥ 200 GeV} 4.6

W → ℓν pW
T
∈ {< 50, 50 − 100, 100 − 200,≥ 200 GeV} 4.7 [14]

Z → ℓℓ pZ
T ∈ {< 50, 50 − 100, 100 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV

H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ} 5.8 [10]

H → γγ – 10 categories {pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet} 5.9 [11]

H → WW(∗) eνµν {eµ, µe} ⊗ {0-jet, 1-jet, 2-jet} 5.8 [15]

3 Statistical Procedure

The statistical modeling of the data is described in Refs. [16, 17, 18, 19, 20]. For each production mode i,

a signal strength factor µi defined by µi = σi/σi,SM is introduced. Similarly, for each decay final state, f ,

a factor µ f = Bf /Bf ,SM is introduced. For each analysis category (k) the number of signal events (nk
signal

)

is parametrized as:

nk
signal =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

∑

i

µiσi,SM × Ak
i × ε

k
i f

⎞

⎟

⎟

⎟

⎟

⎟

⎠

× µ f × Bf ,SM ×Lk (1)
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is introduced. For each analysis category (k) the number of signal events (nk
signal) is parametrized as:

nk
signal =

⎛
⎜⎜⎜⎜⎜⎝
∑

i

µiσi,SM × Ak
i f × εk

i f

⎞
⎟⎟⎟⎟⎟⎠ × µ f × Bf ,SM ×Lk (1)

where A represents the detector acceptance, ε the reconstruction efficiency and L the integrated lumi-
nosity. The number of signal events expected from each combination of production and decay mode
is scaled by the corresponding product µiµ f , with no change to the distribution of kinematic or other
properties. This parametrization generalizes the dependence of the signal yields on the production cross
sections and decay branching fractions, allowing for a coherent variation across several channels. This
approach is also general in the sense that it is not restricted by any relationship between production cross
sections and branching ratios. The relationship between production and decay in the context of a specific
theory or benchmark is achieved via a parametrization of µi, µ f → f (κ), where κ are the parameters of

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding References indicated in the last column. For the determi-
nation of the combined signal strength µ, reported in Section 4, the inclusive H→ ZZ(∗)→ 4ℓ analysis [8]
is used.

Higgs Boson Subsequent Sub-Channels
∫

L dt Ref.Decay Decay [fb−1]

2011
√

s =7 TeV
H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, ℓ-tag} 4.6 [8]

H → γγ – 10 categories 4.8 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF}
H → WW (∗) ℓνℓν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H → ττ
τlepτlep {eµ} ⊗ {0-jet} ⊕ {ℓℓ} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 4.6
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 4.6 [10]
τhadτhad {1-jet, 2-jet} 4.6

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 4.6
W → ℓν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7 [11]
Z → ℓℓ pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV
H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, ℓ-tag}} 20.7 [8]

H → γγ – 14 categories 20.7 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF} ⊕ {ℓ-tag, Emiss
T -tag, 2-jet VH}

H → WW (∗) ℓνℓν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H → ττ
τlepτlep {ℓℓ} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 13
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 13 [10]
τhadτhad {1-jet, 2-jet} 13

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 13
W → ℓν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13 [11]
Z → ℓℓ pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13
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Event Numbers – Example
Table 2: Summary of the number of selected events, background and expected SM signal contributions

for a 126 GeV Higgs boson, estimated in invariant or transverse mass intervals containing ∼ 90% of

the signal around the most probable value of the invariant or transverse mass distributions, from various

production modes satisfying all selection requirements. These numbers refer to the combination of the

luminosities and centre-of-mass energies reported in Table 1. Categories that do not provide significant

discrimination between production modes are merged.

Decay Sub-channel Nobs ⟨NB⟩ ⟨NggF⟩ ⟨NVBF⟩ ⟨NWH⟩ ⟨NZH⟩ ⟨NttH⟩

H→ γγ
low-pTt 7013 6820 138 6.3 3.1 1.8 0.4

high-pTt 320 291 14.0 2.9 1.8 1.0 0.4

2-jet 36 24.2 1.3 3.4 0.0 0.0 0.0

H→ZZ(∗)→ 4ℓ – 14 5.4 5.6 0.5 0.1 0.1 0.0

H→WW(∗)→ ℓνℓν
0-jet 667 573 75.3 0.8 0.3 0.4 0.0

1-jet 183 141 16.7 1.7 0.3 0.2 0.0

2-jet 3 3.7 0.3 1.3 0.0 0.0 0.0

H → τ+τ−
0-jet 9277 9305 17.6 0.6 0.1 0.3 0.0

1-jet 393 406 3.6 1.0 0.1 0.2 0.0

2-jet 22 28.2 0.3 0.9 0.0 0.0 0.0

VH 164 152 0.7 0.1 0.2 0.3 0.0

H → bb̄
ZH 322 321 0.0 0.0 0.0 4.0 0.0

WH 1266 1311 0.0 0.0 11.1 0.0 0.0

where A represents the detector acceptance, ε the reconstruction efficiency andL the integrated luminos-

ity. The number of signal events expected from each combination of production and decay is scaled by

the corresponding product of µiµ f , with no change to the distribution of kinematic or other properties1.

This parametrization generalizes the dependency of the signal yields on the production cross sections

and decay branching fractions, allowing for a coherent variation across several channels. This approach

is also general in the sense that it is not restricted by any relationship between production cross sections

and branching ratios. For instance, it is possible to force the production cross section σWH = 0 while

maintaining a positive branching ratio BWW . The relationship between production and decay in the con-

text of a specific theory or benchmark is achieved via a parametrization of µi, µ f → f (κ), where the κ are

the parameters of the theory or benchmark under consideration as defined in Section 6.

Given the observed data, the resulting likelihood function is a function of a vector of signal strength

factors µ, and nuisance parameters θ. Hypothesized values of µ are tested with a statistic2 Λ(µ) based on

the profile likelihood ratio [21].

Λ(µ) =
L
(

µ, ˆ̂θ(µ)
)

L(µ̂, θ̂)
(2)

where the single circumflex denotes the unconditional maximum likelihood estimate of a parameter and

the double circumflex (e.g. ˆ̂θ(µ)) denotes the conditional maximum likelihood estimate (e.g. of θ) for

given fixed values of µ. This test statistic extracts the information on the parameters of interest from

the full likelihood function. When the signal strength parameters µ are reparametrized in terms of µ(κ),

1Occasionally the product µiµ f is also represented by a single signal strength parameter µ j, where j is an index representing

both the production and decay indices i and f . For example, the global signal strength µ in Figure 1 is used for all combinations

of production and decay.
2Here Λ is used for the profile likelihood ratio to avoid confusion with the parameter λ used in the benchmarks.
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Higgs Boson Event Production
is introduced. For each analysis category (k) the number of signal events (nk

signal) is parametrized as:

nk
signal =

⎛
⎜⎜⎜⎜⎜⎝
∑

i

µiσi,SM × Ak
i f × εk

i f

⎞
⎟⎟⎟⎟⎟⎠ × µ f × Bf ,SM ×Lk (1)

where A represents the detector acceptance, ε the reconstruction efficiency and L the integrated lumi-
nosity. The number of signal events expected from each combination of production and decay mode
is scaled by the corresponding product µiµ f , with no change to the distribution of kinematic or other
properties. This parametrization generalizes the dependence of the signal yields on the production cross
sections and decay branching fractions, allowing for a coherent variation across several channels. This
approach is also general in the sense that it is not restricted by any relationship between production cross
sections and branching ratios. The relationship between production and decay in the context of a specific
theory or benchmark is achieved via a parametrization of µi, µ f → f (κ), where κ are the parameters of

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding References indicated in the last column. For the determi-
nation of the combined signal strength µ, reported in Section 4, the inclusive H→ ZZ(∗)→ 4ℓ analysis [8]
is used.

Higgs Boson Subsequent Sub-Channels
∫

L dt Ref.Decay Decay [fb−1]

2011
√

s =7 TeV
H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, ℓ-tag} 4.6 [8]

H → γγ – 10 categories 4.8 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF}
H → WW (∗) ℓνℓν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H → ττ
τlepτlep {eµ} ⊗ {0-jet} ⊕ {ℓℓ} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 4.6
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 4.6 [10]
τhadτhad {1-jet, 2-jet} 4.6

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 4.6
W → ℓν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7 [11]
Z → ℓℓ pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV
H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, ℓ-tag}} 20.7 [8]

H → γγ – 14 categories 20.7 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF} ⊕ {ℓ-tag, Emiss
T -tag, 2-jet VH}

H → WW (∗) ℓνℓν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H → ττ
τlepτlep {ℓℓ} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 13
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 13 [10]
τhadτhad {1-jet, 2-jet} 13

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 13
W → ℓν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13 [11]
Z → ℓℓ pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13

3

analysis category 
production mode 
decay final state 
number of selected signal events in final state k 
integrated luminosity 
production cross section 
final state branching ratio 
production mode signal strength  
final state branching ratio strength 
detector acceptance  
reconstruction and selection efficiency

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
=

k 	  
i  
f 
nsignal  
L 
σi,SM 
Bf,SM 
μi 
μf  
A 
ε

k

[ATLAS-CONF-2013-034]



Likelihood Contour – (μggF+ttH, μVBF+VH) Plane

for a consistent parametrization of both production and decay modes in terms of Higgs boson couplings.
Since several Higgs boson production modes are available at the LHC, results shown in two di-

mensional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production
has been observed yet, hence a common signal strength scale factor µggF+tt̄H has been assigned to both
gluon fusion production (ggF) and the very small tt̄H production mode, as they both scale dominantly
with the ttH coupling in the SM. Similarly, a common signal strength scale factor µVBF+VH has been
assigned to the VBF and VH production modes, as they scale with the WH/ZH gauge coupling in the
SM. The resulting contours for the H→ γγ, H→WW (∗)→ ℓνℓν, H→ZZ(∗)→ 4ℓ and H → ττ channels
for mH=125.5 GeV are shown in Fig. 2.
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factors B/BSM, which are different for the different
final states. The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF
and VH) production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL
contours are also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to account for a deficit of events from the
corresponding production process. As described in Ref. [12], while the signal strengths may be negative,
the total probability density function must remain positive everywhere, and hence the total number of
expected signal+background events has to be positive everywhere. This restriction is responsible for
the sharp cutoff in the H→ZZ(∗)→ 4ℓ contour. It should be noted that each contour refers to a different
branching fraction B/BSM, hence a direct combination of the contours from different final states is not
possible.

It is nevertheless possible to use the ratio of production modes channel by channel to eliminate the
dependence on the branching fractions and illustrate the relative discriminating power between ggF+ tt̄H
and VBF + VH, and test the compatibility of the measurements among channels. The relevant channels

6

[Note: μf = 1]

Important: 
BRs differ for  
different final states
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Compatibility Test between Channels
have the following proportionality:

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ
σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) (3)

σ(qq′ → qq′H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ
σ(qq′ → qq′H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ · µVBF+VH/µggF+tt̄H

where µggF+tt̄H;H→XX is defined as

µggF+tt̄H;H→XX =
σ(ggF) · BR(H → XX)

σSM(ggF) · BRSM(H → XX)
=

σ(tt̄H) · BR(H → XX)
σSM(tt̄H) · BRSM(H → XX)

(4)

and µVBF+VH/µggF+tt̄H is the parameter of interest giving the ratio between VBF + VH and ggF + tt̄H
scale factors.

The likelihood as a function of the common ratio µVBF+VH/µggF+tt̄H , while profiling over all pa-
rameters µggF+tt̄H;H→XX , is shown in Fig. 3 for the H→ γγ, H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and
H → ττ channels and their combination. For this combination it is only necessary to assume that
the same boson H is responsible for all observed Higgs-like signals and that the separation of gluon-
fusion-like events and VBF-like events within the individual analyses based on the event kinematic
properties is valid. The measurements in the four channels, as well as the observed combined ratio
µVBF+VH/µggF+tt̄H = 1.2+0.7

−0.5 , are compatible with the SM expectation of unity. The p-value3 when test-
ing the hypothesis µVBF+VH/µggF+tt̄H = 0 is 0.05% , corresponding to a significance against the vanishing
vector boson mediated production assumption of 3.3σ. The ratio µVBF/µggF+tt̄H , where the signal strength
µVH of the VH Higgs production process is profiled instead of being treated together with µVBF, gives
the same result of µVBF/µggF+tt̄H = 1.2+0.7

−0.5. The p-value for µVBF/µggF+tt̄H = 0 is 0.09% corresponding
to a significance against the vanishing VBF production assumption of 3.1σ.

In another approach the dependence on the individual production µi cancels out when taking the
ratio of µi × BR within the same production mode. For the example of the H→ γγ and H→ ZZ(∗)→ 4ℓ
channels, this results in a ratio of relative branching ratios ρ, defined as:

ργγ/ZZ =
BR(H→ γγ)

BR(H → ZZ(∗))
× BRSM(H → ZZ(∗))

BRSM(H→ γγ) , (5)

where the first term is the ratio of branching ratios and the second term rescales this ratio to the SM
expectations. The relevant channels have the following proportionality:

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · ργγ/ZZ

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H · ργγ/ZZ

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) (6)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

3The p-value and significance are calculated for the test hypothesis µVBF+VH/µggF+tt̄H = 0 against the one-sided alternative
µVBF+VH/µggF+tt̄H > 0 using the profile likelihood test statistic.
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ channels and their combination for a Higgs boson
mass hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from
the branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements
from all four channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the
signal strength µVH is profiled. The dashed curves show the SM expectation for the combination. The
horizontal dashed lines indicate the 68% and 95% confidence levels.

Figure 4 shows the likelihood as a function of the ratios ρXX/YY for pairwise combinations of the
H→ γγ, H→ZZ(∗)→ 4ℓ and H→WW (∗)→ ℓνℓν channels, while profiling over the parameters µggF+tt̄H;H→YY
and µVBF+VH/µggF+tt̄H . The best-fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.

5 Coupling fits

In the previous section signal strength scale factors µi, f for either the Higgs production or decay modes
were determined. However, for a consistent measurement of Higgs boson couplings, production and de-
cay modes cannot be treated independently. Following the framework and benchmarks as recommended
in Ref. [18,21], measurements of coupling scale factors are implemented using a LO tree level motivated
framework. This framework makes the following assumptions:

• The signals observed in the different search channels originate from a single narrow resonance
with a mass near 125.5 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

• The width of the assumed Higgs boson near 125.5 GeV is neglected, i.e. the zero-width approxi-
mation for this state is used. Hence the product σ × BR(ii → H → ff ) can be decomposed in the
following way for all channels:

σ × BR(ii→ H → ff ) =
σii · Γff
ΓH

, (8)
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σ(qq′ → qq′H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ · µVBF+VH/µggF+tt̄H

where µggF+tt̄H;H→XX is defined as

µggF+tt̄H;H→XX =
σ(ggF) · BR(H → XX)

σSM(ggF) · BRSM(H → XX)
=

σ(tt̄H) · BR(H → XX)
σSM(tt̄H) · BRSM(H → XX)

(4)

and µVBF+VH/µggF+tt̄H is the parameter of interest giving the ratio between VBF + VH and ggF + tt̄H
scale factors.

The likelihood as a function of the common ratio µVBF+VH/µggF+tt̄H , while profiling over all pa-
rameters µggF+tt̄H;H→XX , is shown in Fig. 3 for the H→ γγ, H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and
H → ττ channels and their combination. For this combination it is only necessary to assume that
the same boson H is responsible for all observed Higgs-like signals and that the separation of gluon-
fusion-like events and VBF-like events within the individual analyses based on the event kinematic
properties is valid. The measurements in the four channels, as well as the observed combined ratio
µVBF+VH/µggF+tt̄H = 1.2+0.7

−0.5 , are compatible with the SM expectation of unity. The p-value3 when test-
ing the hypothesis µVBF+VH/µggF+tt̄H = 0 is 0.05% , corresponding to a significance against the vanishing
vector boson mediated production assumption of 3.3σ. The ratio µVBF/µggF+tt̄H , where the signal strength
µVH of the VH Higgs production process is profiled instead of being treated together with µVBF, gives
the same result of µVBF/µggF+tt̄H = 1.2+0.7

−0.5. The p-value for µVBF/µggF+tt̄H = 0 is 0.09% corresponding
to a significance against the vanishing VBF production assumption of 3.1σ.

In another approach the dependence on the individual production µi cancels out when taking the
ratio of µi × BR within the same production mode. For the example of the H→ γγ and H→ ZZ(∗)→ 4ℓ
channels, this results in a ratio of relative branching ratios ρ, defined as:

ργγ/ZZ =
BR(H→ γγ)

BR(H → ZZ(∗))
× BRSM(H → ZZ(∗))

BRSM(H→ γγ) , (5)

where the first term is the ratio of branching ratios and the second term rescales this ratio to the SM
expectations. The relevant channels have the following proportionality:

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · ργγ/ZZ

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H · ργγ/ZZ

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) (6)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

3The p-value and significance are calculated for the test hypothesis µVBF+VH/µggF+tt̄H = 0 against the one-sided alternative
µVBF+VH/µggF+tt̄H > 0 using the profile likelihood test statistic.
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Figure 4: Likelihood curves for pairwise ratios of branching ratios normalized to their SM expectations
(a) ργγ/ZZ , (b) ργγ/WW and (c) ρZZ/WW of the H→ γγ, H→ ZZ(∗)→ 4ℓ and H→WW (∗)→ ℓνℓν channels,
for a Higgs boson mass hypothesis of mH = 125.5 GeV. The dashed curves show the SM expectation.

where σii is the production cross section through the initial state ii, Γff the partial decay width into
the final state ff and ΓH the total width of the Higgs boson.

• Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar as in the SM.

The LO motivated coupling scale factors κ j are defined in such a way that the cross sections σ j and
the partial decay widths Γ j associated with the SM particle j scale with the factor κ2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [3, 18]

Taking the process gg → H → γγ as an example, one would write the cross section as:

σ · BR (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2

g · κ2
γ

κ2
H

(9)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Refs. [19,
20, 22] for a given Higgs boson mass hypothesis.

In some of the fits the effective scale factors κγ and κg for the processes H → γγ and gg → H, which
are loop induced in the SM, are treated as a function of the more fundamental coupling scale factors κt,
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Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.
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κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)
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Signal Cross Section

3 Interim framework for the search of deviations
The idea behind this framework is that all deviations from the SM are computed assuming that there is
only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation
of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like,
in the sense that the experimental results so far are compatible with the interpretation of the state in
terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics
(and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such
as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars
that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at
125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches
the properties of the SM Higgs, or to establish a deviation from the SM behaviour, which would rule out
the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of
electroweak symmetry breaking (EWSB) would obviously be to test the compatibility of the observed
patterns with alternative frameworks of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of
the new state near 125 GeV from the LHC data to be collected in 2012 the following assumptions are
made1:

– The signals observed in the different search channels originate from a single narrow resonance
with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approxima-
tion for this state is used. Hence the signal cross section can be decomposed in the following way
for all channels:

(σ · BR) (ii → H → ff ) =
σii · Γff

ΓH
(1)

where σii is the production cross section through the initial state ii , Γff the partial decay width
into the final state ff and ΓH the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating
the experimental information that can be obtained on the coupling properties of the new state is outlined.
In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they
cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract
information on the couplings from the measured quantities like cross sections times branching ratios
(for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the
extracted information. Different options can be pursued in this context. One possibility is to confront a
specific model with the experimental data. This has the advantage that all available higher-order correc-
tions within this model can consistently be included and also other experimental constraints (for instance
from direct searches or from electroweak precision data) can be taken into account. However, the results
obtained in this case are restricted to the interpretation within that particular model. Another possibility
is to use a general parametrization of the couplings of the new state without referring to any particular
model. While this approach is clearly less model-dependent, the relation between the extracted coupling
parameters and the couplings of actual models, for instance the SM or its minimal supersymmetric exten-
sion (MSSM), is in general non-trivial, so that the theoretical interpretation of the extracted information
can be difficult. It should be mentioned that the results for the signal strengths of individual search chan-
nels that have been made public by ATLAS and CMS, while referring just to a particular search channel
rather than to the full information available from the Higgs searches, are nevertheless very valuable for
testing the predictions of possible models of physics beyond the SM.

1The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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Higgs Scale Factors

Production modes
σggH
σSMggH

=

{

κ2g(κb, κt,mH)
κ2g

(3)

σVBF
σSMVBF

= κ2VBF(κW, κZ,mH) (4)

σWH

σSMWH

= κ2W (5)

σZH
σSMZH

= κ2Z (6)

σttH

σSM
ttH

= κ2t (7)

Detectable decay modes
ΓWW(∗)

ΓSM
WW(∗)

= κ2W (8)

ΓZZ(∗)

ΓSM
ZZ(∗)

= κ2Z (9)

Γbb

ΓSM
bb

= κ2b (10)

Γτ−τ+

ΓSM
τ−τ+

= κ2τ (11)

Γγγ

ΓSMγγ
=

{

κ2γ (κb, κt, κτ, κW,mH)
κ2γ

(12)

ΓZγ

ΓSMZγ
=

{

κ2(Zγ)(κb, κt, κτ, κW,mH)

κ2(Zγ)
(13)

Currently undetectable decay modes
Γtt

ΓSM
tt

= κ2t (14)

Γgg

ΓSMgg
: see Section 3.1.2

Γcc

ΓSMcc
= κ2t (15)

Γss

ΓSMss
= κ2b (16)

Γµ−µ+

ΓSM
µ−µ+

= κ2τ (17)

Total width
ΓH

ΓSMH
=

{

κ2H(κi,mH)

κ2H
(18)

Table 2: LO coupling scale factor relations for Higgs boson cross sections and partial decay widths relative to the
SM. For a givenmH hypothesis, the smallest set of degrees of freedom in this framework comprises κW , κZ , κb ,
κt, and κτ. For partial widths that are not detectable at the LHC, scaling is performed via proxies chosen among
the detectable ones. Additionally, the loop-induced vertices can be treated as a function of other κi or effectively,
through the κg and κγ degrees of freedom which allow probing for BSM contributions in the loops. Finally, to
explore invisible or undetectable decays, the scaling of the total width can also be taken as a separate degree of
freedom, κH, instead of being rescaled as a function, κ2H(κi,mH), of the other scale factors.
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Higgs Scale Factors

3.1.1 Scaling of the VBF cross section
κ2VBF refers to the functional dependence of the VBF2 cross section on the scale factors κ2W and κ2Z:

κ2VBF(κW, κZ,mH) =
κ2W · σWF (mH) + κ2Z · σZF (mH)

σWF (mH) + σZF (mH)
(19)

TheW- and Z-fusion cross sections, σWF and σZF , are taken from Refs. [65,66]. The interference term
is < 0.1% in the SM and hence ignored [67].

3.1.2 Scaling of the gluon fusion cross section and of theH → gg decay vertex
κ2g refers to the scale factor for the loop-induced production cross section σggH. The decay width Γgg is
not observable at the LHC, however its contribution to the total width is also considered.

Gluon fusion cross-section scaling
As NLO QCD corrections factorize with the scaling of the electroweak couplings with κt and κb, the
function κ2g(κb, κt,mH) can be calculated in NLO QCD:

κ2g(κb, κt,mH) =
κ2t · σ

tt
ggH(mH) + κ2b · σbb

ggH(mH) + κtκb · σ
tb
ggH(mH)

σtt
ggH(mH) + σbb

ggH(mH) + σtb
ggH(mH)

(20)

Here, σtt
ggH, σ

bb
ggH and σtb

ggH denote the square of the top-quark contribution, the square of the
bottom-quark contribution and the top-bottom interference, respectively. The interference term (σtb

ggH) is
negative for a light mass Higgs, mH < 200 GeV. Within the LHC Higgs Cross Section Working Group
(for the evaluation of the MSSM cross section) these contributions were evaluated, where for σbb

ggH and
σtb
ggH the full NLO QCD calculation included in HIGLU [68] was used. For σ

tt
ggH the NLO QCD result

of HIGLU was supplemented with the NNLO corrections in the heavy-top-quark limit as implemented
in GGH@NNLO [69], see Ref. [61, Sec. 6.3] for details.

Partial width scaling
In a similar way, NLOQCD corrections for theH → gg partial width are implemented in HDECAY [70–
72]. This allows to treat the scale factor for Γgg as a second order polynomial in κb and κt:

Γgg

ΓSMgg (mH)
=

κ2t · Γ
tt
gg(mH) + κ2b · Γ

bb
gg (mH) + κtκb · Γtb

gg(mH)

Γtt
gg(mH) + Γbb

gg (mH) + Γtb
gg(mH)

(21)

The terms Γtt
gg, Γbb

gg and Γtb
gg are defined like the σggH terms in Eq. (20). The Γii

gg correspond to the
partial widths that are obtained for κi = 1 and all other κj = 0, j ̸= i. The cross-term Γtb

gg can then be
derived by calculating the SM partial width by setting κb = κt = 1 and subtracting Γtt

gg and Γbb
gg from it.

Effective treatment
In the general case, without the assumptions above, possible non-zero contributions from additional
particles in the loop have to be taken into account and κ2g is then treated as an effective coupling scale
factor parameter in the fit: σggH/σSMggH = κ2g. The effective scale factor for the partial gluon width
Γgg should behave in a very similar way, so in this case the same effective scale factor κg is used:
Γgg/ΓSMgg = κ2g. As the contribution of Γgg to the total width is <10% in the SM, this assumption is
believed to have no measurable impact.

2Vector Boson Fusion is also called Weak Boson Fusion, as only the weak bosonsW and Z contribute to the production.
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3.1.3 Scaling of theH → γγ partial decay width
Like in the previous section, κ2γ refers to the scale factor for the loop-induced H → γγ decay. Also for
the H → γγ decay NLO QCD corrections exist and are implemented in HDECAY. This allows to treat
the scale factor for the γγ partial width as a second order polynomial in κb, κt, κτ, and κW:

κ2γ (κb, κt, κτ, κW,mH) =

∑

i,j κiκj · Γ
ij
γγ(mH)

∑

i,j Γ
ij
γγ(mH)

(22)

where the pairs (i, j) are bb, tt, ττ,WW,bt,bτ,bW, tτ, tW, τW. The Γii
γγ correspond to the partial

widths that are obtained for κi = 1 and all other κj = 0, (j ̸= i). The cross-terms Γij
γγ , (i ̸= j) can then

be derived by calculating the partial width by setting κi = κj = 1 and all other κl = 0, (l ̸= i, j), and
subtracting Γii

γγ and Γ
jj
γγ from them.

Effective treatment
In the general case, without the assumption above, possible non-zero contributions from additional par-
ticles in the loop have to be taken into account and κ2γ is then treated as an effective coupling parameter
in the fit.

3.1.4 Scaling of theH → Zγ decay vertex
Like in the previous sections, κ2(Zγ) refers to the scale factor for the loop-induced H → Zγ decay. This
allows to treat the scale factor for the Zγ partial width as a second order polynomial in κb, κt, κτ, and
κW:

κ2(Zγ)(κb, κt, κτ, κW,mH) =

∑

i,j κiκj · Γ
ij
Zγ(mH)

∑

i,j Γ
ij
Zγ(mH)

(23)

where the pairs (i, j) are bb, tt, ττ,WW,bt,bτ,bW, tτ, tW, τW. The Γij
Zγ are calculated in the same

way as for Eq. (22). NLO QCD corrections have been computed and found to be very small [73], and
thus ignored here.

Effective treatment
In the general case, without the assumption above, possible non-zero contributions from additional parti-
cles in the loop have to be taken into account and κ2(Zγ) is then treated as an effective coupling parameter
in the fit.

3.1.5 Scaling of the total width
The total width ΓH is the sum of all Higgs partial decay widths. Under the assumption that no additional
BSM Higgs decay modes (into either invisible or undetectable final states) contribute to the total width,
ΓH is expressed as the sum of the scaled partial Higgs decay widths to SM particles, which combine to
a total scale factor κ2H compared to the SM total width ΓSMH :

κ2H(κi,mH) =
∑

j = WW(∗),ZZ(∗),bb, τ−τ+,
γγ,Zγ, gg, tt, cc, ss, µ−µ+

Γj(κi,mH)

ΓSMH (mH)
(24)
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Gluon Fusion Cross Section:

VBF Cross Section:

Partial γγ-Decay Width:

Interference 
term



Scale Factor for Total Higgs Width …

2
H(i, mH) =

X

j

�j(i, mH)
�SM

H (mH)

with   j = WW, ZZ, bb, ττ, γγ …

But:  !
At LHC we do not measure the all Higgs boson production cross 
sections; and we don’t measure the Higgs width, ΓH ! !
Thus: need to use measured cross section to estimate κΗ …

Two possibilities: !
Make assumptions on ΓH ➛ model dependent measurement … 
Make ratio of measurements, given that they are ΓH independent …



Recommendations on 
Benchmark Parameterization

[arXiv:1209.0040]

General parametrization allowing other couplings to float
Free parameters: κgZ(= κg · κZ/κH), λγZ(= κγ/κZ), λWZ(= κW/κZ), λbZ(= κb/κZ), λτZ(= κτ/κZ), λZg(= κZ/κg), λtg(= κt/κg).

H → γγ H → ZZ(∗) H → WW(∗) H → bb H → τ−τ+

ggH κ2gZ 1 λ2γZ κ2gZ 1 1 κ2gZ 1 λ2WZ κ2gZ 1 λ2bZ κ2gZ 1 λ2τZ
ttH κ2gZ λ2tg λ2γZ κ2gZ λ2tg 1 κ2gZ λ2tg λ2WZ κ2gZ λ2tg λ2bZ κ2gZ λ2tg λ2τZ
VBF κ2gZλ

2
Zgκ

2
VBF(1, λWZ)λ2γZ κ2gZλ

2
Zgκ

2
VBF(1, λWZ)1 κ2gZλ

2
Zgκ

2
VBF(1, λWZ)λ2WZ κ2gZλ

2
Zgκ

2
VBF(1, λWZ)λ2bZ κ2gZλ

2
Zgκ

2
VBF(1, λWZ)λ2τZ

WH κ2gZ λ2Zgλ
2
WZ λ2γZ κ2gZ λ2Zgλ

2
WZ 1 κ2gZ λ2Zgλ

2
WZ λ2WZ κ2gZ λ2Zgλ

2
WZ λ2bZ κ2gZ λ2Zgλ

2
WZ λ2τZ

ZH κ2gZ λ2Zg λ2γZ κ2gZ λ2Zg 1 κ2gZ λ2Zg λ2WZ κ2gZ λ2Zg λ2bZ κ2gZ λ2Zg λ2τZ
κ2i = Γii/ΓSMii

Table A.1: A benchmark parametrization without further assumptions and maximum degrees of freedom. The colors denote the common factor (black) and the factors
related to the production (blue) and decay modes (red). Ones are used to denote the trivial factor.

21

Benchmark parameterization without further assumptions and maximum degrees of freedom; not used. 
[Black: common factors; blue: production factors; red: decay factors]

Common scale factor
Free parameter: κ(= κt = κb = κτ = κW = κZ).

H → γγ H → ZZ(∗) H → WW(∗) H → bb H → τ−τ+

ggH

κ2
ttH
VBF
WH
ZH

Table 3: The simplest possible benchmark parametrization where a single scale factor applies to all production
and decay modes.

This parametrization, despite providing the highest experimental precision, has several clear short-
comings, such as ignoring that the role of the Higgs boson in providing the masses of the vector bosons
is very different from the role it has in providing the masses of fermions.

4.2 Scaling of vector boson and fermion couplings
In checking whether an observed state is compatible with the SM Higgs boson, one obvious question
is whether it fulfills its expected role in EWSB which is intimately related to the coupling to the vector
bosons (W,Z).

Therefore, assuming that the SU(2) custodial symmetry holds, in the simplest case two parameters
can be defined, one scaling the coupling to the vector bosons, κV(= κW = κZ), and one scaling the
coupling common to all fermions, κf (= κt = κb = κτ). Loop-induced processes are assumed to scale as
expected from the SM structure.

In this parametrization, presented in Table 4, the gluon vertex loop is effectively a fermion loop
and only the photon vertex loop requires a non-trivial scaling, given the contributions of the top and
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Table 4: A benchmark parametrization where custodial symmetry is assumed and vector boson couplings are
scaled together (κV) and fermions are assumed to scale with a single parameter (κf ).
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Fermion vs. Vector Coupling 
Standard Model only contributions to total width

[ATLAS-CONF-2013-034]

κb, κW, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagted through the loop calculations, including all interference
effects, using the functional form derived from the SM [21].

5.1 Fermion versus vector (gauge) couplings

This benchmark is an extension of the single parameter µ fit, where different strengths for the fermion
and vector couplings are probed. It assumes that only SM particles contribute to the H→ γγ and gg→ H
vertex loops, but any modification of the coupling strength factors for fermions and vector bosons are
propagated through the loop calculations. The fit is performed in two variants, with and without the
assumption that the total width of the Higgs boson is given by the sum of the known SM Higgs boson
decay modes (modified in strength by the appropriate fermion and vector coupling scale factors).

5.1.1 Only SM contributions to the total width

The fit parameters are the coupling scale factors κF for all fermions and κV for all vector couplings:

κV = κW = κZ (10)
κF = κt = κb = κτ = κg (11)

As only SM particles are assumed to contribute to the gg → H vertex loop in this benchmark, the
gluon fusion process measures directly the fermion scale factor κ2

F . For the most relevant Higgs boson
production and decay modes the following proportionality is found:

σ(gg→ H) ∗ BR(H→ γγ) ∼
κ2

F · κ2
γ (κF , κV )

0.75 · κ2
F + 0.25 · κ2

V

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼
κ2

V · κ2
γ (κF , κV )

0.75 · κ2
F + 0.25 · κ2

V

σ(gg→ H) ∗ BR(H → ZZ(∗),H → WW (∗)) ∼
κ2

F · κ2
V

0.75 · κ2
F + 0.25 · κ2

V
(12)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗),H → WW (∗)) ∼
κ2

V · κ2
V

0.75 · κ2
F + 0.25 · κ2

V

σ(qq′ → qq′H,VH) ∗ BR(H → ττ,H → bb̄) ∼
κ2

V · κ2
F

0.75 · κ2
F + 0.25 · κ2

V
,

where κγ (κF , κV ) is the SM functional dependence of the effective scale factor κγ on the scale factors κF
and κV , which is to first approximation:4

κ2
γ (κF , κV ) = 1.59 · κ2

V − 0.66 · κVκF + 0.07 · κ2
F . (13)

The denominator is the total width scale factor κ2
H expressed as a function of the scale factors κF and κV ,

where 0.75 is the SM branching ratio to fermion and gluon final states and 0.25 the SM branching ratio
into WW (∗), ZZ(∗) and γγ for mH = 125.5 GeV.

Figure 5 shows the results for this benchmark. Only the relative sign between κF and κV is physical
and hence in the following only κV > 0 is considered without loss of generality. Some sensitivity to this
relative sign is gained from the negative interference between the W-loop and t-loop in the H→ γγ decay.

4The fit uses the full dependence of κγ on κW, κt , κb and κτ [21].
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Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.

11

Fermion vs. Vector Coupling 
Standard Model only contributions to total width

[ATLAS-CONF-2013-034]

Vκ

0.7 0.8 0.9 1 1.1 1.2 1.3

F
κ

-1

0

1

2

3
SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(a) (b)

Vκ

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

) V
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fκ,Vκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(c)

Fκ

-1.5 -1 -0.5 0 0.5 1 1.5

) F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fκ,Vκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(d)

Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.

11



Fermion vs. Vector Coupling 
Standard Model only contributions to total width

[ATLAS-CONF-2013-034]

Vκ

0.7 0.8 0.9 1 1.1 1.2 1.3

F
κ

-1

0

1

2

3
SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(a) (b)

Vκ

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

) V
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fκ,Vκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(c)

Fκ

-1.5 -1 -0.5 0 0.5 1 1.5

) F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fκ,Vκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(d)

Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.

11

Vκ

0.7 0.8 0.9 1 1.1 1.2 1.3

F
κ

-1

0

1

2

3
SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(a) (b)

Vκ

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

) V
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fκ,Vκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(c)

Fκ

-1.5 -1 -0.5 0 0.5 1 1.5

) F
κ(

Λ
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fκ,Vκ[

Observed
SM expected-1Ldt = 13-20.7 fb∫ = 8 TeV, s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s
ATLAS Preliminary

(d)

Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.

11



Probing BSM Contributions 
Standard Model only contributions to total width

[ATLAS-CONF-2013-034]

The measurement gives

λWZ = 0.80 ± 0.15 (40)
λγZ = 1.10 ± 0.18 (41)
λFZ = 0.74+0.21

−0.17 (42)

κZZ = 1.5+0.5
−0.4 (43)

at 68% CL. The four-dimensional compatibilty of the SM hypothesis with the best fit point is 9%.

5.2.2 Summary

The ratio λWZ probes the custodial symmetry through the relative couplings of the new particle to the
W and Z bosons. This parameter is in part directly constrained by the decays in the H→WW (∗)→ ℓνℓν
and H→ZZ(∗)→ 4ℓ channels and the WH and ZH production processes. It is also indirectly constrained
by the VBF production process, which in the SM is roughly 75% W-fusion and 25% Z-fusion mediated.
The κW part is also constrained by the H→ γγ channel since the decay branching ratio gets a dominant
contribution from κW . The measured value of λWZ is in agreement with the custodial symmetry value
λWZ = 1 within 95% CL, regardless of the inclusion of the H→ γγ channel as indirect constraint on κW .

5.3 Probing beyond the SM contributions

This case allows for new particle contributions either in loops or in new final states. All coupling scale
factors of known SM particles are assumed to be as in the SM, i.e. κi = 1. For the H→ γγ and gg → H
vertices, effective scale factors κg and κγ are introduced. They allow for extra contributions from new
particles. The potential new particles contributing to the H→ γγ and gg → H loops may or may not
contribute to the total width of the observed state through direct invisible decays or decays into final
states that cannot be distinguished from the background. In these cases the resulting variation in the
total width is parameterized in terms of the additional branching ratio BRinv.,undet.. Both aforementioned
scenarios are addressed in this section.

5.3.1 Only SM contributions to the total width

In the first benchmark model it is assumed that there are no sizeable extra contributions to the total width
caused by non-SM particles. The free parameters are κg and κγ . For the most relevant Higgs boson
production and decay modes the following proportionality is found:

σ(gg→ H) ∗ BR(H→ γγ) ∼
κ2

g · κ2
γ

0.085 · κ2
g + 0.0023 · κ2

γ + 0.91

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼
κ2

γ

0.085 · κ2
g + 0.0023 · κ2

γ + 0.91

σ(gg→ H) ∗ BR(H → ZZ(∗),H → WW (∗)) ∼
κ2

g

0.085 · κ2
g + 0.0023 · κ2

γ + 0.91
(44)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗),H → WW (∗)) ∼ 1
0.085 · κ2

g + 0.0023 · κ2
γ + 0.91

σ(qq′ → qq′H,VH) ∗ BR(H → ττ,H → bb̄) ∼ 1
0.085 · κ2

g + 0.0023 · κ2
γ + 0.91

.
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Higgs production and decays:
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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Figure 21: Relative uncertainty on the total signal strength µ for all Higgs final states in the di↵erent
experimental categories used in the combination, assuming a SM Higgs Boson with a mass of 125 GeV
and LHC at 14 TeV, 300 fb�1 and 3000 fb�1. The hashed areas indicate the increase of the estimated error
due to current theory systematic uncertainties. The abbreviation “(comb.)” indicates that the precision on
µ is obtained from the combination of the measurements from the di↵erent experimental sub-categories
for the same final state, while “(incl.)” indicates that the measurement from the inclusive analysis was
used. The left side shows only the combined signal strength in the considered final states, while the right
side also shows the signal strength in the main experimental sub-categories within each final state.

• The signals observed in the di↵erent search channels originate from a single resonance. A mass of
125 GeV is assumed here.

• The width of the Higgs boson is narrow, justifying the use of the zero-width approximation (this
can be verified using a measurement as discussed in Section 5). Hence the predicted rate for a
given channel can be decomposed in the following way:

� · B (i! H ! f ) =
�i · � f

�H
(1)

where �i is the production cross section through the initial state i, B and � f are the branching ratio
and partial decay width into the final state f , respectively, and �H the total width of the Higgs
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Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.
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Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-

5

Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.

µ
µ∆

0 0.2 0.4 0.6 0.8

γγ→H

 (+j)γγ→H

γγ→VBF,H
γγ→ttH,H

γγ→VH,H
 WW→H

 WW→VBF,H
 ZZ→H

ττ→VBF,H

µµ→ttH,H

µµ→H

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

(a)

Yκ/Xκ

)Yκ/X
κ(∆

 ~ 2
YΓ/XΓ

)YΓ/X
Γ(∆

0 0.2 0.4 0.6 0.8

HΓ / ZΓ•gΓ

ZΓ / γΓ

ZΓ / WΓ

ZΓ / τΓ

ZΓ / µΓ

µΓ / τΓ

gΓ / tΓ

gΓ / ZΓ

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

(b)

Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-

5

exp. uncertainty 
[300 fb-1]

exp. uncertainty 
[3000 fb-1]

exp. & theory uncertainty 
[300 fb-1]

exp. & theory uncertainty 
[3000 fb-1]

strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed

5

[ATLAS-CO
NF-2013-034]

Signal Strengths – Present Status

[ATLAS-PHYS-PUB-2013-014]



Higgs Coupling Prospects

µ/µ∆
0 0.2 0.4

(comb.)

(incl.)

(comb.)

(comb.)

(VBF-like)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

µµ→H

ττ→H

 ZZ→H

 WW→H

γ Z→H

γγ→H

µµ→H

ττ→H

 ZZ→H

 WW→H

γ Z→H

γγ→H

1.5→

µ/µ∆
0 0.2 0.4

(+0j)
(+1j)

(VBF-like)
(ttH-like)
(VH-like)
(comb.)

(incl.)
(+0j)
(+1j)

(VBF-like)
(comb.)

(ggF-like)
(VBF-like)

(ttH-like)
(VH-like)
(comb.)

(VBF-like)
(ttH-like)

(incl.)
(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

µµ→H

ττ→H
ZZ→H

WW→H

γZ→H
γγ→H

µµ→H

ττ→H
ZZ→H

WW→H

γZ→H
γγ→H

0.7→

1.5→

0.8→

Figure 21: Relative uncertainty on the total signal strength µ for all Higgs final states in the di↵erent
experimental categories used in the combination, assuming a SM Higgs Boson with a mass of 125 GeV
and LHC at 14 TeV, 300 fb�1 and 3000 fb�1. The hashed areas indicate the increase of the estimated error
due to current theory systematic uncertainties. The abbreviation “(comb.)” indicates that the precision on
µ is obtained from the combination of the measurements from the di↵erent experimental sub-categories
for the same final state, while “(incl.)” indicates that the measurement from the inclusive analysis was
used. The left side shows only the combined signal strength in the considered final states, while the right
side also shows the signal strength in the main experimental sub-categories within each final state.

• The signals observed in the di↵erent search channels originate from a single resonance. A mass of
125 GeV is assumed here.

• The width of the Higgs boson is narrow, justifying the use of the zero-width approximation (this
can be verified using a measurement as discussed in Section 5). Hence the predicted rate for a
given channel can be decomposed in the following way:

� · B (i! H ! f ) =
�i · � f

�H
(1)

where �i is the production cross section through the initial state i, B and � f are the branching ratio
and partial decay width into the final state f , respectively, and �H the total width of the Higgs
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for the same final state, while “(incl.)” indicates that the measurement from the inclusive analysis was
used. The left side shows only the combined signal strength in the considered final states, while the right
side also shows the signal strength in the main experimental sub-categories within each final state.

• The signals observed in the di↵erent search channels originate from a single resonance. A mass of
125 GeV is assumed here.

• The width of the Higgs boson is narrow, justifying the use of the zero-width approximation (this
can be verified using a measurement as discussed in Section 5). Hence the predicted rate for a
given channel can be decomposed in the following way:

� · B (i! H ! f ) =
�i · � f

�H
(1)

where �i is the production cross section through the initial state i, B and � f are the branching ratio
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Figure 24: Fit results for mass-scaled coupling ratios Y f /� =  f /�
m f
v for fermions and YV/� =

V/�
mV
v for weak bosons as a function of the particle mass, assuming 300 fb�1 and 3000 fb�1 at 14 TeV

and a SM Higgs Boson with a mass of 125 GeV. For completeness, the uncertainty on the gluon-coupling
ratio measurement g/�, which can be used as an indirect measurement of the top-coupling through the
gg ! H process, is also shown next to the expected measurement for Yt/� which uses the direct ttH
process. The uncertainty on the coupling ratio (Z�)/� is not shown. The relative uncertainties on the
ratios can be found in model Nr. 6 in Table 19.

12 Conclusions

Several new Higgs boson production and decay modes can be observed by the ATLAS detector with
3000 fb�1 at the HL-LHC compared to a sample of 300 fb�1 that would be accumulated before the
Phase-II upgrades, and the precision of all channels can be improved. Compared to previous studies [1],
di↵erent Higgs production modes are explored for several final states, ��, ZZ, WW. Results for the
µµ channel have also been updated, and the expectation for the Z� final state included. These two rare
decay modes can only be studied at HL-LHC. Additional constraints on the Higgs boson width have
been explored, from ZH production with H ! invisible particles, and by using a novel measurement of
the Higgs width from the interference in H ! ��. New results on the more complicated ⌧⌧ and bb decay
modes are under study. The projected precisions on cross section times branching ratio measurements
are interpreted as constraints on Higgs boson couplings to fermions and bosons in a variety of models.
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Phase-II upgrades, and the precision of all channels can be improved. Compared to previous studies [1],
di↵erent Higgs production modes are explored for several final states, ��, ZZ, WW. Results for the
µµ channel have also been updated, and the expectation for the Z� final state included. These two rare
decay modes can only be studied at HL-LHC. Additional constraints on the Higgs boson width have
been explored, from ZH production with H ! invisible particles, and by using a novel measurement of
the Higgs width from the interference in H ! ��. New results on the more complicated ⌧⌧ and bb decay
modes are under study. The projected precisions on cross section times branching ratio measurements
are interpreted as constraints on Higgs boson couplings to fermions and bosons in a variety of models.
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κγ κW κZ κg κb κt κτ κZγ κμ

300 fb-1
ATLAS [8,13] [6,8] [7,8] [8,11] N/a [20,22] [13,18] [78,79] [21,23]
CMS [5,7] [4,6] [4,6] [6,8] [10,13] [14,15] [6,8] [41,41] [23,23]

3000 fb-1 ATLAS [5,9] [4,6] [4,6] [5,7] N/a [8,10] [10,15] [29,30] [8,11]
CMS [2,5] [2,5] [2,4] [3,5] [4,7] [7,10] [2,5] [10,12] [8,8]

ILC500 8.4 0.4 0.5 2.0 0.9 2.5 1.9 – –
ILC500up 4.4 0.2 0.3 1.1 0.6 1.3 1.0 – –
ILC1000up 2.3 0.2 0.3 0.7 0.4 0.9 0.7

Reconsideration of LHC projections by Snowmass 2013 …  
[using different assumptions how systematics evolve …] 

Best prospects given by CMS assuming … 
	 	 decrease of theory errors by factor of 2 … 
	 	 decrease of experimental systematics by √N …

Snowmass Higgs Working Group Report 
ATL-PHYS-PUB-2013-007 

CMS NOTE-13-002

All numbers in percent. 
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .

Community Planning Study: Snowmass 2013

[Snowmass 2013; ILC Higgs White Paper]
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Figure 1-4. Measurement precision on b, ⌧ , and t measured both directly via tt̄H and through global
fits at di↵erent facilities.

Community Planning Study: Snowmass 2013

Higgs Coupling Prospects
[Snowmass 2013; ILC Higgs White Paper]
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1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H ! gg and H ! ��, while electrically
charged scalars and heavy leptons can contribute to H ! ��. Below we examine some representative models,
in order to get a feel for the size of the possible e↵ects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the
Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

�g ' � m2
t

M2
T

⇠ O(�8%)

✓
600 GeV

MT

◆2

, �� ' �0.28�g ⇠ O(+2%)

✓
600 GeV

MT

◆2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into �� in increased.
Adding a vector-like SU(2) doublet of heavy leptons does not change the gg ! H production rate, but can
give an enhancement in � of order ⇠ 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both g and � . If we consider
two charge- 23 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

�g ' 1

4

✓
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
tX

2
t

mt̃1
mt̃2

◆
⇠ O(+17%)

✓
300 GeV

mt̃

◆2

(for Xt = 0), (1.8)

where again �� ' �0.28�g. Here Xt =| At �µ cot� | is the stop mixing parameter. If Xt = 0, the Higgs
couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and
the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to
the H�� and Hgg couplings which have been extensively studied. Enhancements in the H ! �� coupling
can be obtained with light staus and large mixing, with e↵ects on the order of ⇠ 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is
consistently taken to be M ⇠ 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M ⇠ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tan� = 3.2 and a stop mass of 1 TeV with Xt = 0 for the � prediction.

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% ⇠ �.4%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the
various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of
the scale factors i from LHC data. The error includes factorization/renormalization scale uncertainty and
the correlated uncertainty from ↵s and the PDF choice, which are added linearly. The scale uncertainty on
the gluon fusion rate is ⇠ ±10%, which can potentially be significantly reduced with the inclusion of recent

Community Planning Study: Snowmass 2013

[Snowmass Higgs Working Group Report]

Non-Standard Higgs couplings possible due to new phenomena 
well beyond the present mass scales … !
e.g. extra Higgs Bosons in a 2HDM … !!!
Snowmass 2013: Survey of effects for M = 1 TeV …

Generic size of Higgs coupling modifications for new physics at M = 1 TeV …

[arXiv:1310.8361v1]
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VH = µ
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doublet field Φ around the electroweak symmetry breaking vacuum expectation …
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Figure 1. Sample Feynman graphs contributing to pp → hh+X.

We begin with a discussion of some general aspects of double Higgs production, before

we review inclusive searches for mh = 125 GeV in the pp → hh+X channel in section 2.3.

We discuss boosted Higgs final states in pp → hh + X in section 2.4 before we discuss

pp → hh + j +X with the Higgses recoiling against a hard jet in section 3. Doing so we

investigate the potential sensitivity at the parton- and signal-level to define an analysis

strategy before we apply it to the fully showered and hadronized final state. We give our

conclusions in section 4.

2 Higgs pair production at the LHC

2.1 General remarks

Inclusive Higgs pair production has already been studied in refs. [33–37] so we limit our-

selves to the details that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as the LHC via a range of partonic

subprocesses, the most dominant of which are depicted in figure 1. An approximation

which is often employed in phenomenological studies is the heavy top quark limit, which

gives rise to effective ggh and gghh interactions [42]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2.1)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (2.2)

Studying these operators in the hh + X final state should in principle allow the Higgs

self-coupling to be constrained via the relative contribution of trilinear and quartic inter-

actions to the integrated cross section. Note that the operators in eq. (2.2) have different

signs which indicates important interference between the (nested) three- and four point

contributions to pp → hh+X already at the effective theory level.

On the other hand, it is known that the effective theory of eq. (2.2) insufficiently

reproduces all kinematical properties of the full theory if the interactions are probed at

momentum transfers Q2 ! m2
t [28] and the massive quark loops are resolved. Since our

analysis partly relies on boosted final states, we need to take into account the full one-loop

contribution to dihiggs production to realistically model the phenomenology.

– 3 –
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Destructive interference … !
σDH depends on trilinear coupling λ = mH · √½η … !
relatively large λ-dependence  
at mH ≈ 125 GeV …
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ≃ 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

NLO: 
[mH = 125 GeV]

σ = 34 fb ± 20 % 
from QCD, PDF, EFT

[Dolan et al., arXiv:1206.5001]

LO 
at √s = 14 TeV
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Higgs transverse momentum pT,h  
good observable to identify kinematical region sensitive to different λ … 

Higgs bosons in  
Di-Higgs production processes  
naturally boosted pT,h ≥100 GeV …
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The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ≃ 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

[Dolan et al., arXiv:1206.5001]

Theory predicts:

Maximum sensitivity on  
trilinear coupling λ expected for 
transverse momenta of pT,h ~ 100 GeV …
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Figure 3: The mγγ distribution after applying all selections (a). The figure (b) shows the mγγ distribution

when mbb̄ is in the signal region while figure (c) shows the mbb̄ distribution when mγγ is in the signal

region.
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Many channels to pursue, since mH = 125 GeV …

Generator study 
for HH ➛ bbγγ channel … !
	 Tight mγγ and b-tag pΤ-cut	

	
 leave mostly ttH background …

Selection: !
2 b-jets with pT > 40, 25 GeV 
2 isolated photons, pT > 25 GeV 
Separation: ΔRγb > 0.4 

Expectation: !
With additional channels and  
two experiments: 30% measurement.

120 < mγγ < 130 GeV

Preliminary

[see e.g. Barr et al. arXiv:1309.6318]
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