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First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  

Higgs particle

�2

❖ The Higgs particle is responsible for the masses 
of elementary particles, while was the missing 
corner stone of the SM before LHC.
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Introduction
• Higgs boson was the last undiscovered particle in the 
Standard Model of particle physics. 

• Couplings to the scalar (JP=0+) Higgs field determine the 
particle masses.

©
W
ik
ip
ed

ia

Φ ൌ
1
2

߶ା

߶଴ , 0 Φ 0 ൌ
1
2
0
ݒ

ࣦୌ୧୥୥ୱ ൌ ఓ߲ െ
݅
2
݃ᇱܤఓ െ

݅
2
݃߬௔ ఓܹ

௔ Φ
ଶ
൅ ଶΦାΦߤ െ

ߣ
2
ΦାΦ ଶ

݉ௐ ൌ
ݒ݃
2
,݉௓ ൌ

݃ଶ ൅ ݃ᇱଶݒ
2

,݉ு ൌ ,ݒߣ ݒ ൌ
ଶߤ2

ߣ

ࣦ୪ୣ୮୲୭୬
୫ୟୱୱ ൌ ෍ െ ௝݂ ത௝Φܮ ௝ܴ ൅ തܴ௝ Φାܮ௝

௝ୀ௘,ఓ,ఛ

௝݉ ൌ
௝݂ݒ
2

ࣦ୯୳ୟ୰୩
୫ୟୱୱ ൌ ෍ െ ௙݂ ത௙Φܮ ௙ܴ ൅ തܴ௙ Φାܮ௙ ൅

௙ୀௗ,௦,௕

෍ െ ி݂ തிΦ෩ܮ ܴி ൅ തܴி Φ෩ାܮி
ிୀ௨,௖,௧

݉௙ ൌ
௙݂ݒ
2
,݉ி ൌ

ி݂ݒ
2

2/21

Higgs discovery: A new era of particle physics — measure the 
                              properties of the new particle
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Text

Daniela Rebuzzi (Università di Pavia) Recent results on Higgs boson measurements 104° Congresso SIF 2018 - 18.09.2018

The Higgs boson in the SM

• The Higgs boson discovery in 2012 
opened the way to the exploration of the 
sector of the SM Lagrangian that is 
responsible for EW symmetry breaking  

• Two types of tree-level couplings to 
other SM particles, which determine all 
Higgs Boson production and decay 
modes 

�2

to fermions (Yukawa couplings)

to EW gauge bosonsGauge coupling

Yukawa coupling
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to EW gauge bosons



Higgs boson production and decays
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Swagato Banerjee !3

Higgs boson properties
Primary  
signature

W, Z

top+anti-top

Just 
H → bb

Production mode

• Huge multi-jet background 

• Triggering possible at high pT(H), but S/B  
expected to be ~ O(0.1%)

• Jet substructure analysis by CMS (pT(H)>450 GeV)

• Large multi-jet background

• Still a fully hadronic final state: trigger and  
background modeling is challenging

• Additional γ helps (~similar sensitivity, higher S/B)

• Exploit leptonic signatures for trigger, and  
suppression of multi-jet background.

• Main search channel for H → bb at the LHC!

• Leptonic signatures for trigger, but challenging  
due to combinatorics and tt+bb backgrounds

• But gives access also to top quark coupling!

2 VBF jets 
(+ γ)

Where to look for H → bb at the LHC 

13

Production Modes 
(rates @ 13 TeV)

Decay Modes

Alexander Tuna 4

Higgs at the LHC

many detectable productions many detectable decays

Rich experimental signature: lots to explore
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Higgs BR

μμ, Zγ, …

“ggF” “VBF”

“VH” “ttH”

49 pb 3.8 pb

2.2 pb 0.51 pb

γγ

0.2%

H

W,Z

W,Z

H

H

H

b,τ,μ

b,τ,μ

γ

γ
γ

γ

, bb

87%

6.8%

4%

0.9% 
each
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Tamara	Vázquez	Schröder

Higgs production modes: reminder
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 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

gluon fusion 
(ggF)

vector boson 
 fusion (VBF)

W, Z associated 
production (VH)

top associated 
 production (tt̄H)

Run-1 Run-2

3.9
2.1
2.0

2.4

2.3

Run-2(13TeV) 
Run-1(8TeV)

~4  
(missing WtH)

cross section calculation 
@ N3LO(QCD)+NLO(EW)

 Gluon fusion has the largest production rate, 
order of magnitude higher than VBF or VH 
 Large cross section increase from 8 to 13 TeV, 

especially for tt̄H and tH

Run2Run1 Run2
Run1Run-1 Run-2 Run-2/1

Higgs production at the LHC
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Higgs production at the LHC
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 H (NNLO+NNLL QCD + NLO EW)→pp 

H (NNLO QCD + NLO EW)q q→pp 

 WH (NNLO QCD + NLO EW)→pp 

 ZH (NNLO QCD + NLO EW)→pp 

H (NLO QCD)t t→pp 

 = 8 TeVs

8 TeV pp collisions

~500k Higgs bosons  
produced at the LHC

~19 pb ~1.6 pb

~1.1 pb ~0.13 pb
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Higgs production at the LHC
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Higgs production at the LHC

7

Only one in ~1010 events will 
be a Higgs boson at the LHC = 8 TeVsLHC at 

 (n
b)

σ
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1
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210
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410

510

610

710

810

910

totσ

bσ

Wσ

Zσ

tσ

ggHσ

pp cross sections

~19 pb ~1.6 pb

~1.1 pb ~0.13 pb

• ~500K Higgs bosons produced in the ATLAS detector


• only one in ~1010 events will be a Higgs boson.

(87%) (7%)

(5%) (1%)

W*,Z*

W*,Z*

~48.6 pb (88%) ~3.8 pb (7%)

~2.3 pb (4%) ~0.5 pb (1%)

Many decay modes accessible with different properties

ZZ* and γγ: high resolution and precise 
differential measurements

WW*: high BR but low mass resolution

ττ and bb: high BR but low S/B, important to 
directly probe Yukawa coupling with 3rd generation

µµ: very small BR but access to Yukawa 
coupling with 2nd generation fermions



ATLAS and CMS
Upgrades for run-2 (starting 2015)

• new innermost pixel layer (ATLAS)

• pixel detector replacement in 2017 (CMS)

• trigger improvements to cope with high pp interaction rate

�4

ATLAS and CMS

6

Large general purposes detectors 
Upgrades for run 2 (starting 2015) 
• new innermost pixel layer (ATLAS) 
• pixel detector replacement in 2017 (CMS) 
• trigger improvements to cope with ~1 GHz pp interaction rate
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Large general purposes detectors 
Upgrades for run 2 (starting 2015) 
• new innermost pixel layer (ATLAS) 
• pixel detector replacement in 2017 (CMS) 
• trigger improvements to cope with ~1 GHz pp interaction rate



Run-2 dataset
Full Run2 data-taking finished (~ 140 fb-1): 13 TeV, 25 ns bunch spacing

Peaking luminosity ~2.1×1034 cm-2s-1 (twice design)


• Up to ~60 pp interaction per bunch crossing

�5

The dataset
§  The run-2 period of p-p collisions just finished
§  The results presented are based on the analysis of ~36 fb-1 to ~80 fb-1 of 13 

TeV center of mass energy data, combined in some case with the run-1 
dataset 

26	November	2018	 Stefano	Rosati	-	Higgs	Couplings	2018	 3	
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Initial 2018 calibration

•  Pileup already above design  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•  Peak luminosity reached the  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•  Collected in 2011 and 2012

•  About 160 fb-1 at 13 TeV
•  Collected from 2015 until now
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•  Pileup already above design  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•  Peak luminosity reached the  
2.1 1034 cm-2s-1 record

•  Almost 30 fb-1 at 7 and 8 TeV
•  Collected in 2011 and 2012

•  About 160 fb-1 at 13 TeV
•  Collected from 2015 until now

Results presented are based on the analyses of ~ 36 fb-1 to ~80 fb-1 of 13 TeV data



Higgs Mass
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DRAFT

measurements, as well as various combinations, along with the LHC Run 1 result, are summarised in504

Figure 4.505

123 124 125 126 127 128
 [GeV]

H
m

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

The combination of the four ATLAS measurements using the BLUE approach as an alternative method,506

assuming two uncorrelated channels,3 is found to be mH = 124.97 ± 0.23 GeV = 124.97 ± 0.19 (stat) ±507

0.13 (syst) GeV. The splitting of the errors takes into account the relative weight of the two channels in508

the combined measurement.509

510

10 Conclusion511

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of512

the decay channels H ! Z Z
⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision513

data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass514

energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on515

3 The combination of the two LHC run periods for each channel was used as input.

29th May 2018 – 16:33 19
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Figure 3: Distribution of the reconstructed four-lepton invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected signal and background distributions. The SM Higgs boson signal
with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM
expectation, whilst the Z+X background is normalized to the estimation from data. The order
in perturbation theory used for the normalization of the irreducible backgrounds is described
in Section 7.1. No events are observed with m4` > 1 TeV.

The number of candidates observed in data and the expected yields for the backgrounds and
the Higgs boson signal after the full event selection are reported in Table 1 for m4` > 70 GeV.
Table 2 shows the expected and observed yields for each of the seven event categories and their
total.

Table 1: The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each final state, for m4` > 70 GeV. The signal and
ZZ backgrounds are estimated from simulation, while the Z+X event yield is estimated from
data. Uncertainties include statistical and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq ! ZZ 193+19

�20 360+25
�27 471+33

�36 1024+69
�76

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 102+14
�13 212+29

�27
Z+X 21.1+8.5

�10.4 34+14
�13 60+27

�25 115+32
�30

Sum of backgrounds 255+24
�25 463+32

�34 633+44
�46 1351+86

�91
Signal 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267+25

�26 487+33
�35 663+46

�47 1417+89
�94

Observed 293 505 681 1479

The reconstructed dilepton invariant masses for the selected Z1 and Z2 candidates are shown
in Fig. 5 for 118 < m4` < 130 GeV, along with their correlation. Figure 6 shows the correlation
between the kinematic discriminant Dkin

bkg with the four-lepton invariant mass, the two variables
used in the likelihood fit to extract the results (see Section 10.1). The gray scale represents the
expected combined relative density of the ZZ background and the Higgs boson signal. The
points show the data and the measured four-lepton mass uncertainties Dmass as horizontal bars.
Different marker colors and styles are used to denote the final state and the categorization of
the events, respectively. This distribution shows that the two observed events around 125 GeV
in the VH-Emiss

T -tagged and ttH-tagged categories (empty star and square markers) have low

PLB 784 (2018) 345

24 10 Results

ibility of the mH results from the three individual channels is tested using a likelihood ratio
with three masses in the numerator and a common mass in the denominator, and thus two
degrees of freedom. The signal strength is profiled in both the numerator and denominator.
The resulting compatibility, defined as the asymptotic p-value of the fit, is 2.5%. The tension
between the three individual channels is driven by the difference between the 4µ and 2e2µ
channels, where the compatibility of the 1D mass measurements without the m(Z1) constraint
is 8%. In the 1D mass measurement the main potential source of systematic bias is the lepton
momentum scale; this possibility is disfavored by the fact that the measured mass in the 2e2µ
channel is not in between the measurements in the 4e and 4µ channels. This bias has also been
checked by performing the 1D mass measurements without the m(Z1) constraint using Z ! 4`
events, and the resulting mass is measured to be m

4µ
Z = 90.85 ± 0.27 (stat) ± 0.04 (syst) GeV,

m
4e
Z = 90.85± 0.74 (stat)± 0.28 (syst) GeV, and m

2e2µ
Z = 90.61± 0.48 (stat)± 0.10 (syst) GeV lead-

ing to a combined value mZ = 90.84 ± 0.23 (stat) ± 0.07 (syst) GeV. The compatibility with the
nominal Z-boson mass from Ref. [57] is 14% and the mutual compatibility between the three
individual channels is 90%. The modelling of the event-by-event mass uncertainties is a pos-
sible source of systematic bias in the 2D and 3D measurements. It is checked by performing a
Kolmogorov-Smirnov compatibility test of the expected and observed distributions in an ex-
panded m4` range yielding p-values of 10% for the 2e2µ channel, 55% for the 4e channel, and
94% for the 4µ channel.
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Figure 11: Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D,
and 3D measurement. Right: 1D likelihood scans as a function of mass for the different final
states and the combination of all final states for the 3D mass measurement. The likelihood
scans are shown for the mass measurement using the refitted mass distribution with the m(Z1)
constraint. Solid lines represent scans with all uncertainties included, dashed lines those with
only statistical uncertainties.

JHEP 11(2017)047

CMS :125.26±0.21(±0.20±0.08)GeV

Compatible with 12.3%

With Z-constraint84%
5.1%

◈ Precise measurements with excellent detector performance : σ(mH)/mH ~ 0.17% (CMS ) and 
0.21% (ATLAS), are better/comparable w.r.t. ATLAS+CMS Run-1 combination 0.19%


◈ Still dominated by statistical uncertainties, uncertainty on coupling ~ 0.5%



Higgs Width

�7

It is impossible to extract the coupling and Higgs width separately from 
on-shell cross section measurement  → Importance of ΓH measurement.

σ i→H→ f
on−shell (SM ) ∼

gi
2gf

2

ΓH

26 10 Results

10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]

SM:  mH = 125GeV → ΓH = 4.07MeV 
ΓH cannot be accessed directly due to the experiment resolution

Γ: obs.(exp.) 
@ 95% CL H→γγ H→ZZ

ATLAS 5.0 (6.2) GeV 2.6 (6.2) GeV
CMS 2.4 (3.1) GeV 3.4 (2.8) GeV

3 orders of magnitude larger than SM width
Latest CMS:                                     1.1 (1.6) GeV

Run-1 direct Higgs width measurement:

JHEP 11(2017) 047
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Indirect Higgs Width Measurement I

9

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and
WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,
the interference between them, VV production in association with two jets through VBF and VH-like
production modes pp! VV + 2 j (s-, t- and u-channel) and the qq̄! VV background. The LO Feynman
diagrams for the gg ! H⇤ ! VV signal, the continuum gg ! VV background and the dominant
irreducible qq̄! VV background are depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable
background contributions from tt̄ and single-top production. In the following a Higgs boson mass of
mH = 125.5 GeV, close to the ATLAS-measured Higgs boson mass value of 125.36 GeV [11], is assumed
for the o↵-shell signal processes. This small di↵erence has a negligible impact on the predicted o↵-shell
production yields.

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-
cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ
processes after applying the event selections in the ZZ ! 4` channel (see Sect. 3) on generator-level
quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an
increased o↵-shell signal with µo↵-shell = 10. For low masses mZZ < 2mZ the o↵-shell signal is negligible,
while it becomes comparable to the continuum gg! ZZ background for masses above the 2mt threshold.
The interference between the gg ! H⇤ ! ZZ signal and the gg ! ZZ background is negative over
the whole mass range. A very similar relation between the gg ! H⇤ ! VV signal and the gg ! VV
background is also seen for the gg! (H⇤ !)ZZ ! 2`2⌫ and gg! (H⇤ !)WW ! e⌫ µ⌫ processes.
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Figure 2: (a) Di↵erential cross-sections as a function of the four-lepton invariant mass m4` in the range of
100 GeV < m4` < 1000 GeV for the gg ! (H⇤ !)ZZ ! 2e2µ channel at the parton level, for the gg ! H⇤ ! ZZ
signal (red solid line), gg! ZZ continuum background (thick brown dotted line), gg! (H⇤ !)ZZ with SM Higgs
coupling (magenta long-dashed line, including signal plus background plus interference) and gg ! (H⇤ !)ZZ
with µo↵-shell = 10 (blue long-dashed line). (b) Di↵erential cross-section as a function of m4` in the range of
130 GeV < m4` < 1000 GeV for the gg ! H⇤ ! ZZ ! 2e2µ signal (solid red line) and its interference with the
gg! ZZ ! 2e2µ continuum background (black dashed line).
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1. Introduction25

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,26

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-27

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical28

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which29

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS30

in Refs. [5, 6].31

The studies in Refs. [7–10] have shown that the high-mass o↵-peak regions beyond 2mV (V = Z,W), well32

above the measured resonance mass of about 125 GeV [4,11], in the H ! ZZ and H ! WW channels are33

sensitive to Higgs boson production through o↵-shell and background interference e↵ects. This presents34

a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell event yields,35

normalised to the SM prediction (referred to as signal strength µ), and the associated o↵-shell Higgs36

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the37

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used38

by the CMS Collaboration [19] to set an indirect limit on the total width. The analysis presented in this39

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints40

coming from the Higgs boson coupling tests [3, 4].41

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and WW !42

e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Sect. 2 discusses the key theoretical considerations43

and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for44

the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant45

systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their46

combination are presented in Sect. 7.47

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data48

corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of
p

s = 8 TeV.49

2. Theoretical predictions and simulated samples50

The cross-section�gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production with subsequent decay into vector-51

boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional to the product of the Higgs52

boson couplings squared for production and decay. However, unlike the on-shell Higgs boson production,53

�gg!H⇤!VV
o↵-shell is independent of the total Higgs boson decay width �H [7,8]. Using the framework for Higgs54

boson coupling deviations as described in Ref. [23], the o↵-shell signal strength in the high-mass region55

selected by the analysis described in this paper at an energy scale ŝ, µo↵-shell(ŝ), can be expressed as:56

µo↵-shell(ŝ) ⌘
�gg!H⇤!VV

o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.
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where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤57

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,58

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent59

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated60

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The61

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.62

g

g

H
⇤

V

V

t, b

(a)

V

V

g

g

q

(b)

q̄

q V

V

(c)

Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:63

64

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM

=
2g,on-shell · 2V,on-shell

�H/�SM
H

, (2)

which depends on the total width �H . Assuming the same on-shell and o↵-shell Higgs couplings, the ratio65

of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson. This assumption is66

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production67

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-68

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current69

sensitivity of the analysis, only an upper limit on the total width �H can be determined, for which the70

weaker assumption71

2g,on-shell · 2V,on-shell  
2
g,o↵-shell · 2V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed72

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings73

i,o↵-shell does not modify the predictions for the backgrounds. Nor are there either sizeable kinematic74

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated75

to an enhanced o↵-shell signal strength [18, 24].76

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-77

order QCD calculations are available for the gg! VV background process, which is evaluated at leading78

order (LO). Therefore the results are given as a function of the unknown K-factor for the gg ! VV79

background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in80

the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and81

the event selections are designed to minimise the dependence on the boost of the VV system, which is82

sensitive to the jet multiplicity.83

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and84

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,85
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µoffshell = µonshell × ΓH /ΓH (SM )

❖ With the combination between on-shell and off-shell analyses: 
✦ Assuming the on-shell couplings are the same as the off-shell couplings  
✦ Assuming NP modifying off-shell coupling without the modification of other 

background and signal expectation.          
❖ ATLAS :  4.2+1.5

-2.1 MeV at 3000 fb-1

With the combination between on-shell and off-shell analyses 
✦ Assuming the on-shell coupling modifiers are the same as the off-shell coupling modifiers 
✦ Assuming NP modifying off-shell coupling without the modification of other background and 

signal expectation.       
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Figure 3: Scan of the negative log-likelihood, �2 ln �, for the (a) o�-shell Higgs signal strength, µo�-shell (b) �H/�SM
H

ratio (c) Rgg = 2g,o�-shell/2g,on-shell. The solid lower black (upper blue) line represents the observed (expected) value
including all systematic uncertainties, while the dashed lower black (upper blue) line is for the observed (expected)
value without systematic uncertainties (lower and upper refer here to the position of the lines in the legend). The
double minimum structure of the scan when the parameter of interest approaches zero is the consequence of the
parametrisation as shown in Eqs. (1).
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Limits on GH are set by combining events from the on-shell and off-shell regions. Figure 6
left panel shows the results of the likelihood scans of GH for the 2016 and 2017 period of the
13 TeV run and for the full combined dataset from collisions at 7, 8 and 13 TeV under the
assumption of SM-like couplings. These combined results are listed in Table 8, where the Run 1
analysis includes both on-shell and off-shell regions in the analysis of the H ! ZZ ! 4`
decay [11, 13]. The best fitted (µV , µF) values in these results are (0.62+0.57

�0.43, 1.20+0.19
�0.16) when

GH = GSM
H , and (0.65+0.61

�0.45, 1.21+0.19
�0.17) when GH is unconstrained. The GH constraints are also

obtained with the fa3 cos (fa3), fa2 cos (fa2), or fL1 cos (fL1) parameters unconstrained and are
shown in Figure 6 right panel and in Table 9. These results are obtained using combination of
Run 1 and Run 2 data with a small difference from the above fit with SM-like couplings. There
is no analysis of off-shell data with anomalous couplings, therefore only on-shell data are used
in anomalous coupling fit with Run 1 data. On the other hand, 2015 data are included in the
on-shell anomalous couplings study only. While the expected GH constraints are similar but
somewhat looser with the unconstrained anomalous coupling parameters, fluctuations in the
data lead to somewhat tighter observed constraints.
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results
of analysis of the data from 2016 and 2017 only (black) and the combined Run 1 and Run 2
analysis (red) are shown for the SM-like couplings. Right plot: Results of analysis of the data
from the combined Run 1 and Run 2 analyses for the SM-like couplings and with three anoma-
lous coupling parameters of interest unconstrained: fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and
fL1 cos (fL1) (violet). The dashed horizontal lines show the 68% and 95% CL regions.

Table 8: Summary of the total width GH measurement, showing allowed 68% CL (central values
with uncertainties) and 95% CL (in square brackets). The limits are reported for the SM-like
couplings using the Run 1 and Run 2 combination.

Parameter Observed Expected
GH (MeV) 3.2+2.8

�2.2 [0.08, 9.16] 4.1+5.0
�4.0 [0.0, 13.7]

7 Summary
Studies of on-shell and off-shell Higgs boson production in the four-lepton final state are pre-
sented, using data from the CMS experiment at the LHC that corresponds to an integrated

CMS-PAS-HIG-18-002

ΓH Obs. (Exp.) @95 CL.

ATLAS 14.4 (15.2) MeV 
3.8 (3.4) ×ΓSM

CMS 9.16 (13.7) MeV 
2.2 (3.3) ×ΓSM

H→ZZ*→4l

Improves on Run1 expected 
limits by ~ factor 2
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BRinv. = 0 BRinv. > 0, kV < 1
Uncertainty Uncertainty

Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

kZ
0.99 +0.11

�0.11
+0.09
�0.09

+0.06
�0.06 kZ

0.89 +0.09
�0.08

+0.07
�0.07

+0.05
�0.04

(+0.11
�0.11) (+0.09

�0.09) (+0.06
�0.06) (+0.00

�0.11) (+0.00
�0.09) (+0.00

�0.06)

kW
1.12 +0.13

�0.19
+0.10
�0.18

+0.08
�0.07 kW

1.00 +0.00
�0.05

+0.00
�0.04

+0.00
�0.02

(+0.12
�0.12) (+0.09

�0.09) (+0.07
�0.07) (+0.00

�0.12) (+0.00
�0.09) (+0.00

�0.07)

kt
1.09 +0.14

�0.14
+0.08
�0.08

+0.12
�0.12 kt

1.12 +0.17
�0.16

+0.09
�0.09

+0.14
�0.13

(+0.14
�0.15) (+0.08

�0.09) (+0.12
�0.12) (+0.18

�0.15) (+0.13
�0.09) (+0.12

�0.12)

kt
1.01 +0.17

�0.18
+0.11
�0.15

+0.12
�0.09 kt

0.91 +0.13
�0.13

+0.08
�0.08

+0.11
�0.10

(+0.16
�0.15) (+0.11

�0.11) (+0.11
�0.11) (+0.14

�0.15) (+0.09
�0.11) (+0.11

�0.11)

kb
1.10 +0.27

�0.33
+0.19
�0.30

+0.19
�0.14 kb

0.91 +0.19
�0.16

+0.12
�0.11

+0.14
�0.11

(+0.25
�0.23) (+0.19

�0.17) (+0.17
�0.15) (+0.18

�0.23) (+0.13
�0.17) (+0.13

�0.15)

kg
1.14 +0.15

�0.13
+0.10
�0.09

+0.11
�0.09 kg

1.17 +0.18
�0.14

+0.11
�0.10

+0.14
�0.11

(+0.14
�0.12) (+0.10

�0.09) (+0.10
�0.09) (+0.17

�0.12) (+0.13
�0.09) (+0.10

�0.09)

kg
1.07 +0.15

�0.18
+0.10
�0.17

+0.11
�0.07 kg

0.96 +0.09
�0.08

+0.06
�0.06

+0.07
�0.05

(+0.12
�0.12) (+0.10

�0.10) (+0.07
�0.07) (+0.08

�0.12) (+0.07
�0.09) (+0.05

�0.07)

BRinv.
0.04 +0.09

+0.00
+0.03
�0.03

+0.08
�0.00

(+0.08
+0.00) (+0.04

�0.00) (+0.07
�0.00)

BRundet.
0.00 +0.09

+0.00
+0.08
�0.00

+0.03
�0.00

(+0.20
+0.00) (+0.17

�0.00) (+0.11
�0.00)

Table 9: Best-fit values and ±1s uncertainties for the parameters of the k-framework model
with effective loops. The expected uncertainties are given in brackets.
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Figure 11: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either BBSM = 0 (left), or BBSM included as a free parameter (right). The SM corresponds
to BBSM = 0 and all  parameters set to unity. All parameters except t are assumed to be positive. In the model
with BBSM included as a free parameter, the conditions W ,Z  1 are also applied and an upper limit on BBSM is
reported.

5.4.5 Parameterization using ratios of coupling modifiers

Finally, a model based on ratios of coupling modifiers is defined analogously to the cross-section ratio
model of Section 5.3. The model parameters are the scaling factors defined in Table 10. The paramet-
erization requires no assumption on the total width of the Higgs boson. All parameters are assumed
to be positive. The results are summarized in Table 10 and Figure 12. The compatibility between the
measurement and the SM prediction corresponds to a p-value of pSM = 86%.

26

<0.26 @ 95% CL

Introduce the BSM contribution in the Coupling combination parametrization

5.2 Selection

This sensitivity study follows the assumptions made in the common H ! �� projections for 300 fb�1

of LHC data, and 3000 fb�1 of HL-LHC. The degradation of the photon identification e�ciency and
rejection are applied simply by appropriate scalings of the signal and background samples, as described
in Section 3 and shown in Table 3. The selection follows the recent analysis of di↵erential cross sections
in H ! �� [14]. Two isolated photons fulfilling the “tight” particle identification criterion are selected
and required to be within the the detector acceptance of |⌘| < 2.37 and the leading (subleading) photon
must have p�T/m

�� > 0.35 (0.25). The diphoton invariant mass is constructed from these photons.
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(b) Mass shift for 1 ⇥ �SM and pH
T � 30 GeV
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(c) Mass shift for 200 ⇥ �SM and pH
T < 30 GeV
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(d) Mass shift for 200 ⇥ �SM and pH
T � 30 GeV

Figure 11: The mass distributions for the low- and high-pH
T regions for 1 ⇥ �SM and 200 ⇥ �SM after

background subtraction are illustrated: the data points correspond to a randomized sample of 3000 fb�1,
the green dashed line corresponds to the BW without any interference, the magenta line shows the inter-
ference correction, and the solid yellow line the summed signal and interference contribution. The red
curve is a fit with a Gaussian signal PDF to illustrate the apparent mass shift.

5.3 Systematic uncertainties

This measurement benefits from extremely small systematic uncertainties as most of them, such as the
dominant photon energy scale (PES) uncertainty, are correlated between the subsets and hence cancel
to a very large degree when taking the mass di↵erence. In the low-pH

T sample, the leading and trailing
photons balance, so their momenta are fairly similar. At high-pH

T , the leading photon tends to be of

15

Extract the Higgs width with the mass shift from the interference of the 
H→γγ w.r.t the continuum background (gg→γγ box diagrams)

ATLAS @ 3000 fb-1:  
 <160MeV @95%
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What to do for run 2?
● Fiducial and differential measurements?

● Not easy and might not be possible for all channels
● Usually can't use most powerful techniques (MVAs)

● EFT analysis
● Very complex
● EFT also has model assumptions

● Would be good to find a doable compromise...

More powerful
(due to shape assumptions and use of MVAs)

Less powerful
(minimal assumptions)

Run 1-style coupling 
measurements:
μ҅ kappa

Simplified template 
cross sections

Fiducial/differential 
cross sections

Model independence

Analysis powerHiggs at the LHC

21

one Higgs boson 
in ~1010 events

predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09 $ 0.24 GeV

¼ 125.09 $ 0.21 ðstatÞ $ 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS and CMS could not be operated
efficiently. We acknowledge the support of ANPCyT
(Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan);
SSTC (Belarus); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES
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FIG. 3 (color online). The impacts δmH (see text) of the nuisance parameter groups in Table I on the ATLAS (left), CMS (center), and
combined (right) mass measurement uncertainty. The observed (expected) results are shown by the solid (empty) bars.
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Production process Measured significance (σ) Expected significance (σ)

VBF 5.4 4.6

WH 2.4 2.7

ZH 2.3 2.9

V H 3.5 4.2

ttH 4.4 2.0

Decay channel

H → ττ 5.5 5.0

H → bb 2.6 3.7

Table 14. Measured and expected significances for the observation of Higgs boson production pro-
cesses and decay channels for the combination of ATLAS and CMS. Not included are the ggF pro-
duction process and the H → ZZ, H → WW , and H → γγ decay channels, which have already
been clearly observed. All results are obtained constraining the decay branching fractions to their
SM values when considering the production processes, and constraining the production cross sec-
tions to their SM values when studying the decays.

Figure 14 shows the 68% CL region for the ten-parameter fit of the five decay channels

included in the combination of the ATLAS and CMS measurements. These results are ob-

tained by combining the
√
s = 7 and 8TeV data, assuming that µf

F and µf
V are the same at

the two energies. The SM predictions of µf
F = 1 and µf

V = 1 lie within the 68% CL regions

of all these measurements. Combinations of these regions would require assumptions about

the branching fractions and are therefore not performed. Table 15 reports the best fit val-

ues and the total uncertainties for all the parameters of the fits, together with the expected

uncertainties for the combination of ATLAS and CMS. The p-values of the compatibility

between the data and the SM predictions are 90% and 75% for the ten-parameter and

six-parameter fits, respectively. The six-parameter fit, without any additional assumptions

about the Higgs boson branching fractions, yields: µV /µF = 1.09+0.36
−0.28, in agreement with

the SM.

– 37 –

 Individual channel:
•  H→γγ
• H→ZZ
• H→WW
  Combination: (addition of H→ττ/bb/μμ 
and ttH)
•   ATLAS: (36.1 - 80fb-1)
•  CMS:  (36.1fb-1)



Bosonic channels

◈ ATLAS and CMS overall consistent in the 3 bosonic decay 
modes with each other and with SM prediction


◈ Data precision will be <10% with full Run2 data for γγ and ZZ

◈ H→WW: systematic uncertainties dominate

�11

Global signal strength

Run-2

H→γγ H→ZZ H→WW

ATLAS

1.06+0.14-0.12 
ATLAS-CONF-2018-028

1.19+0.16-0.15 
ATLAS-CONF-2018-018

µggF: 1.21+0.22-0.21 

µVBF:0.62+0.37-0.36  
ATLAS-CONF-2018-018

Combination:  1.13±0.05(stat.)±0.05(exp)+0.05-0.05(sig. th.)±0.03(bkg)  
ATLAS-CONF-2018-031

CMS

1.16+0.15-0.14 
HIG-16-040

1.10+0.19-0.17 
HIG-18-001

µggF: 1.19+0.16-0.15 

HIG-16-014

Combination: 1.09±0.09(stat.)+0.06-0.05(exp)+0.06-0.05(th.)  HIG-17-031

Run-1 
ATLAS+CMS

1.09±0.07(stat.)+0.04-0.04(exp)+0.07-0.06(th.)+0.03-0.03(other sys)



Signal strength and production XS from combination

Observe all main production modes. 

�12

Cross-section normalized to SM value
0.5− 0 0.5 1 1.5 2 2.5 3 3.5 40.5−

8
Total Stat. Syst. SM PreliminaryATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs
| < 2.5

H
 = 125.09 GeV, |yHm

             Total      Stat.     Syst.

ggF   )0.06
0.07  ±  , 0.07

0.07  ±   ( 0.09
0.09  ±  1.07 

VBF   )0.12
0.13  ±  , 0.18

0.18  ±   ( 0.21
0.22  ±  1.21 

WH   )0.32
0.37  ±  , 0.35

0.37  ±   ( 0.48
0.52  ±  1.57 

ZH   )0.24
0.25  ±  , 0.32

0.34  ±   ( 0.40
0.42  ±  0.74 

ttH + tH   )0.18
0.20  ±  , 0.17

0.17  ±   ( 0.25
0.26  ±  1.22 

Figure 2: Cross-sections for ggF, VBF, WH, ZH and ttH+tH normalized to their SM predictions, measured with the
assumption of SM branching fractions. The black error bars, blue boxes and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The grey bands indicate the theory uncertainties in
the cross-section predictions.

Table 4: Best-fit values and uncertainties of the production cross-sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.),
experimental systematic uncertainties (Exp.), and theory uncertainties in the modelling of the signal (Sig. th.) and
background (Bkg. th.) processes. SM predictions [34] are shown for the cross-section of each production process.
The observed (obs.) and expected (exp.) significances of the observed signals relative to the no-signal hypothesis
are also shown for all processes except ggF, which was observed in Run 1. For the WH and ZH modes, a combined
VH significance is reported assuming the SM value of the ratio of WH to ZH production.

Process Value Uncertainty [pb] SM pred. Significance
(|yH | < 2.5) [pb] Total Stat. Exp. Sig. th. Bkg. th. [pb] obs. (exp.)

ggF 47.8 ±4.0
⇣
±3.1 +2.7

�2.2 ±0.9 ±1.3
⌘

44.7 ± 2.2 -

VBF 4.25 +0.77
�0.74

⇣
±0.63 +0.39

�0.35
+0.25
�0.21

+0.14
�0.11

⌘
3.515 ± 0.075 6.5 (5.3)

WH 1.89 +0.63
�0.58

⇣
+0.45
�0.42

+0.29
�0.28

+0.25
�0.16

+0.23
�0.22

⌘
1.204 ± 0.024

)
4.1 (3.7)

ZH 0.59 +0.33
�0.32

⇣
+0.27
�0.25 ±0.14 +0.08

�0.02 ±0.11
⌘

0.794+0.033
�0.027

ttH+tH 0.71 ±0.15
⇣
±0.10 ±0.07 +0.05

�0.04
+0.08
�0.07

⌘
0.586+0.034

�0.050 5.8 (5.3)
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Higgs production modes

• 9-11% precision on ggF cross section  
by each experiment, compatible with SM

• State-of-the-art theory prediction  
(N3LO QCD+NLO EW [JHEP 1605 (2016) 058]),  
which has ~5% uncertainty.

• All main production modes, ggF,  VBF,  VH  
and ttH have now been observed!!

NEW
[A

T
LA

S-
C

O
N

F-
20

18
-0

31
]

[C
M

S
-P

A
S

-H
IG

-1
7-

03
1]

N. Morange N. Wardle

*

ATLAS 
(single exp)

ATLAS+CMS 
Run-1

Significance 
obs (exp.)

VBF

VH

ttH

6.5σ (5.3σ)

5.3σ (4.8σ)

5.8σ (5.3σ)

* including VH, H → bb (80 fb-1)

3.5σ (4.2σ)

5.4σ (4.6σ)

4.4σ (2.0σ)

 31 Giacinto Piacquadio - ICHEP 2018

(exp)

~9% precision

ATLAS-CONF-2018-031

17

where the total uncertainty has been decomposed into statistical, signal theory systematic, and
other systematic components.

Relaxing the assumption of a common production mode scaling leads to a parametrization
with five production signal strength modifiers: µggH, µVBF, µWH, µZH, and µttH. In this pa-
rameterization, as well as all subsequent parametrizations involving signal strengths or cross
sections, the tH production is assumed to scale like ttH. Conversely, relaxing the common de-
cay mode scaling leads to one with the modifiers: µgg, µZZ, µWW, µtt, and µbb. Results of the
fits in these two models are summarized in Figure 5. The numerical values, including the un-
certainty decomposition into statistical and systematic parts, and the corresponding expected
uncertainties, are given in Table 3.

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Parameter value
0 0.5 1 1.5 2 2.5

bbµ

ττµ

WWµ

ZZµ

γγµ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Figure 5: Summary plot of the fit to the per-production mode (left) and per-decay mode (right)
signal strength modifiers µi. The thick and thin horizontal bars indicate the ±1s and ±2s
uncertainties, respectively. Also shown are the ±1s systematic components of the uncertain-
ties. The last point in the per-production mode summary plot is taken from a separate fit and
indicates the result of the combined overall signal strength µ.

The improvement in the precision of the measurement of the ggH production rate of ⇠50%
(from ⇠20% to ⇠10%) compared to Ref. [28] and ⇠33% (from ⇠15% to ⇠10%) compared to
Ref. [30], can be attributed to the combined effects of an increased ggH production cross section,
and a reduction in the associated theoretical uncertainties. Improvements in the precision for
other production rates compared to Ref. [28] range up to ⇠20% for the VBF and VH production
rates. The uncertainty in the measurement of the ttH production rate is reduced by around
50% compared to Ref. [30]. This is in part due to the increased ttH cross section between 8 and
13 TeV, but also due to the inclusion of additional exclusive event categories that target this
production processes.

The most generic signal strength parametrization has one signal strength parameter for each
production and decay mode combination, µi

f . Given the five production and five decay modes
listed above, this implies a model with 25 parameters of interest. However not all can be ex-
perimentally constrained in this combination. Since there is no dedicated analysis targeting the
WH and ZH production with H ! tt decay, or VBF production with H ! bb decay included
in the combination, these are fixed to the SM expectation and the modifiers are not included in

~9% precision

HIG-17-031



κ-framework
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❖ Assumptions: 
• Single state, spin 0 and CP-even. 
• Narrow-width approximation: 

❖ Methodology: parametrize deviations with coupling scale factors {κx}

recent phenomenological works of Refs. [318–320] which have been further extended in several direc-
tions [321–408] along the lines that are formalized in the present recommendation. While the interim
framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC
experiments have collected until the end of the 2012 LHC run and is an explicit attempt to provide a
common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parameterizations are presented in Section 10.3.
Each benchmark parameterization allows to explore specific aspects of the coupling structure of the
new state. The parameterizations have varying degrees of complexity, with the aim to cover the most
interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one
hand, the framework and benchmarks were designed to provide a recommendation to experiments on
how to perform coupling fits that are useful for the theory community. On the other hand the theory
community can prepare for results based on the framework discussed in this document.

10.2.1 Idea and underlying assumptions
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 behavior, which would rule out
the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of
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 collected so far the following assumptions are made45:

– 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
(92)

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

45The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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5.4.1 Modifications to fermion and gauge boson couplings

In this model all couplings to fermions are assumed to scale with a single modifier F , and couplings to
W and Z bosons with a modifier V . The e�ective couplings g and � and the total width modifier H are
expressed in terms of F and V as given in Table 7, assuming BBSM = 0. The cross-sections for the ggF
and ttH production processes scale with 2

F
, while those of VBF and VH productions are proportional to

2
V

. The H ! Z Z⇤ and H ! WW⇤ branching fractions are proportional to 2
V

, while those of H ! bb̄ and
H ! ⌧⌧ scale with 2

F
. The H ! �� branching fraction depends on a combination of 2

V
, 2

F
, and V F

due to contributions from top-quark loops, W-boson loops and their interference to the decay process.
The V parameter is assumed to be positive without loss of generality, and F is assumed to be positive
since its negative range was excluded by previous measurements [3]. The fit results are summarized in
Figure 8 with contours in the (F, V) plane, from individual channels and the combined fit. The best-fit
values and uncertainties are

V = 1.06+0.04
�0.04

F = 1.05+0.09
�0.09.

A 45% correlation is observed between the two quantities. The compatibility of the measurement with
the SM prediction corresponds to a p-value of pSM = 31%.
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Figure 8: Observed contours at 68% and 95% CL in the (F, V) plane, defined in the asymptotic approximation
by �2 log⇤ = 2.28 and 5.99, respectively, for individual channels and the combined fit. The crosses indicate the
best-fit values and the star the SM prediction.

5.4.2 Modifications to e�ective photon and gluon couplings with and without BSM contributions

in decays

In these models the modifiers g and � are considered as free parameters, without the assumption that
only SM sources contribute to the loops. Other  parameters are fixed to 1, corresponding to SM values
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of the corresponding couplings. Two models are considered. In the first model, BBSM is assumed to be
zero. The best-fit values and uncertainties are then

g = 1.05+0.06
�0.06

� = 1.00+0.07
�0.06.

Two-dimensional likelihood contours in the (�, g) plane are shown in Figure 9. The correlation between
the two quantities is estimated to be -44%, due in part to the fact that their product is constrained by the
rate of H ! �� in the gluon-gluon fusion channel. The compatibility of the measurement with the SM
prediction corresponds to a p-value of pSM = 71%.
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Figure 9: Observed contours at 68% and 95% CL in the (�, g) plane, defined in the asymptotic approximation by
�2 log ⇤ = 2.28 and 5.99, respectively. The cross indicates the best-fit value and the star the SM prediction.

In the second model, the BBSM parameter is left free in the fit. The results are

g = 1.05+0.07
�0.06

� = 1.00+0.07
�0.06

BBSM < 0.13 at 95% CL.

5.4.3 Parameterization assuming SM structure of the loops and no BSM contributions in decays

In this model separate modifiers W and Z are considered for couplings to W and Z bosons, respectively.
Separate couplings t , b, ⌧ and µ are also introduced, respectively, for couplings to top and charm
quarks, bottom and strange quarks, ⌧ leptons, and muons. The results of the H ! µµ analysis are
included for this specific case. SM values are assumed for couplings to first-generation fermions, and
BBSM is assumed to be zero. All couplings are assumed to be positive. The results are shown in Table 8.

Reduced coupling strength modifiers are defined for fermions (F = t, b,⌧, µ) as F mF

v
, and for gauge

bosons (V = W, Z) as p
V

mV

v
, where F (V ) is the coupling modifier, mF (mV ) is the mass of the
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5.4.1 Modifications to fermion and gauge boson couplings

In this model all couplings to fermions are assumed to scale with a single modifier F , and couplings to
W and Z bosons with a modifier V . The e�ective couplings g and � and the total width modifier H are
expressed in terms of F and V as given in Table 7, assuming BBSM = 0. The cross-sections for the ggF
and ttH production processes scale with 2
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due to contributions from top-quark loops, W-boson loops and their interference to the decay process.
The V parameter is assumed to be positive without loss of generality, and F is assumed to be positive
since its negative range was excluded by previous measurements [3]. The fit results are summarized in
Figure 8 with contours in the (F, V) plane, from individual channels and the combined fit. The best-fit
values and uncertainties are

V = 1.06+0.04
�0.04

F = 1.05+0.09
�0.09.

A 45% correlation is observed between the two quantities. The compatibility of the measurement with
the SM prediction corresponds to a p-value of pSM = 31%.
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Figure 8: Observed contours at 68% and 95% CL in the (F, V) plane, defined in the asymptotic approximation
by �2 log ⇤ = 2.28 and 5.99, respectively, for individual channels and the combined fit. The crosses indicate the
best-fit values and the star the SM prediction.

5.4.2 Modifications to e�ective photon and gluon couplings with and without BSM contributions

in decays

In these models the modifiers g and � are considered as free parameters, without the assumption that
only SM sources contribute to the loops. Other  parameters are fixed to 1, corresponding to SM values
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7.3 Generic model with effective loops and coupling modifier ratios 29
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Figure 14: The 1s and 2s CL regions in the kg vs kg parameter space for the model assuming
the only BSM contributions to the Higgs boson couplings appear in the loop-induced processes
or in BSM Higgs decays.

7.3 Generic model with effective loops and coupling modifier ratios

An analogous parametrization to the ratios of cross sections and branching ratios described in
the previous section, is derived in terms of ratios of the coupling modifiers (l). A reference
coupling modifier is taken to be kgZ = kg · kZ/kH. The remaining parameters of interest are
ratios of the form lij = ki/kj: lZg, ltg, lWZ, lgZ, ltZ, lbZ. A summary of the results in this
model are given in Figure 15, and the numerical values along with the ±1s uncertainties in
Table 10.

Uncertainty Uncertainty
Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

kgZ
1.02 +0.09

�0.09
+0.07
�0.07

+0.05
�0.05 lgZ

1.08 +0.12
�0.10

+0.10
�0.09

+0.07
�0.05

(+0.09
�0.09) (+0.07

�0.07) (+0.05
�0.05) (+0.10

�0.09) (+0.09
�0.08) (+0.05

�0.04)

lWZ
1.13 +0.11

�0.10
+0.09
�0.08

+0.06
�0.06 lbZ

1.11 +0.23
�0.20

+0.17
�0.17

+0.16
�0.11

(+0.11
�0.09) (+0.09

�0.08) (+0.06
�0.05) (+0.22

�0.19) (+0.16
�0.14) (+0.14

�0.13)

ltg
0.96 +0.16

�0.15
+0.10
�0.10

+0.13
�0.12 ltZ

1.02 +0.16
�0.15

+0.11
�0.10

+0.12
�0.11

(+0.17
�0.16) (+0.11

�0.11) (+0.13
�0.12) (+0.16

�0.14) (+0.11
�0.10) (+0.11

�0.10)

lZg
0.87 +0.14

�0.17
+0.11
�0.15

+0.09
�0.09 -

(+0.17
�0.16) (+0.13

�0.13) (+0.11
�0.09)

Table 10: Best-fit values and ±1s uncertainties for the parameters of the coupling modifier ratio
model. The expected uncertainties are given in brackets.



κ-framework

• Good agreement with the SM prediction

• Interactions with vector bosons and (heavy) fermions are already 

probed at 10-30% level

• A wide measurement on the ratio parametrization, e.g. λtg ~ 13%

�14

1−10 1 10 210
Particle mass [GeV]

4−10

3−10

2−10

1−10

1

vV
m Vκ

 o
r 

vF
m Fκ

 PreliminaryATLAS
1− = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

µ

τ b

W

Z
t

SM Higgs boson

Figure 10: Reduced coupling strength modifiers F
mF

v
for fermions (F = t, b, ⌧, µ) and p

V
mV

v
for weak gauge

bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of the
Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The couplings modifiers
F and V are measured assuming no BSM contributions to the Higgs boson decays, and the SM structure of loop
processes such as ggF, H ! �� and H ! gg.

5.4.4 Parameterization including e�ective photon and gluon couplings with and without BSM

contributions in decays

The two models considered in this section are based on the same parameterization as the one in Section 5.4.3
but the ggF, H ! gg and H ! �� loop processes are parameterized using the g and � modifiers in the
same way as for the model of Section 5.4.2.

In the first model, no BSM contributions to the total width are considered (BBSM = 0). The measured
parameters are Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or negative, while Z is
assumed to be positive without loss of generality. The other parameters are also assumed to be positive.

In the second model, BSM contributions to the total width are included through the parameter BBSM, and
constrained by assuming BBSM � 0 and W ,Z  1. The latter condition holds true for a broad class of
extensions of the SM and disfavors large values of BBSM [22].

The results of both models are summarized in Table 9 and Figure 11. In the model with BBSM included as
a free parameter, an upper limit of BBSM = 0.26 at 95% CL is obtained, compared to an expected upper
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Figure 11: Summary plots of the k-framework model in which the ggH and H ! gg loops
are scaled with effective couplings. The points indicate the best-fit values while the thick and
thin horizontal bars show the 1s and 2s CL intervals, respectively. For the summary plot on
the left the constraint BRBSM = 0 is imposed, and both positive and negative values of kZ are
considered while kW is assumed to be positive. For the summary plot on the right, both kW
and kZ are assumed to be positive with the constraint |kW|, |kZ|  1, while BRinv. > 0 and
BRundet. > 0 are free parameters.
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Figure 12: Scans of q as a function of BRinv. (left), and 68% and 95% CL regions for BRinv.
vs BRundet. (right), in the model where only positive values of kV (same sign of kW and kZ)
are considered with the constraint |kW|, |kZ|  1, and BRinv. > 0 and BRundet. > 0 are free
parameters. The scan of q as a function of BRinv. expected assuming the SM is also shown in
the left panel.

Table 10: Best-fit values and uncertainties of ratios of coupling modifiers. The second column provides the expression
of the measured parameters in terms of the coupling modifiers defined in previous sections. All parameters are
defined to be unity in the SM.

Parameter Definition in terms of  modifiers Result
gZ gZ/H 1.06 ± 0.07
�tg t/g 1.09+0.14

�0.14

�Zg Z/g 1.06+0.14
�0.13

�WZ W/Z 0.99+0.09
�0.08

��Z �/Z 0.95+0.08
�0.07

�⌧Z ⌧/Z 0.95 ± 0.13
�bZ b/Z 0.91+0.17

�0.16
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Figure 12: Measured ratios of coupling modifiers. The dashed line indicates the SM value of unity for each
parameter.
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Constraints on New Phenomena

In benchmark 2HDM, (κV, κu, κd, κl ) can be expressed as the function  of  
α and tanβ.


• The Higgs boson couplings are same as the SM predictions for cos(β-
α)


• The observation provides more stringent constraint than  SM 
expectation.
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Figure 13: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs excluded by fits to the measured
rates of Higgs boson production and decays. Contours at 95% CL, defined in the asymptotic approximation by
�2 log ⇤ = 5.99, are drawn for both the data and the expectation for the SM Higgs sector. The cross in each
plot marks the observed best-fit value. The regions of compatibility extend to larger and smaller tan � values, but
with a correspondingly narrower range of cos(� � ↵). The angles ↵ and � are taken to satisfy 0  �  ⇡/2 and
0  ��↵  ⇡ without loss of generality. The alignment limit at cos(��↵) = 0, in which all Higgs boson couplings
take their SM values, is indicated by the dashed red line.
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Figure 18: Constraints in the cos(b � a) � tan b plane for the (a) Type I, (b) Type II, (c) Type III,
(d) Type IV 2HDM. (e) Constraints in the mA � tan b plane for the hMSSM. The white regions,
bounded by the solid black lines, in each plane represents the regions of the parameter space
which are allowed at the 95% CL, given the data observed. The dashed lines indicate the
boundaries of the allowed regions expected for the SM Higgs boson.



Fiducial and differential cross section

�16

❖ Measurement designed as model independent as possible. 
❖ Direct comparison with theoretical predictions at particle level with 

unfolding method (Bin-by-bin method @ ATLAS, matrix method @ CMS). 
❖ A wide and diverse range of physical phenomena to be probed:
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Figure 1: Illustration of the correction factors derived for each bin of the variables of interest. All
comparisons of data to theory are made at particle level within a fiducial region. Unfolding (correcting
for detector e↵ects) takes the data from detector level to particle level within a fiducial region. Fiducial
and non-perturbative correction factors correct theoretical predictions from parton level inclusive and
parton level fiducial to particle level fiducial respectively.

2 Data and Monte Carlo samples282

2.1 Dataset283

This analysis uses the full 2012 diphoton dataset, collected using the EF g35 loose g25 loose trigger,284

with a total recorded integrated luminosity of 20.3 fb�1. This is the same dataset as used in the most285

recent coupling and spin H ! �� analyses [5, 1], as well as in the previous di↵erential cross section286

analysisWe also use the most recent good run list:287

data12 8TeV.periodAllYear DetStatus-v61-pro14-02 DQDefects-00-01-00 PHYS StandardGRL All Good.xml,288

that removes 0.3% of the events previously included. The exact central value of the integrated luminosity289

used for all result is 20276.9 pb�1 with a luminosity uncertainty of 2.8%.290

2.2 Nominal fullsim signal samples291

Higgs boson production and decay are simulated for each of the five production modes: gluon-gluon292

fusion, vector boson fusion, WH, ZH and tt̄H. For each production mode, separate samples exist for293

Higgs masses in 5 GeV steps from 100 to 160 GeV. The mH = 125 GeV samples are generated with294

• Differential X-sections (20 variables): 
• Higgs kinematic�                 pT,H  |yH|    pTt   

• Jet activity�                          Njets   pTj1    Njets_50  HTjet   |yj1|    pTj2    ptj3    |yj2|   τj    

                                                                       ∑τj      Nbjets 

• VBF - sensitive variables�   ΔφH,jj    mjj    Δyjj     pTHjj 

• Spin - CP variables�           cosθ*  Δφjj    ΔyH 

• 2D variables:                        pT,H × Njets    pT,H × cosθ* 

• Fiducial X-sections: 
• 1- / 2- / 3- jet and inclusive regions 

• Inclusive 1-lepton / MET / VBF / VH enriched regions



Cross Section Measurement
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Combination of differential cross-section measurements
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Fig. 2. Differential cross sections in the full phase space measured with the H → γ γ (red upward triangle) and H → Z Z∗ → 4ℓ (blue downward triangle) decay channels, as 
well as the combined measurement (black circle) for (a) Higgs boson transverse momentum pH

T , (b) Higgs boson rapidity |yH |, (c) number of jets Njets with pT > 30 GeV, 
and (d) the transverse momentum of the leading jet pj1T . The first bin in the pj1T distribution corresponds to the 0-jet bin in the Njets distribution, as indicated by the black 
vertical line. Different SM predictions are overlaid, their bands indicating the PDF uncertainties as well as uncertainties due to missing higher-order corrections. The ordering 
of the predictions is the same in the legend as in the figure. Predictions for the other production processes XH are added to the ggF predictions, and also shown separately 
as a shaded area. The dotted red line corresponds to the central value of the NNLOPS ggF prediction, scaled to the total N3LO cross section by the given K -factor, and added 
to the XH prediction. The uncertainties due to higher orders in the NNLOPS prediction are obtained as in Refs. [11,12,78]. The Madgraph5_aMC@NLO prediction is scaled to 
the total N3LO cross section by the given K -factor. For better visibility, all bins are shown as having the same size, independent of their numerical width. The panel on the 
bottom shows the ratio of the predictions to the combined measurement. The total uncertainties of the combined measurement are indicated by the black error bars, the 
systematic uncertainties by the black open boxes.

ing the total cross section, include the uncertainty in the 2015 and 
2016 integrated luminosity, which is 3.2% [84], affecting the signal 
and simulated background estimates in the H → Z Z∗ → 4ℓ de-
cay channel, with an impact of about 4% on the measurement, and 
the background estimate in the H → γ γ signal extraction [11], 
typically 2–6%. For Njets and pj1

T , the uncertainties in the recon-
struction of the jet energy scale and resolution are important as 
well, typically 3–6% (>10% for Njets ≥ 3) [85].

The level of agreement between the two channels in the total 
phase space is quantified by the corresponding p-values: 58% for 
pH
T , 40% for |yH |, 53% for Njets and 67% for pj1

T .
Table 3 shows the p-values indicating reasonable agreement 

between the probed SM predictions and the measurement. The 

relatively low p-value for HRes can be explained by the lower 
computed total cross section, as this prediction is at NNLO+NNLL
accuracy. The lower p-values for pj1

T reflect the lower predic-
tions compared to the measurement for high jet pT. Compatibility 
checks of individual bins indicate less than 3σ local discrepancy.

6. Conclusion

A combined measurement of the total and differential cross sec-
tions in the H → γ γ and H → Z Z∗ → 4ℓ decay channels was 
performed, using 36.1 fb−1 of 13 TeV proton–proton collision data 
produced by the LHC and recorded by the ATLAS detector in 2015 
and 2016. Good agreement is observed when comparing the re-
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Interpretation from differential cross section

�19

1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p

��
T ), the number of jets produced in association with

the diphoton system (Njets), the leading-jet transverse momentum (p
j1
T ), and the invariant mass (m j j) and

di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2

Overview

For a full introduction and 1D scan results, see the last talk:
https://indico.cern.ch/event/384019/contribution/1/material/slides/0.pdf

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector
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Figure 33: (a) The measured di�erential cross sections as a function of p��T , Njets, mj j , |�� j j |, and pj1
T are

compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.
(b) Ratios of di�erential cross sections, as predcited for specific by specific choices of Wilson coe�cient, to the
di�erential cross sections predicted by the SM: the impact of non-zero c̄g and c̃g is shown relative to the SM
ggH prediction, while the impact of non-zero c̄HW and c̃HW is shown relative to the SM VBF+VH prediction.
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pT,H sensitive to c-Yukawa due to interference between c- and t-mediated 
contributions in ggF

Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around ' 50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.
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Figure 6: Simultaneous fit results for kb and kc. (left) One and two standard deviation contours
are shown for the combined (H ! gg and H ! ZZ) fit to data and for H ! gg and H ! ZZ

separately, assuming a coupling dependency of the branching fractions. (right) One and two
standard deviation contours are shown for the combined (H ! gg and H ! ZZ) fit to data
and for H ! gg and H ! ZZ separately, assuming freely floating branching fractions.

in the case of branching fractions that depend on kb and kc, and

�2.8 < kb < 9.9 (�3.7 < kb < 7.3 expected) ,

�18.0 < kc < 22.9 (�15.7 < kc < 19.3 expected) ,
(9)

in the case of freely floated branching fractions. For the coupling-dependent branching frac-
tions, the results are shaped predominantly by constraints from the total width rather than by
distortions of the p

H
T spectrum. If the branching fractions are fixed to their SM expectations, the

one-dimensional scans yield the following expected uncertainties:

�1.9 < kb < 2.9 (expected) ,

�8.7 < kc < 10.6 (expected) .
(10)

These limits are comparable to those in Ref. [13], where kc 2 [�16, 18], noting that the results
here are based on a larger data set. The limits obtained are competitive with the limits from
other direct search channels summarized in Sec. 1.

7.4 Fits of Higgs coupling modifiers: kt vs. cg and kt vs. kb

The fits are repeated in a way analogous to that of Sec. 7.3 but with kt, cg and kb as the parame-
ters of the fit, using the parametrization obtained from Ref. [44]. The combined log-likelihood
scan for kt vs. cg, assuming branching fractions that depend on the couplings, is shown in
Fig. 9(left). The normalization of the spectrum is, by construction, equal to the SM normaliza-
tion for the points (kt = 1.0, cg = 0.0) and (kt = 0.0, cg ' 0.08). The differential shape of the
parametrization s is calculated by normalizing the differential cross section to one:

si(kt, cg) =
si(kt, cg)

Âj sj(kt, cg)
, (11)
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Figure 1: (left) Scan of the total cross section stot, based on a combination of the total cross
sections from H ! gg (64.0 ± 9.6 pb) and H ! ZZ (58.2 ± 9.8 pb. (right) Scan of the ratio of
branching fractions R based on a combination of H ! gg and H ! ZZ, while profiling all
other parameters. The filled markers indicate the one standard deviation interval.

spectrum, the uncertainties are strongly statistically dominated; in particular, the systematic
uncertainty is about half the statistical uncertainty in the last bin, and much smaller in all other
bins. The uncertainty in the combination per bin varies between 30% and 40%. Relative to
the spectrum of H ! gg alone, the uncertainty decrease achieved by the combination is most
notable in the lower pT region. The contribution of H ! bb̄ to the overall precision of the
combination is strongest in the last p

H
T bin.

7.3 Fits of Higgs coupling modifiers: kb vs. kc

Figure 6(left) shows the one and two standard deviation contours of the fit of the kb/kc parametriza-
tion from Ref. [13] to data. The calculations from Ref. [13] are given up to the scale of the Higgs
mass, and thus H ! bb̄ (whose p

H
T spectrum starts at p

H
T = 350 GeV) is not used as input for

the results obtained here. The bin-to-bin correlations of the theoretical uncertainties are im-
plemented as described in Sec. 6. The substructure on the combined scan shows a ring shape
around the origin, and an almost one standard deviation agreement with the SM prediction.

In order to evaluate the effect of the shape on the constraints on kb and kc, the procedure is
repeated with freely floating branching fractions, effectively removing constraints from the
total width and from the overall normalization. The result of this fit is shown in Fig. 6(left). As
expected, the range of allowed values of kb and kc is much wider than in the case of coupling-
dependent branching fractions.

Separate limits can be set on kb and kc by profiling one coupling and scanning over the other.
The results of these single-coupling scans are shown in Fig. 7 and Fig. 8. The observed uncer-
tainties in the one-dimensional scans are:

�0.9 < kb < 0.9 (�1.2 < kb < 1.2 expected) ,

�4.3 < kc < 4.3 (�5.4 < kc < 5.3 expected) ,
(8)
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Simplified template cross section
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Figure 1: Schematic overview of the simplified template cross section frame-
work.

duction modes is an essential aspect of the simplified template cross sections128

to reduce their model dependence.129

2 Guiding principles in the definition of simplified130

template cross section bins131

As outlined above, several considerations have been taken into account in132

the definition of the simplified template cross section bins.133

One important design goal is to reduce the dependence of the measure-134

ments on theoretical uncertainties in SM predictions. This has several as-135

pects. First, this requires avoiding that the measurements have to extrap-136

olate from a certain region in phase space to the full (or a larger region137

of) phase space whenever this extrapolation carries nontrivial or sizeable138

theoretical uncertainties. A example is the case where an event category139

selects an exclusive region of phase space, such as an exclusive jet bin. In140

this case, the associated theoretical uncertainties can be largely avoided in141

the measurement by defining a corresponding truth jet bin. The definition142

of the bins is preferably in terms of quantities that are directly measured by143

4

Process Result Uncertainty [fb] SM prediction

(|yH | < 2.5) [fb] Total
⇣

Stat. Exp. Theo.
⌘

[fb]

ggF 98 +15
�14

⇣
±11 +9

�8
+4
�3

⌘
102 +5

�7

VBF 11.2 +3.4
�3.0

⇣
+2.6
�2.4

+1.3
�1.2

+1.9
�1.1

⌘
8.0 ± 0.2

V H 4.9 +2.7
�2.5

⇣
+2.4
�2.2

+1.0
�0.9

+0.6
�0.5

⌘
4.5 ± 0.2

Top 1.5 +0.6
�0.5

⇣
+0.5
�0.4 ±0.2 +0.2

�0.1

⌘
1.3 ± 0.1

Table 4: Best-fit values and uncertainties of the production mode cross sections (for |yH | < 2.5) times the Higgs to
diphoton branching ratio. The SM predictions [9] are shown for each production process. The central values and
uncertainties are rounded.

section (including both the hadronic and leptonic decays of the vector boson) value is fitted using the SM
prediction of the relative ratios of the W H , qq̄0!Z H , and gg!Z H production mode cross sections. The
bb̄H contributions are merged with ggF, assuming the relative contributions are as predicted by the SM.
The above processes are merged without considering the theoretical uncertainties on their relative ratios,
while the impact of such uncertainties is found to be small.

Table 4 and Figure 8 present the measured production mode cross sections, multiplied by the branching
ratio of the Higgs boson decay to two photons. These measurements are in agreement with the SM
predictions. Observed (expected) correlations between the ggF, VBF, V H and top-associated production
mode measurements are shown in Figure 9 (Figure 15 in the appendix). These correlations are found to
be small.

Despite sharing the same methodology and data set, the measurement of the tt̄H production mode in this
note ((� ⇥ B)/(� ⇥ B)SM = 1.12+0.43

�0.37) di↵ers from that in Ref. [6] (�/�SM = 1.39+0.48
�0.42). This is due to

di↵erent treatment of the other production modes, which were fixed to the SM prediction in Ref. [6] and
are fit to data here, and to di↵erent e↵ects of the systematic uncertainties derived from the fit of additional
categories. Additionally, unlike �top used in this note, the tt̄H production mode cross section �tt̄H in
Ref. [6] is a total cross section without the restriction of |yH | < 2.5, and is not merged with the tHq and
tHW production mode cross sections.

8.2.3 Simplified template cross sections

Because the current data set is not yet sensitive to all of the 31 regions in the “stage-1” scheme of the
simplified template cross section framework, the stage-1 regions are merged to obtain 9 phase space
regions as shown in Figure 1 and Table 1. This scheme has been chosen to reduce strong anti-correlations
between the measured cross sections and to keep measurements near or below 100% total uncertainty.
The “gluon–gluon fusion pH

T > 200 GeV” and “VBF p j

T > 200 GeV” regions in stage-1 are sensitive
to BSM Higgs boson production. Due to their large anti-correlation, only the sum of these two cross
sections is quoted, while their di↵erence is profiled in the likelihood fit.

Table 5 and Figure 10 report the simplified template cross sections, multiplied by the branching ratio of
the Higgs boson decay to two photons, in the 9 measured regions. In all regions, the measurements are
consistent with the SM predictions. Observed (expected) correlations between the measured simplified

23

Table 9: The SM expected cross section (� · B)SM, the observed values of � · B, and their ratio (� · B)/(� · B)SM
for the inclusive production and for each Stage-0 and reduced Stage-1 production bin for the H ! Z Z

⇤ decay for
an integrated luminosity of 79.8 fb�1 and at

p
s = 13 TeV. The bbH (tH) contribution is included in the ggF

(ttH) production bins. The upper limits correspond to the 95% CL obtained with pseudo-experiments using the
CLs method. The uncertainties are given as (stat.)+(exp.)+(th.) for the inclusive cross section and Stage 0 and
as (stat.)+(syst.) for reduced Stage 1. Stage 1 results are dominated by statistical error and the impact of theory
uncertainties is smaller compared to the Stage 0. The actual impact of the theory uncertainties for Stage 1 are
smaller than the rounding.

Production bin Cross section (� · B) [pb] (� · B)/(� · B)SM

SM expected Observed Observed

Inclusive production, |yH | < 2.5

1.33 ± 0.09 1.57 ± 0.16 ± 0.07 ± 0.04 1.18 ± 0.12 ± 0.05 ± 0.03

Stage-0 production bins, |yH | < 2.5

ggF 1.17 ± 0.08 1.22 ± 0.17 ± 0.07 ± 0.04 1.04 ± 0.14 ± 0.06 ± 0.03

VBF 0.0917 ± 0.0028 0.25 ± 0.08 ± 0.02 ± 0.01 2.8 ± 0.9 ± 0.2 ± 0.2

VH 0.0524+0.0026
�0.0047 0.05 ± 0.05 ± 0.01 ± 0.01 0.9 ± 1.0 ± 0.1 ± 0.1

ttH 0.0154+0.0011
�0.0016 < 0.07 < 4.04

Reduced Stage-1 production bins, |yH | < 2.5

ggF-0 j 0.72 ± 0.05 0.87 ± 0.14 ± 0.08 1.20 ± 0.20 ± 0.10

ggF-1 j-pH

T -Low 0.170 ± 0.020 0.10 ± 0.10 ± 0.05 0.59 ± 0.55 ± 0.27

ggF-1 j-pH

T -Med 0.120 ± 0.020 0.08 ± 0.06 ± 0.02 0.70 ± 0.48 ± 0.13

ggF-1 j-pH

T -High 0.024 ± 0.005 0.007 ± 0.026 ± 0.006 0.3 ± 1.1 ± 0.3

ggF-2 j 0.140 ± 0.030 0.16 ± 0.10 ± 0.03 1.19 ± 0.76 ± 0.26

VBF-pj

T-Low 0.0872 ± 0.0027 0.24 ± 0.09 ± 0.02 2.8 ± 1.0 ± 0.2

VBF-pj

T-High 0.0041+0.0004
�0.0002 0.03 ± 0.02 ± 0.01 7.5 ± 6.0 ± 0.7

VH-Had 0.0359+0.0019
�0.0033 0.02 ± 0.10 ± 0.01 0.6 ± 2.9 ± 0.3

VH-Lep 0.0165+0.0008
�0.0014 0.02 ± 0.03 ± 0.01 1.2 ± 1.5 ± 0.1

ttH 0.0154+0.0011
�0.0016 < 0.06 < 4.02

30

Stage-0: production mode separation
H→γγ

H→ZZ

The signal yield in each category c is the sum over the yields from the STXS bins

◈ Fiducial volumes based on properties 
of production but not of decay 

◈ Less model dependence 

◈ Make use of Rec. optimization for 
sensitive improvement 

◈ Further combination and interpretation
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Figure 1: The particle-level kinematic regions relevant to this measurement, as defined by the simplified template
cross section (STXS) framework. Stage-0 simplified template cross section regions are indicated with an adjacent
square; stage-1 regions are denoted with a circle. Some stage-1 regions are omitted from the figure in cases where
the data set lacks the sensitivity to resolve them. The event reconstruction categories targeting specific particle-level
kinematic regions, defined in Table 3, are listed to the right of each region. Events in data are assigned preferentially
to categories starting from “ttH lep BDT1” and using the order indicated by the numbers in parentheses (note that
the ggF categories are mutually exclusive of one another). Though some of the non-tt̄H category names have
changed, the definition of those categories is the same as in Ref. [7]. The particle-level regions are merged to form
9 intermediate regions, indicated with rectangular boxes, whose cross sections are measured in this note. Note that
one disjoint region (“BSM-like”) is denoted by two labeled boxes.
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Figure 1: The phase-space regions (production bins) for the measurement of the Higgs boson production cross
sections which are defined at the particle level for Stage 0 and 1, and the corresponding reconstructed event
categories. The description of production bins is given in Section 6.2.1, while the reconstructed event categories
are described in Section 6.2.2. The bbH (tH) contribution is included in the ggF (ttH) production bins.

For the first set (Stage 0) [44], production bins are simply defined according to the Higgs boson production
mode: gluon–gluon fusion, vector boson fusion and associated production with top quark pairs or vector
bosons. The bbH Higgs boson production bin is not included because there is insu�cient sensitivity to
measure this process with the current integrated luminosity. The bbH and ggF production modes have
similar acceptance, their contributions are therefore considered together in the analysis, and their relative
ratio is fixed to the SM prediction. The sum of their contributions is referred to in the following as
gluon–gluon fusion. Similarly, single top production (tH) is considered together with ttH, their relative
ratio is fixed to the SM prediction. Di�erently from Stage 0 described in Ref. [44], the VH events with a
hadronically decaying vector boson V are not included in the VBF bin.

For the second set (reduced Stage 1), a more exclusive group of production bins is defined. This set
is obtained by the merging of those production bins of the original Stage-1 set from Ref. [44], which
cannot be measured separately in the H ! Z Z

⇤ ! 4` channel with the current data sample. These
bins are predominately defined using the Higgs boson transverse momentum (pH

T ) and particle-level jets,
which are built from all stable particles (all particles with c⌧ > 10 mm) including neutrinos, photons and

11

H→ZZ

• Event categories are defined based on kinematic properties of the γγ/4l 
system + extra particles in the event 

• Good sensitivity to main production modes / stage-1 regions
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Figure 8: The merged STXS stage-1 regions [8] defined for the measurements. All regions enclosed by red boxes
are merged, except for the sum and di�erence indicated by the “±” sign connecting two merged gg ! H regions
with one qq ! Hqq region. The bbH region is merged with the gg ! H bins.

exists between the gg ! H 0-jet and gg ! H 1-jet pH

T < 60 GeV regions due to migrations between
experimental jet-bin categories. Finally, there is a substantial anti-correlation between the qq ! Hqq
pj

T < 200 GeV region and the similar gg ! H 2-jet region because of the experimental di�culty in
distinguishing between these processes.

The results show good overall agreement with the SM predictions in a range of kinematic regions of Higgs
boson production processes. The ten-dimensional compatibility between the measurement and the SM
prediction corresponds to a p-value of pSM = 9%.
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Interpretation with EFT framework

◈ A general procedure for moving beyond κ 
framework into a more general EFT framework


◈ Most stringent constraints on the effective 
couplings to photons and gluons w.r.t. global fit 
to data from Tevatron and Run1


◈ More precise constraint is expected with more 
measurements and more robust theoretical tools.
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Figure 2: The values of modified STXS regions, relative to the SM, for ⇡ +1� expected SM values of cG (3⇥ 10�5),
cA (3 ⇥ 10�4), cu (0.25), cWW � cB (0.06), cHW (0.04), and cHB (0.15). The STXS regions have been modified by
merging all ggF regions, which are a�ected in the same way by all parameters, and by merging VH categories with
pV
T
> 150 GeV (“high pW

T
” and “high pZ

T
”).

4 Statistical model

The statistical treatment follows the procedures described in Refs. [9, 15–20]. The six parameters of interest
(POIs) are defined to be cG, cA, cu, cHW, cHB, and cWW�cB (see Table 2), and are fit simultaneously using
a likelihood as described below.

For the H ! Z Z⇤
! 4` channel, the number of events observed in each analysis bin is treated as an

independent Poisson-distributed value. For the H ! �� categories, the likelihood is given by a Poisson
term multiplied by a likelihood binned in diphoton invariant mass for categories with more than 220 data
events. In other H ! �� categories an unbinned likelihood is used. The full likelihood is given by the
product of likelihoods for each channel and category.

Degrees of freedom related to the data-driven background estimations or the systematic uncertainties are
included in the fit as nuisance parameters in the likelihood function. These parameters are constrained by
data in the fit and in most cases include auxiliary constraints. Common nuisance parameters are used for
shared sources of experimental uncertainty, such as the uncertainties on the integrated luminosity or the
jet energy scale and resolution.

The sources of theoretical uncertainty on the SM cross sections of the STXS regions are missing higher-
order perturbative corrections, uncertainties in the PDFs, uncertainty in ↵S , and uncertainties in the
modelling of the underlying event and parton shower (UE/PS). In relating measurement categories to
STXS regions, migration uncertainties across ggF kinematic regions are accounted for using a generalized
covariance matrix [4, 21]. These nuisance parameters and those associated with UE/PS uncertainties are
correlated between the H ! �� and H ! Z Z⇤

! 4` channels. Theoretical and parametric uncertainties
on the decay branching fractions [3, 22–25] are included, with correlations following the strategy of
Ref. [15].

The result of the statistical combination is a likelihood function L(↵, ✓), where ↵ represents the parameters
of interest and ✓ the set of nuisance parameters. A statistical test of hypothetical ↵ values is carried out
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Table 3: The fit values and 68% C.L. uncertainties from the fit for six EFT parameters using the Stage 1 STXS
binning to relate the data to the parameters. The observed and SM expected results are shown.
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Upper limits on BR(H→ℓℓγ)

• Signal is extracted by fitting the mℓℓγ spectrum

• Background fit functions vary per-category

• Functional form chosen to minimise the bias on the 
signal strength 

• No significant deviations from b-only expectation

• Results obtained assuming mH = 125 GeV
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BR(H → Zγ → ℓℓγ) < 8.0 (5.8) x SM

BR(H → γ*γ → ℓℓγ) < 4.0 (2.2) x SM

• True form for the background is unknown 
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Figure 7: Exclusion limit, at 95% CL, on the cross section of H ! ``g relative to the SM pre-
diction, for an SM Higgs boson of mH = 125 GeV. The upper limits of each analysis category,
as well as their combinations, are shown. Black full (empty) circles show the observed (back-
ground only expected) limit. Red circles show the expected upper limit assuming an SM Higgs
boson decaying to ``g decay channel.

Search for H→Zγ

�24

@95%CL Obs./Exp.
σ(pp→H) 
×B(H→Zγ) 6.6/4.4 SM

µ (Run1) 11

◈ Similar to H→γγ ones via loop interaction (BR(H→Zγ) =0.15%, BR(H→γγ) 
=0.22% ) : probe BSM contribution in loops

1

1 Introduction
Measurements of rare decays of the Higgs boson, such as H ! g⇤g and H ! Zg, would
enhance our understanding of the standard model (SM) of particle physics, and allow us to
probe exotic couplings introduced by possible extensions of the SM [1–4]. The decay width can
be modified by the theories involving heavy fermions, gauge bosons or charged scalars [5–9].
Simple extensions of the SM like two Higgs doublet models, or the minimal supersymmetric
standard model also exhibit similar features [10]. Certain coefficients of the dimension-6 exten-
sion of the standard model effective field theory can be constrained by measuring the H ! Zg
branching ratio precisely [11]. As an example, a model [10] which includes a hypercharge zero
triplet extension, shows a modification in B(H ! Zg), with respect to the SM value, of about
10% for an additional scalar field with mass between 0 and 400 GeV.

In the search for H ! g⇤g ! ``g, the leptonic channel, g⇤/Z ! `` (` = e or µ) is most
promising as it has relatively low background. The diagrams in Fig. 1 illustrate the dominant
Higgs boson decay channels contributing to these final states. The H ! g⇤g ! ``g and
H ! Zg ! ``g diagrams correspond to the same initial and final state and interfere with
each other. Experimentally one can separate the off- and on-shell contributions, and define the
respective signal regions, using a selection based on the invariant mass of the dilepton system,
m`` = mg⇤/Z. For the measurements presented in this paper a threshold of m`` = 50 GeV is
used to separate the two processes.

It is informative to express the branching fractions for these decays relative to the H ! gg
process. In the SM, for a Higgs boson with mass mH = 125 GeV [12, 13], these ratios are:

B(H ! g⇤g ! µµg)
B(H ! gg)

= (1.69 ± 0.10)%,
B(H ! Zg ! e+e�g/µµg)

B(H ! gg)
= (2.27 ± 0.14)%, (1)

where B(H ! Zg ! e+e�g/µµg) = 0.051 ⇥ 10�3 and B(H ! gg) = 2.27 ⇥ 10�3 are taken
from Ref. [14], and B(H ! g⇤g ! µµg) = 3.83 ⇥ 10�5 is obtained with the MCFM 7.0.1
program [15], which is in agreement with calculations in Refs. [16–18].

The ATLAS and CMS Collaborations at the CERN LHC have both performed searches for the
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Figure 1: Dominant Feynman diagrams contributing to the H ! ``g process.

Split H→Zγ / γ*γ measurements 
 with mll=50GeV 

µµ-only

Combination: σ(pp→H)  < 3.9 (2.0) × SM



Di-Higgs search
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ATLAS & CMS DiHiggs results
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HIG-17-030

slight excessslight deficit

• Getting close to 10*SM rate for Di-Higgs production

• Constraint on self-coupling (obs/exp) @ 95% CL:


• ATLAS :  -7.1<κλ<13.6 / -11.8<κλ<18.8

• CMS:      -5.8<κλ<12.0 / -5<κλ<12.1

Where to look  
for Di-Higgs  
production?

Di-Higgs production

+

�(gg ! h) = 48.5 pb

~1/1500

[Higgs Xsec WG Report 4, ]

SM
bbbb bbWW bbττ bbγγ
34% 25% 7% 0.26%
δ WWγγ

0.1%
Higher σ x BR

Higher purity

hh decay branching ratios

 35 Giacinto Piacquadio - ICHEP 2018

�(gg ! hh) = (33.4± 5.9) fb



Self-coupling from single Higgs
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We can exploit at the LHC the  
“High Precision for Hard Processes”

An additional and complementary strategy for the determination 
(at the LHC) of the Higgs self coupling is definitely useful. 

and probe the quantum effects (NLO EW) induced by the Higgs self 
coupling on single Higgs production and decay modes. 
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤

! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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An additional and complementary strategy for the determination 
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and probe the quantum effects (NLO EW) induced by the Higgs self 
coupling on single Higgs production and decay modes. 
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤

! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
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! 4f), the �3-dependent parts in M
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from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �

SM
3

-dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3

�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2

�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq ! ZH or qg ! ZH) Pythia8 Pythia6.4
ggZH (gg ! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb ! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb ! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF, VBF, WH, ZH, ttH) and B f ( f = ZZ, WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 � M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤

! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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An additional and complementary strategy for the determination 
(at the LHC) of the Higgs self coupling is definitely useful. 

and probe the quantum effects (NLO EW) induced by the Higgs self 
coupling on single Higgs production and decay modes. 

H

H

W

�

�

H

H

W

�

�

H

H W

�

�

H

H

W

�

�

H

H

W

�

�

Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤

! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �

SM
3

-dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3

�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2

�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq ! ZH or qg ! ZH) Pythia8 Pythia6.4
ggZH (gg ! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb ! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb ! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF, VBF, WH, ZH, ttH) and B f ( f = ZZ, WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 � M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤

! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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Summary
◈ Main boson decay channels now entering precision era

◈ Comprehensive Higgs property measurements: mass, 

width, fiducial/differential cross section, simplified 
template cross section: everything is in good agreement 
with SM


◈ Still missing: Zγ (current limit σ*BR < 6*SM with 36fb-1)


◈ Run-2 data collection was done. It is promising in the 
next year.
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