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Introduction

2

The Higgs particle is responsible for the masses of elementary particles.

Brief introduction to Higgs boson
• Predicted in 1964, discovered in 2012 
• The only scalar elementary particle in SM 
• Attributes masses to all elementary particles 
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Figure 5: Reduced coupling strength modifiers ^� · <�/vev for fermions (� = C, 1, g, `) and
p
^+ · <+ /vev for

vector bosons as a function of their masses <� and <+ . Two fit scenarios with ^2 = ^C (coloured circle markers),
or ^2 left free-floating in the fit (grey cross markers) are shown. Loop-induced processes are assumed to have the
SM structure, and Higgs boson decays to non-SM particles are not allowed. The ?-value for compatibility of the
combined measurement and the SM prediction are 56% and 65% for the respective scenarios. The lower panel shows
the values of the coupling strength modifiers. The grey arrow points in the direction of the best-fit value and the grey
uncertainty bar extends beyond the lower panel range.

the previously measured coupling strength modifiers do not change significantly, while upper limits of
⌫u. < 0.12 (expected 0.21) and ⌫inv. < 0.13 (expected 0.08) are set at 95% CL on the corresponding
branching fraction. The latter improves on the current best limit of ⌫inv. < 0.145 (expected 0.103) from
direct ATLAS searches [42].

In all tested scenarios, the statistical and the systematic uncertainty contribute almost equally to the
total uncertainty in most of the ^ parameter measurements. The exceptions are the ^`, ^/W , ^2 and ⌫u.

measurements for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the internal structure of its couplings are studied in
the framework of simplified template cross sections [44, 47–49]. The framework partitions the phase space
of SM Higgs boson production processes into a set of regions defined by the specific kinematic properties
of the Higgs boson and, where relevant, of the associated jets, , bosons, or / bosons, as described in
Methods. The regions are defined so as to provide experimental sensitivity to deviations from the SM
predictions, to avoid large theory uncertainties in these predictions, and to minimize the model-dependence
of their extrapolations to the experimentally accessible signal regions. Signal cross sections measured
in each of the introduced kinematic regions are compared with those predicted when assuming that the
branching fractions and kinematic properties of the Higgs boson decay are described by the SM.
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–e. After it 
is produced, the Higgs boson is predicted to decay almost instantly, 
with a lifetime of 1.6 × 10−22 seconds. More than 90% of these decays 
are via eight decay modes (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

In this Article, the mutually exclusive measurements of Higgs boson 
production and decays probing all processes listed above are combined, 

taking into account the correlations among their uncertainties. In a 
single measurement, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model to be performed, 
including the determination of the coupling strengths of the Higgs 
boson to various fundamental particles and a comprehensive study of 
the kinematic properties of Higgs boson production. The latter could 
reveal new phenomena beyond the standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4π coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 
pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 
interactions with gluons or photons are shown in blue, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
(tt H and tH) production processes.

Nature | Vol 607 | 7 July 2022 | 53

boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 
pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 
interactions with gluons or photons are shown in blue, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
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a reduction of not only statistical but also systematic uncertainties, as 
well as a more precise calibration of the calorimeters and alignment 
of the tracking detectors. During Run 2, approximately 8 million Higgs 
bosons were produced. Many more final states could be studied, as it 
was possible to separate the events by production mode and decay 
channel, as well as by kinematic properties; and differential distribu-
tions could be measured. Furthermore, improved analysis methods 
were deployed.

To enable comparison with the more precise experimental results, 
theoretical calculations have been carried out with commensurate 
improvements in accuracy36–39, involving higher orders in perturba-
tion theory.

The statistical procedure was developed in preparation for the search 
and discovery of the Higgs boson and has not changed much since 
then. It is based on building a combined likelihood from the various 
input channels (‘Statistical analysis’ in Methods). Parameter estimation 
and limit setting are performed using a profile likelihood technique 
with asymptotic approximation40, taking into account the full correla-
tion of the systematic uncertainties between individual channels and 
the years of data taking. The different channels included in the com-
bination correlate nuisance parameters related to the same underlying 
effect, such as the uncertainty in the theoretical prediction or the 
energy-scale uncertainty of the final-state objects. The inclusive signal 
strength (µ) combination has a total of O(10 )4  nuisance parameters. 
The references to the individual analyses presented in the next section 
each contain more details of the statistical procedure used for 

combining the several categories used, created according to various 
criteria, such as signal-to-background ratios, mass resolutions and 
multiplicities of physics objects.

Portrait of the Higgs boson
The portrait of the Higgs boson is defined by its production modes, via 
cross-sections, and its decay channels, via branching fractions. For the 
value of mass measured by CMS mH = 125.38 ± 0.14 GeV (ref. 41), these 
are given in Extended Data Table 139.

Production
The rate of production of Higgs bosons is given by the product of the 
instantaneous luminosity, measured in units of cm−2 s−1, and the 
cross-section, measured in units of cm2. For mH = 125.38 GeV, the total 
cross-section for the production of the SM Higgs boson at s = 13 TeV 
is 54 ± 2.6 pb (ref. 39). (A cross-section of 1 pb (picobarn) corresponds 
to an area of 10−36 cm2). This results in the production of one Higgs 
boson every second at an instantaneous luminosity of 2 × 1034 cm−2 s−1. 
The dominant production mode in the SM is ggH, where a pair of gluons, 
one from each of the incident protons, fuses, predominantly via a vir-
tual top quark quantum loop. This is depicted in Fig. 1a and represents 
87% of the total cross-section. The next most important production 
mode is vector boson fusion (VBF) depicted in Fig. 1b, where a quark 
from each of the protons radiates a virtual vector boson (W or Z), which 
then fuse together to make a Higgs boson. Other processes, with smaller 
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Fig. 2 | The agreement with the SM predictions for production modes and 
decay channels. Signal-strength parameters extracted for various production 
modes µi, assuming = ( )f f

SMB B  (left), and decay channels µf, assuming σi = (σi)SM 
(right). The thick and thin black lines indicate the 1-s.d. and 2-s.d. confidence 
intervals, respectively, with the systematic (syst) and statistical (stat) 
components of the 1-s.d. interval indicated by the red and blue bands, 

respectively. The vertical dashed line at unity represents the values of µi and µf 
in the SM. The covariance matrices of the fitted signal-strength parameters are 
shown in Extended Data Fig. 5. The P values with respect to the SM prediction 
are 3.1% and 30.1% for the left plot and the right plot, respectively. The P value 
corresponds to the probability that a result deviates as much, or more, from the 
SM prediction as the observed one.
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H→Zγ rare decays

◈ In SM,  Br (H→Zγ) = (1.57±0.09)×10-3, comparable with Br(H→γγ) = (2.27±0.04)×10-3

◈ In current LHC study, focus on Z→ee/µµ only with the llγ final state


✦ Good resolution, efficiency and S/B separation

✦ Low fraction of 6%
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Higgs boson production and decays @ LHC
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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 
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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

gluon-gluon

fusion (ggF)

vector boson 
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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% 
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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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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

-310

-210

-110

1

10

210

310

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

Since the discovery of the Higgs boson [1–3] by the ATLAS [4] and CMS [5] Collaborations in 2012, a
detailed program of measurements [6–8] has confirmed its couplings and other properties to be mostly
consistent with those predicted by the Standard Model (SM). However, there are several rare Higgs boson
decay channels, including �!/W [9–11], that have not been observed. These channels provide probes
for possible contributions arising from physics beyond the SM (BSM physics). During LHC Run 2
(2015–2018), large data samples of proton–proton collisions at

p
B = 13 TeV were collected by the two

experiments, improving the sensitivity to such decays.

In the SM, the �!/W decay is expected to have a relatively small branching fraction of (1.5± 0.1) ⇥ 10�3

for a Higgs boson mass (<�) close to 125 GeV [12, 13]. As the �!/W decay occurs via loop diagrams,
with examples given in Figure 1, it is sensitive to modifications in several BSM scenarios that would cause
the branching fraction to be enhanced compared with the SM value. Examples include models where
the Higgs boson is a composite state [14], a pseudo Nambu–Goldstone boson [15], or a neutral scalar
originating from a different source [16, 17]. Branching fractions deviating from the SM value are also
expected for models with additional colorless charged scalars, leptons or vector bosons that couple to the
Higgs boson, because of their contributions via loop corrections [18–20].

γ γ

γ

t

t
t

(a)

Figure 1: Examples of Feynman diagrams for �!/W decay.

This Letter reports the first evidence for �!/W decay, obtained from a combination of ATLAS [21] and
CMS [22] searches for this channel. The analyses are based on the Run 2 data sets collected by the ATLAS
and CMS experiments, corresponding to integrated luminosities of 139 and 138 fb�1, respectively, at a
center-of-mass energy of 13 TeV. Previous �!/W searches by the ATLAS and CMS Collaborations used
the data sets collected at

p
B = 7 and 8 TeV, and partial data sets collected at

p
B = 13 TeV [23–25].

The ATLAS detector [4] is a multipurpose particle detector with cylindrical geometry. It consists of an
inner tracking detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic and hadronic sampling calorimeters, and a muon spectrometer with three toroidal
superconducting magnets, providing nearly 4c coverage in solid angle. The CMS apparatus [5] is a nearly
hermetic, multipurpose detector. Contained within a 3.8 T superconducting solenoid are an all-silicon inner
tracker, a crystal electromagnetic calorimeter, and a brass–scintillator hadron calorimeter. Gas-ionization
muon detectors are embedded in the flux-return yoke outside the solenoid.

The ATLAS and CMS �!/W analyses share many features. In both, the / boson is reconstructed through
its decays into electron or muon pairs (/ ! ✓+✓� , ✓ = 4 or `), requiring a dilepton mass above 50 GeV. The
leptons provide a clean signature and ensure a high trigger efficiency and good invariant mass resolution
for the final-state products of the Higgs boson decay. The photon candidate is reconstructed from energy
clusters in the electromagnetic calorimeters. It must satisfy identification criteria and be isolated from

2

Probe for Higgs rare decay to complement the 
Higgs property in SM and new physics searchH→Zγ loop decay



H→llγ

4
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Figure 5: The invariant mass distribution of h → γµ+µ− normalized by Γ(h → γγ). The

red line denotes the contribution of the tree diagrams, the thin solid line denotes the

contribution from the γ∗ pole diagrams, and the dashed line the contribution from the Z∗

pole diagrams while the thick line gives the total contributions. The dotted line denotes

the contribution from the four-point box diagrams.
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Figure 6: The invariant mass distribution of h → γτ+τ− normalized by Γ(h → γγ). The

red line denotes the contribution of the tree diagrams, the thin solid line denotes the

contribution from the γ∗ pole diagrams, and the dashed line the contribution from the Z∗

pole diagrams while the thick line gives the total contributions. The dotted line denotes

the contribution from the four-point box diagrams.
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Figure 1: The tree diagrams for h → γl+l−.

Higgs Boson, as well as to explore new physics in the Higgs sector [12, 13].

The paper is organized as follows. In section 2, the amplitudes of the process h →
γl+l− from the different diagrams are evaluated, and the expressions of the differential

decay rate and the FB asymmetries are presented. Section 3 is our numerical analysis and

some discussions on phenomenology. Finally, we summarize our conclusions in section 4,

and explicit expressions of some loop functions are given in the Appendix.

2 The amplitude of h → γl+l−

The tree diagrams of the processes h → γl+l− are not forbidden, where the photon can

be radiated from the lepton leg after Higgs decay to l∗l, as shown in Figure 1. Due to

the helicity suppression, this contribution is proportional to the mass of lepton. It will be

shown that the contribution of the tree diagrams can be neglected safely in the process

h → γe+e− due to the large mass hierarchy between electron and Higgs, but for γµ+µ−

and γτ+τ− in the final states, the tree diagrams should be included. This is consistent

with the results in [7, 8, 10].

From Figure 1, the decay amplitude of h → γl+l− at the tree-level can be expressed

as follows

iMt = iε∗νC0ū(k2)

(

2kν
2 + γνp/

2k2 · p
−

p/γν + 2kν
1

2k1 · p

)

v(k1), (1)

where C0 = − 2παeml

mW sin θW
, ml is the mass of lepton, αe is the fine-structure constant, θW is

the electroweak mixing angle, and k1, k2 and p represent the momentum of l+, l− and γ

in the final states, respectively.
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Figure 2: The photon and Z pole one-loop diagrams for h → γl+l−.
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Figure 3: Four-point box diagrams for h → γl+l−. The photon can also be radiated from

another W line in the left diagram and from other charged lepton lines in both diagrams.

Since its tree-level amplitude is proportional to the mass of lepton, the next-to-leading

contributions could be very important for the h → γl+l− transitions, especially for the

electron and muon modes. The typical one-loop Feynman diagrams for these processes

have been displayed in Figures 2 and 3, respectively, which are of two basic types: (i)

the photon and Z pole diagrams via h → γγ∗ → γl+l− and h → γZ∗ → γl+l− (Figure

2); and (ii) four-point box diagrams involving virtual W and Z gauge bosons inside the

loop (Figure 3). It has been pointed out by the authors of Ref. [7] that type (i) gives the

dominant contributions. Our calculations give the consistent conclusion with [7]. One

can check Figures 4, 5, and 6 in the next section for the numerical analysis, that type

(ii) diagrams have only very little contributions. In the remainder of this section, for

simplicity, we only show explicitly the results from Figure 2, to illustrate the discussions

on the differential decay rates and the FB asymmetries. Actually, we include the four-

point box diagrams’ contributions in our numerical calculations of section 3.
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Figure 4: The invariant mass distributions of h → γe+e− normalized by Γ(h → γγ).

The red line denotes the contribution of the tree diagrams, the thin solid line denotes the

contribution from the γ∗ pole diagrams, and the dashed line the contribution from the Z∗

pole diagrams while the thick line gives the total contributions. The dotted line denotes

the contribution from the four-point box diagrams.

for the electron mode, and the contribution of tree diagrams is vanishingly small; for the

muon mode,
Γ(h → γµ+µ−)

Γ(h → γγ)
= 5.8%, (18)

and its tree diagram could play a relevant role, which gives about 30% contribution to

the rate; while in the process h → γτ+τ−, we have

Γ(h → γτ+τ−)

Γ(h → γγ)
= 3.04, (19)

where the tree-level contribution is dominant, and the loop diagrams give about 1%

contribution. As mentioned above, in order to avoid the infrared divergence from the tree

diagrams, we cut the minimal energy of photon at 1 GeV to illustrate our results of (17),

(18) and (19).

The dilepton invariant mass distributions of h → γl+l−, normalized by Γ(h → γγ),

have been given in Figures 4, 5, and 6, respectively. Different types of contributions in-

cluding the tree diagrams, γ∗/Z∗ pole diagrams, and four-point box diagrams, are plotted

separately for comparison. It is shown that the four-point box diagrams indeed give a

negligible contributions for all three modes, and γ∗/Z∗ poles (corresponding to the two

peaks) give the dominant contributions to the invariant mass distribution in h → γl+l−

7

Separated optimization for on-shell H→Zγ with mll>40GeV and off-shell H→γ*γ with mll<30GeV



Search for H→Zγ @Run2 (ATLAS)
◈ Decay rate is quite low for the e/μ channel only

◈ Major in low pt region:  ~20GeV for photon, ~50GeV and 30GeV for leading lepton and subleading lepton


✦ Single-/Di-lepton triggers: High efficiency achieved with 95.6% for e channel and 92.2% for μ channel

◈ Higgs mass resolution improvement


✦ 3% gain from FSR and 7%(13%) gain from Z-mass constraint for e(μ) channel
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candidates channel single/di-lepton trigger name
2015 data Z(! ee)� single electron HLT_e24_lhmedium_L1EM20VH

HLT_e60_lhmedium, HLT_e120_lhloose
2015 data Z(! ee)� di-electron HLT_2e12_lhloose_L12EM10VH
2016 data Z(! ee)� single electron HLT_e26_lhtight_nod0_ivarloose

HLT_e60_lhmedium_nod0, HLT_e140_lhloose_nod0
2016 data Z(! ee)� di-electron HLT_2e17_lhvloose_nod0

2017-2018 data Z(! ee)� single electron HLT_e26_lhtight_nod0_ivarloose
HLT_e60_lhmedium_nod0, HLT_e140_lhloose_nod0

2017-2018 data Z(! ee)� di-electron HLT_2e24_lhvloose_nod0
2015 data Z(! µµ)� single muon HLT_mu26_imedium, HLT_mu50
2015 data Z(! µµ)� di-muon HLT_mu22_mu8noL1
2016 data Z(! µµ)� single muon HLT_mu26_imedium

HLT_mu26_ivarmedium, HLT_mu50
2016 data Z(! µµ)� di-muon HLT_mu22_mu8noL1

2017-2018 data Z(! µµ)� single muon HLT_mu26_ivarmedium, HLT_mu50
2017-2018 data Z(! µµ)� di-muon HLT_mu22_mu8noL1

Table 2: Triggers strategy for 2015 - 2018 data and MC.

- 2017: data17_13TeV.periodAllYear_DetStatus-v97-pro21-13248

_Unknown_PHYS_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml249

- 2018: data18_13TeV.periodAllYear_DetStatus-v102-pro22-04250

_Unknown_PHYS_StandardGRL_All_Good_25ns_Triggerno17e33prim.xml251

After the trigger and GRL selections, the integrated luminosity of the data sample is:252

- 2015: 3.2 fb�1, with a 2.1% relative uncertainty;253

- 2016: 33.0 fb�1, with a 2.2% relative uncertainty.254

- 2017: 44.3 fb�1, with a 2.4% relative uncertainty.255

- 2018: 58.5 fb�1, with a 2.0% relative uncertainty.256

- 2015-2018: 139.0 fb�1, with a 1.7% relative uncertainty.257

2015 - 2018 data have been reconstructed with release 21. The analysis has been performed over258

HIGG1D2 DAODs. 2015 - 2018 data have been produced from AODs with AtlasDerivation cache:259

21.2.65.0 (ptag p3876). The HIGG1D2 derivation applies a preselection which is looser than the o↵-260

line, but is su�ciently strict to reduce the size of the initial dataset by 3 orders of magnitude; the criteria261

for the skimming are the following:262

- Pass LArError.263

- Trigger: fire single-muon, di-muon, single-electron, di-electron, high pT single photon, di-photon264

or merged electron triggers.265

- Object selections:266

– Photon: good OQ, DFCommonPhotonsIsEMLoose, ET > 7.5 GeV and |⌘| < 2.5.267

– Electron: DFCommonElectronsLoose or DFCommonElectronsLHLoose, pT > 7.5 GeV, |⌘| <268

2.5.269

Or pT > 7.5 GeV, |⌘| < 2.5, pass merged electron cuts.270

– Muon: DFCommonGoodMuon or DFCommonMuonsPreselection, pT > 7.5 GeV, |⌘| < 2.7.271
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For the H ! Z� (X ! Z�) search, the photon transverse momentum requirement is tightened to 15 GeV
(pT/mZ� > 0.3).

The invariant mass of the final-state particles, mZ�, is required to satisfy 115 GeV < mZ� < 170 GeV
for the H ! Z� search and 200 GeV < mZ� < 2500 GeV for the high-mass resonance search. Figure 1
shows the invariant mass distribution for simulated H ! Z� candidates after the final selection with and
without the lepton momentum corrections from the FSR recovery and the kinematic fit. Improvements
of the mµµ� resolution of 3% are observed for mH = 125 GeV from the FSR recovery. The kinematic
fit improves the mµµ� (mee�) resolution by 7% (13%) at the same mass. For high invariant masses, the
mµµ� resolution improvement varies from 10% at mX = 300 GeV to about 50% for mX > 1.5 TeV, while
the mee� resolution is improved by 9% at mX = 300 GeV and by 3% or less above mX = 500 GeV.
The constrained kinematic fit is particularly e↵ective at large mX for the Z ! µµ final state due to the
decreasing precision of the momentum measurement for increasing muon pT.

4.3 Categorisation

Events are split into mutually exclusive event categories that are optimised to improve the sensitivity of
both the H ! Z� and X ! Z� searches. The event categories separate events on the basis of the expected
signal-to-background ratio and of the expected three-body invariant mass resolution. Di↵erent categories
are used in the search for decays of the Higgs boson to Z� and the search for high-mass resonances.

The H ! Z� search uses six exclusive event categories and events are assigned to the categories in the
following order:

• VBF-enriched : Events are required to have at least two jets. A boosted decision tree (BDT) that
was trained to separate VBF events from other Higgs boson production modes and non-Higgs back-
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Figure 1: Invariant mass distribution, mZ�, for the final selection before and after application of the final-state radi-
ation corrections (Z ! µµ only) and the Z boson mass constrained kinematic fit for simulated H ! Z� events with
mH = 125 GeV in the gluon–gluon fusion production mode. Events are separated by lepton type, (a) Z ! µµ and
(b) Z ! ee.
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Search for H→Zγ @Run2 (ATLAS)

◈ Higgs signal mode include: ggH, VBF, VH, ttH. 


◈ Dedicated optimization only for the VBF and ggF production modes
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5.3 Run-II categorization651

If no categorization is employed, the inclusive total sensitivity is measured to be 0.85 in the 68% mass652

range 123.5-127.5 GeV.653

If split events into VBF-topo tight and the rest cateories. The total sensitivity is measured to be 1.04 as654

shown in Table 26.655

number Category NS NB NS NB
Sp

(S+B)
Mass range (GeV)

68% SR 68% SR
1 BDTG > 0.87 3.91 169.00 2.34 11.56 0.63 123.5-126.5
2 Rest 157.62 143056.00 103.79 15550.60 0.83 123.5-127.5

combined significance 161.53 143225.00 1.04

Table 26: The signal sensitivity = NS /
p

NS + NB at 125 GeV at 139.0 fb�1, with VBF-topo and rest categories.

In the end, the final event categorization with 6 mutually exclusive, non-overlapping categories is sketched656

in Figure 19. For the notation, define the name of each category: “VBF-topo”, “Rel. pT”, “High pTt ee”,657

“Low pTt ee”, “High pTt µµ” and “Low pTt µµ”.658

ATLAS DRAFT

5.3 Run-II categorization478

The final event categorization with 6 mutually exclusive, non-overlapping categories is sketched in Fig-479

ure 15.480
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Figure 15: TO BE UPDATED. Schematic of the Run II categorization for the low mass region based on the dis-
criminant of the BDT described in Section 5.1, the relative transverse momentum pT(�)/mll�, the lepton flavour and
pTt.
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> 0.87 < 0.87

Figure 19: Schematic of the Run II categorization for the low mass region based on the discriminant of the BDT
described in Section 5.1, the relative transverse momentum pT(�)/mll�, the lepton flavour and pTt.
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Table 2
The number of data events selected in each category and in the Zγ mass range of 105–160 GeV. In addition, the following numbers are given: the expected number of 
Higgs boson signal events in an interval around the peak position for a signal of mH = 125.09 GeV containing 68% of the SM signal (S68), the mass resolution quantified 
by the width of the S68 interval (w68) defined by the difference between the 84th and the 16th percentile of the signal mass distribution, the background in the S68
interval (B68) is estimated from fits to the data using the background models described in Section 5, the observed number of events in the S68 interval (N68), the expected 
signal-to-background ratio in the S68 window (S68/B68), and the expected significance estimate defined as S68/

√
S68 + B68. The final row of the table displays the expected 

number of events for an analysis performed in a single inclusive category calculated by summing the number of events in each individual category.

Category Events S68 B68 N68 w68 [GeV] S68/B68 [10−2] S68/
√

S68 + B68

VBF-enriched 194 2.7 16.7 17 3.7 16.2 0.60
High relative pT 2276 7.6 108.5 118 3.7 7.0 0.70
High pTt ee 5567 9.9 474.7 498 3.8 2.1 0.45
Low pTt ee 76 679 34.5 6418.6 6505 4.1 0.5 0.43
High pTt µµ 6979 12.0 634.4 632 3.9 1.9 0.47
Low pTt µµ 100 876 43.5 8506.9 8491 4.0 0.5 0.47

Inclusive 192 571 110.2 16159.8 16261 4.0 0.7 0.86

trained to separate VBF signal events from other Higgs boson pro-
duction modes and backgrounds is used to define a category of 
events with at least two jets. If there are more than two jets in an 
event, the two highest-pT jets are used. The kinematic variables 
used in the categorisation and as input to the BDT, which have 
been extended with respect to the Ref. [21], are:

• The pT of the highest-pT jet, p j1
T .

• The pseudorapidity difference between the two jets, "η j j .
• The minimum "R between the Z boson or photon candidate 

and either of the two jets, "Rmin
γ or Z , j .

• The invariant mass of the two jets, m jj .
• The absolute value of the difference between the pseudorapid-

ity of the Zγ system and the average pseudorapidity of the 
two jets, 

(
|ηZγ − (η j1 + η j2)/2|

)
[110].

• The azimuthal separation between the Zγ system and the sys-
tem formed by the two jets, "$Zγ , j j .

• The azimuthal angle between the dilepton system and the 
photon, "$Z ,γ .

• The component, pTt , of the transverse momentum of the 
Zγ system, that is perpendicular to the difference of the 3-
momenta of the Z boson and the photon candidate (pTt =
|#p Zγ

T × t̂|, where t̂ = (#p Z
T − #pγ

T )/|#p Z
T − #pγ

T |). This quantity is 
strongly correlated with the transverse momentum of the Zγ
system, but has better experimental resolution [111,112].

Events with two or more jets with "η j j > 2 that have a BDT 
output score larger than 0.87 are classified into a VBF-enriched cat-
egory. Of the remaining events, those that satisfy the requirement 
on pγ

T /mZγ > 0.4 are classified into a High relative pT category 
while the others are separated into four categories depending on 
the lepton flavour and a cut at pTt = 40 GeV. The boundaries of 
the categories are selected to maximise the expected signal signif-
icance.

VBF events are estimated to constitute 72% of the signal in 
the VBF-enriched category. The High relative pT and High pTt cate-
gories are expected to be enriched in VBF, VH and tt̄ H events as 
these production modes have on average higher Higgs boson pT
than ggF production. Because the continuum Zγ background has 
on average lower Higgs boson candidate pT than the signal, the 
signal-to-background ratio is expected to be higher in these cate-
gories than in the other categories, as shown in Table 2. The table 
also summarises the observed number of events in data in the Zγ
mass range of 105-160 GeV and the expected number of signal 
(S68) and background (B68) events in a mZγ window containing 
68% of the expected signal. In addition the width of the window 
containing 68% of the SM signal (w68), which quantifies the mass 
resolution and is defined as the difference between the 84th and 
the 16th percentile of the signal mass distribution, is reported. B68
is estimated from fits to the data using the background models 

described in Section 5. The categorisation improves the expected 
sensitivity, which is defined as S68/

√
S68 + B68, by approximately 

50%.

5. Signal and background modelling

The signal and background yields are extracted from a fit to the 
mZγ distribution observed in data by assuming parametric models 
for both the signal and backgrounds. For the signal, the expected 
acceptance and parameters that describe the shape are obtained 
from simulated signal samples in the same manner as Ref. [21]. 
For the background, the models are chosen using simulated back-
ground samples and the values of their parameters are determined 
by a fit to the mass spectra measured in data.

The signal mass distribution for the Higgs boson decay into Zγ
is well modelled by a double-sided Crystal Ball (DSCB) function (a 
Gaussian function with power-law tails on both sides) [113,114]. 
The peak position and width of the Gaussian component are rep-
resented by µCB and σCB, respectively. The parameters of the 
DSCB are determined in each category by performing a maximum-
likelihood fit to the signal MC samples.

The parametric model used to describe the background mZγ

distribution is selected using a template that is constructed 
from the simulated Zγ and electroweak Zγ j j events, and a 
Z + jets contribution derived from data. The simulated Zγ events 
use a fast simulation of the calorimeter response which has been 
confirmed to produce a mZγ distribution compatible, in each cate-
gory, with Zγ events simulated with the detailed simulation. The 
shape of the mZγ distribution for Z + jets events is constructed 
for each category from a data control region defined by requiring 
the photon candidate to not satisfy the tight identification criteria 
but still pass a looser identification criteria. To smooth the statis-
tical fluctuations of the mZγ distribution for Z + jets events, an 
analytic function is fitted to the ratio of the mZγ distributions for 
Z + jets and Zγ events, in the mZγ range of 105–160 GeV. The 
smoothed mZγ distribution for Z + jets events is constructed by 
multiplying the Zγ distribution by the fitted ratio. The Z + jets
and Zγ distributions have similar shapes, allowing a parametric 
function to be used to fit the ratio.2 The uncertainty in the fitted 
ratio is found to have negligible impact on the background tem-
plate.

The background composition in each category is determined 
using data and confirms the dominance of the Zγ process over 
other backgrounds where jets are misidentified as photons. A two-
dimensional sideband technique [21,115] based on the track and 
calorimeter isolation of the photon candidate and whether the 

2 The functional form used is (1 − x1/3) f0 xp0+p1 log(x) where x = mZγ /
√

s (
√

s =
13 TeV) where f i and pi are the free parameters of the model.
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events with at least two jets. If there are more than two jets in an 
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• The pT of the highest-pT jet, p j1
T .

• The pseudorapidity difference between the two jets, "η j j .
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• The azimuthal angle between the dilepton system and the 
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Events with two or more jets with "η j j > 2 that have a BDT 
output score larger than 0.87 are classified into a VBF-enriched cat-
egory. Of the remaining events, those that satisfy the requirement 
on pγ

T /mZγ > 0.4 are classified into a High relative pT category 
while the others are separated into four categories depending on 
the lepton flavour and a cut at pTt = 40 GeV. The boundaries of 
the categories are selected to maximise the expected signal signif-
icance.

VBF events are estimated to constitute 72% of the signal in 
the VBF-enriched category. The High relative pT and High pTt cate-
gories are expected to be enriched in VBF, VH and tt̄ H events as 
these production modes have on average higher Higgs boson pT
than ggF production. Because the continuum Zγ background has 
on average lower Higgs boson candidate pT than the signal, the 
signal-to-background ratio is expected to be higher in these cate-
gories than in the other categories, as shown in Table 2. The table 
also summarises the observed number of events in data in the Zγ
mass range of 105-160 GeV and the expected number of signal 
(S68) and background (B68) events in a mZγ window containing 
68% of the expected signal. In addition the width of the window 
containing 68% of the SM signal (w68), which quantifies the mass 
resolution and is defined as the difference between the 84th and 
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is estimated from fits to the data using the background models 

described in Section 5. The categorisation improves the expected 
sensitivity, which is defined as S68/
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S68 + B68, by approximately 
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5. Signal and background modelling

The signal and background yields are extracted from a fit to the 
mZγ distribution observed in data by assuming parametric models 
for both the signal and backgrounds. For the signal, the expected 
acceptance and parameters that describe the shape are obtained 
from simulated signal samples in the same manner as Ref. [21]. 
For the background, the models are chosen using simulated back-
ground samples and the values of their parameters are determined 
by a fit to the mass spectra measured in data.

The signal mass distribution for the Higgs boson decay into Zγ
is well modelled by a double-sided Crystal Ball (DSCB) function (a 
Gaussian function with power-law tails on both sides) [113,114]. 
The peak position and width of the Gaussian component are rep-
resented by µCB and σCB, respectively. The parameters of the 
DSCB are determined in each category by performing a maximum-
likelihood fit to the signal MC samples.

The parametric model used to describe the background mZγ

distribution is selected using a template that is constructed 
from the simulated Zγ and electroweak Zγ j j events, and a 
Z + jets contribution derived from data. The simulated Zγ events 
use a fast simulation of the calorimeter response which has been 
confirmed to produce a mZγ distribution compatible, in each cate-
gory, with Zγ events simulated with the detailed simulation. The 
shape of the mZγ distribution for Z + jets events is constructed 
for each category from a data control region defined by requiring 
the photon candidate to not satisfy the tight identification criteria 
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tical fluctuations of the mZγ distribution for Z + jets events, an 
analytic function is fitted to the ratio of the mZγ distributions for 
Z + jets and Zγ events, in the mZγ range of 105–160 GeV. The 
smoothed mZγ distribution for Z + jets events is constructed by 
multiplying the Zγ distribution by the fitted ratio. The Z + jets
and Zγ distributions have similar shapes, allowing a parametric 
function to be used to fit the ratio.2 The uncertainty in the fitted 
ratio is found to have negligible impact on the background tem-
plate.

The background composition in each category is determined 
using data and confirms the dominance of the Zγ process over 
other backgrounds where jets are misidentified as photons. A two-
dimensional sideband technique [21,115] based on the track and 
calorimeter isolation of the photon candidate and whether the 

2 The functional form used is (1 − x1/3) f0 xp0+p1 log(x) where x = mZγ /
√

s (
√

s =
13 TeV) where f i and pi are the free parameters of the model.



Results

◈ SM prediction (mH = 125.09GeV):  


✦ Br(H→Zγ)=1.54×10-3 

✦ σ(pp→H)×Br(H→Zγ)=83.1fb


◈ Obs (Exp) μ:    3.6 (1.7)×SM @95% CL
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Fig. 2. Weighted Zγ invariant mass (mZγ ) distribution of events satisfying the 
H → Zγ selection in data. The black points represent data. The error bars represent 
only the statistical uncertainty of the data. Events are weighted by ln(1 + S68/B68), 
where S68 and B68 are the expected signal and background events in a mZγ

window containing 68% of the expected signal. The solid blue curve shows the 
combined fitted signal-plus-background model when fitting all analysis categories 
simultaneously, the dashed line shows the model of the background component.

due to the larger analysed dataset and the additional 20% improve-
ment can be attributed to the improvements in the analysis.

8. Conclusion

A search for Zγ decays of the SM Higgs boson in 139 fb−1 of 
pp collisions at 

√
s = 13 TeV is performed with the ATLAS ex-

periment at the LHC. The observed data are consistent with the 
expected background with a p-value of 1.3%, while the expected 
p-value in the presence of a SM Higgs boson is 12.3%. These p-
values correspond to a significance of 2.2 and 1.2 standard de-
viations, respectively. The observed 95% CL upper limit on the 
σ (pp → H) · B(H → Zγ ) is 3.6 times the SM prediction for a 
Higgs boson mass of 125.09 GeV. The expected limit on σ (pp →
H) · B(H → Zγ ) assuming either no Higgs boson decay into Zγ or 
the presence of the SM Higgs boson decay is 1.7 and 2.6 times the 
SM prediction, respectively. The best-fit value for the signal yield 
normalised to the SM prediction is 2.0+1.0

−0.9 where the statistical 
component of the uncertainty is dominant.
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ATLAS DRAFT

Uncertainty �µ/µ (obs.) �µ/µ (exp.)
Statistical uncertainty 43.1% 82.8%

Spurious signal 14.7% 28.4%
e/� scale, resolution 2.0% 2.4%

Luminosity 1.7% 1.6%
Photon e�ciency 1.6% 1.8%

Jet 1.5% 1.1%
Electron, Higgs mass, Muon, 2.0% 2.1%H ! µµ normalization, PRW

QCD scale 6.9% 6.1%
BR(H ! Z�) uncertainty 5.7% 5.9%

UEPS 2.4% 2.1%
PDF, ↵s 2.2% 2.8%

Total 46.7% 88.1%

Table 64: Relative uncertainies �µ/µ in groups.

Category µ Significance
VBF-topo 0.5+1.9

�1.7 (1.0+2.0
�1.6) 0.3 (0.6)

Rel. pT 1.6+1.7
�1.6 (1.0+1.7

�1.6) 1.0 (0.6)
High pTt ee 4.7+3.0

�2.7 (1.0+2.7
�2.6) 1.7 (0.4)

Low pTt ee 3.9+2.8
�2.7 (1.0+2.7

�2.6) 1.5 (0.4)
High pTt µµ 2.9+3.0

�2.8 (1.0+2.8
�2.7) 1.0 (0.4)

Low pTt µµ 0.8+2.6
�2.6 (1.0+2.6

�2.5) 0.3 (0.4)
Combined 2.0+1.0

�0.9 (1.0+0.9
�0.9) 2.2 (1.2)

Table 65: Signal strengths and significances in categories.

sources.1152

The top 30 NP rankings a↵ecting the signal strength are presented in the Figure 50. The Figure 50 (a)1153

shows the results with the observed data, and the Figure 50 (b) shows the results with the expected data1154

(µ = 1). The top NPs are similar between the real data and the Asimov data. And there is no over-1155

constrained or strongly pulled NPs.1156

The significances for event categories are also estimated. Implement an independent signal strength in1157

each category and fit them simultaneously. Table 65 shows the signal strengths and significances in1158

categories. In the observed results, the electron categories have the largest significances. And the 5-d1159

compatibility between the 6 individual signal strengths and one inclusive signal strength is estimated to1160

be 77.1%.1161

Remove the H ! Z� BR theory uncertainties to esimate the limit of it. The SM BR(H ! Z�) is1162

0.15%±0.01% 4. The observed 95% CL is 0.55%; The expected limit is 0.27% with the background only1163

assumption; Is 0.39% with the SM Higgs assumption.1164

Remove the theory uncertainties on the total cross section and the H ! Z� BR, one can measure the

4 https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
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◈ The analysis is still statistical dominantly 


◈ Major systematic uncertainty is spurious signal due to the decision from background  
function form
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◈ Higgs signal mode include: ggH, VBF, VH, ttH 
◈ Dedicated categorization optimization: VH-rich, VBF-rich, ggH-rich

◈ Discrete profiling method for the background function decision: 


✦ float the background function form in each category

✦ take into account the n.d.f. difference of background functions

9

Table 1: Summary of the category definitions. The lepton-tagged category requires at least one
additional electron or muon. Dijet categories are defined by regions of DVBF and untagged
categories are defined by regions of Dkin.

Lepton Dijet 1 Dijet 2 Dijet 3 Untagged 1 Untagged 2 Untagged 3 Untagged 4

� 1 e, µ
DVBF selection Dkin selection

0.5–1.0 0.3–0.5 0.0–0.3 0.9–1.0 0.8–0.9 0.4–0.8 0.1–0.4

Table 2: Yields and approximate significance (S/
p

B) for each category, where S and B are the
expected number of signal and background events in the narrowest m`+`�g interval containing
95% of the expected signal distribution. Also shown is the m`+`�g resolution, computed using
the narrowest interval containing 68% of the expected signal distribution.

138 fb�1 Lepton Dijet 1 Dijet 2 Dijet 3 Untagged 1 Untagged 2 Untagged 3 Untagged 4
SM signal

yield

ggH 0.51 e+e� 1.10 1.62 9.44 6.89 7.35 29.8 22.5
µ+µ� 1.41 2.05 12.1 8.52 9.17 38.0 29.0

VBF 0.09 e+e� 1.94 0.76 1.13 0.71 0.35 0.92 0.51
µ+µ� 2.40 0.97 1.43 0.89 0.43 1.18 0.65

VH + ttH 1.84 e+e� 0.04 0.13 1.89 0.31 0.17 0.45 0.27
µ+µ� 0.05 0.16 2.36 0.39 0.21 0.57 0.33

SM resonant
background
H ! µ+µ� 0.14 µ+µ� 0.27 0.27 0.43 0.62 0.49 2.02 1.78

Mass resolution 2.12 e+e� 1.91 2.06 2.15 1.80 1.97 2.12 2.33
(GeV) µ+µ� 1.52 1.61 1.72 1.37 1.42 1.62 1.83

Data yield 1485 168 589 11596 1485 1541 2559 17608
S/

p
B 0.06 0.54 0.24 0.26 0.45 0.35 0.53 0.30

Zg yield, depending on category. Event yields from other Higgs boson backgrounds such as
H ! t+t� and H ! gg are estimated to be below the 1% level relative to the H ! Zg
yield and are neglected. The dominant contribution to the signal yield is generally from ggH
production, except in the lepton-tagged category, in which VH and ttH events dominate, and
in the dijet 1 category, in which VBF events dominate. The categorization procedure increases
the sensitivity of the analysis by 24% with respect to an inclusive event selection. The product
of signal acceptance and efficiency for pp ! H ! Zg ! `+`�g for mH = 125.38 GeV is
23 (29)% in the electron (muon) channel.

7 Statistical procedure
The signal search is performed using a simultaneous fit to the m`+`�g distribution in the eight
event categories described in Section 6. Figures 3 and 4 show the m`+`�g distributions of the
data events in each category. The expected SM H ! Zg distributions, scaled by a factor of
10, are also shown. The fit uses a binned maximum likelihood method in the range 105 <
m`+`�g < 170 GeV. In each category, a likelihood function is defined using analytic models
of signal and background events, along with nuisance parameters for systematic uncertainties.
The combined likelihood function is the product of the likelihood functions in each category.
The parameter of interest in the maximum likelihood fit is the signal strength µ, defined as the
product of the cross section and the branching fraction [s(pp ! H)B(H ! Zg)], relative to
the SM prediction. The fit results shown in Figs. 3 and 4 are discussed further in Section 9.

The signal model is defined as the sum of Crystal Ball [80] and Gaussian functions. The signal
shape parameters are determined by fitting this model to simulated signal events in each cate-

arxiv: 2204.12945

R. Zhang                             ATLAS + CMS combination H→Zγ PAM

Methodology

3

๏ Both use profiled likelihood fit

๏ CMS uses “discrete profiling method” to 

select fit functions and estimate error
• Perform NLL scans for all available PDF (combinatorics in 

categories)

• Choose the “envelope” that gives the lower bound

๏ To speed up the procedure, a pruned version with less PDF functions 

in the workspace is provided by CMS
• Combinatorics reduced from 1960000 to 24 by including all the pdfs that contributes to a 3! 

uncertainty

• CMS showed that the “pruned” version gives the same results as the original version after rounding

• Results will be derived from this pruned version.

Demonstrating discrete profiling method
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◈ Different Higgs mass  (mH = 125.38GeV)  

◈ Observed (expected) significance： 2.7 (1.2) σ


◈ Observed (expected) signal strength:  2.4 +0.8-0.9 (stat)+0.3-0.2(syst)  (1.0±0.9 )
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Figure 5: Sum over all categories of the data points and signal-plus-background model after the
simultaneous fit to each m`+`�g distribution. The contribution from each category is weighted
by S/(S + B), as defined in the text. In the upper panel, the red solid line shows the signal-
plus-background fit. The red dashed line shows the background component of the fit. The
green and yellow bands represent the 68 and 95% CL uncertainties in the fit. Also plotted is the
expected SM signal weighted by S/(S + B) and scaled by a factor of 10. In the lower panel, the
data minus the background component of the fit is shown.

sample of proton-proton (pp) collision data at
p

s = 13 TeV, corresponding to an integrated
luminosity of 138 fb�1. The main contribution to this final state is from Higgs boson decays
to a Z boson and a photon (H ! Zg ! `+`�g). The best fit value of the signal strength
µ̂ for mH = 125.38 GeV is µ̂ = 2.4+0.8

�0.9 (stat) +0.3
�0.2 (syst) = 2.4 ± 0.9. This measurement corre-

sponds to s(pp ! H)B(H ! Zg) = 0.21 ± 0.08 pb. The measured value is 1.6 standard
deviations higher than the SM prediction. The observed (expected) local significance is 2.7 (1.2)
standard deviations, where the expected significance is determined for the SM hypothesis. The
observed (expected) upper limit at 95% confidence level on µ is 4.1 (1.8). In addition, a com-
bined fit with the H ! gg analysis of the same data set [18] is performed to measure the ratio
B(H ! Zg)/B(H ! gg) = 1.5+0.7

�0.6, which is consistent with the ratio of 0.69 ± 0.04 predicted
by the SM at the 1.5 standard deviation level.
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Figure 6: Observed signal strength (µ) for an SM Higgs boson with mH = 125.38 GeV. The
labels “untagged combined,” “dijet combined,” and “combined” represent the results obtained
from simultaneous fits of the untagged categories, dijet categories, and full set of categories,
respectively. The black solid line shows µ = 1, and the red dashed line shows the best fit value
µ̂ = 2.4 ± 0.9 of all categories combined. The category compatibility p-value, described in the
text, is 0.02, corresponding to 2.3 standard deviations.
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Figure 7: Upper limit (95% CL) on the signal strength (µ) relative to the SM prediction, as a
function of the assumed value of the Higgs boson mass used in the fit.

CMS only observed results ---- mH = 125.38 GeV
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CMS data

From CMS Mingtao's talk:Dataset ߤ Significance
Observed ʹǤͶͷିǤଽଶାଵǤ ࣌2.64
Expected ͳǤͲͲିǤ଼ହାǤଽ ࣌1.17

Dataset ߤ
Observed ʹǤͶͶିǤଽଷାଵǤଵ

Observed Expected

CMS data
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Figure 2: The /W invariant mass distribution. Events from all categories in the ATLAS and CMS analyses are shown.
As different ranges in </W are used in the two analyses, only the common subrange is visualized here. The data
(points with error bars) in each category are weighted by ln(1 + (/⌫), where ( and ⌫ are the observed signal and
background yields in that category, in the 120–130 GeV interval. The ( and ⌫ values are derived from the fit to data.
The error bars are invisible because of their small values. The fitted signal-plus-background (background) probability
density functions (pdfs) in each category are also weighted in the same way and summed, and represented by a red
solid (blue dashed) line. The lower panel shows the background-subtracted results with the same data and pdfs.
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signal strength ` derived from the ATLAS data (blue line), the CMS data (red line), and the combined result (black
line). The different Higgs boson masses assumed by ATLAS and CMS have a negligible impact on the results.
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ATLAS CMS ATLAS+CMS

µ 2.0+1.0-0.9 2.4+1.0-0.9 2.2±0.6+0.3-0.2

Obs. Z 2.2σ 2.6σ 3.4σ

Exp. Z 1.2σ 1.1σ 1.6σ



H→γ*γ @ ATLAS

◈ Custom ID for Merged Electrons (with the efficiency of 50 - 70%)


◈ Dedicated calibration for merged electron as converted 
photon with radius 30mm

11

H→γ*γ→ℓℓγ Paper Approval Meeting – January 22, 2021K. Brendlinger 4

Rough Analysis Outline

H→γ*γ Search Status Report – July 21, 2020K. Brendlinger

• Quick Reminder of the Analysis Strategy 

• Updates since last Status Report (May 12): 

• Update to the treatment of Resonant H→γγ Background 

• Updates to Reducible Background Composition 

• Improvements to the Background Templates for the  
Spurious Signal procedure 

• Status and Next Steps 
• Our first Ed-Board Meeting was June 2
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• (1) Object and Event 
     selection, categorisation 
• Dimuon and (two types of) 

dielectron channels 
• Includes special treatment for 

electrons that form one cluster 
in the calorimeter (“merged 
electrons”) 

• 3 channels × 3 kinematic 
regions = 9 categories

• (2) Signal & Background 
Modeling 
• Signal: double-sided Crystal Ball 
• Bkg: Simple functional form 

chosen to minimize bias in fits to 
bkg templates

• (3) S+B Fit 
• Simultaneous fit in 

9 categories

The ATLAS Collaboration Physics Letters B 819 (2021) 136412

Fig. 2. (a) Ratio of reconstructed to true merged-ee energy in simulated H → γ ∗γ → eeγ events as a function of the true merged-ee pT for several energy calibration 
techniques. The merged-ee object is calibrated as a photon with a conversion radius of 30 mm (black circles, analysis choice), 100 mm (red squares), and 400 mm (blue 
upward triangles) or as an electron (purple downward triangles). (b) Combined merged-ee identification and isolation efficiency extracted from Z → ""γ events with a 
photon that converts at a radius of rconv < 160 mm. The efficiencies are shown for photons with |η| < 0.8 as a function of pT. Data (black circles) are compared with 
simulated Z → ""γ events (red squares). The resulting efficiencies are also compared with efficiencies in simulated H → γ ∗γ → eeγ events (blue triangles). On all points, 
the vertical error bars indicate the statistical uncertainties.

ergy and the direction and invariant mass obtained from the vertex 
reconstructed from the two electron-track candidates [83].

Merged-ee candidates are required to have |η| < 2.37 (exclud-
ing 1.37 < |η| < 1.52) and pT > 20 GeV, and satisfy dedicated 
identification requirements, as the standard electron criteria have 
a low efficiency for objects with closely spaced energy deposits or 
broader EM showers. For the merged-ee identification, a multivari-
ate discriminator is trained to separate the γ ∗ → ee signal objects 
from jets or single electrons. The input variables for the training 
include shower shape variables [82], the information provided by 
the transition radiation tracker [84], and the kinematic informa-
tion from the cluster and ID tracks. Merged-ee candidates are also 
required to pass a tight isolation requirement [19]. A combined ef-
ficiency of ∼50% for the merged-ee identification and isolation is 
achieved for H → γ ∗γ → eeγ events. Since photons with a rela-
tively small conversion radius offer a signature similar to that of 
merged-ee objects, the merged-ee identification and isolation ef-
ficiency is measured in data using a tag-and-probe method with 
FSR photons from Z boson radiative decays (Z → ""γ ). Candi-
date Z → ""γ events are selected similarly to those in Ref. [81]. 
Only two-track converted photons with rconv < 160 mm, corre-
sponding to conversions inside the silicon pixel detector volume, 
are considered. The Z → ""γ and background yields are estimated 
from a fit to the m""γ distribution in data. The extracted efficien-
cies are compared with the efficiencies estimated from simulated 
Z → ""γ events as shown in Fig. 2(b) for photons with |η| < 0.8. 
The resulting pT- and η-dependent data/simulation scale factors 
are between 0.9 and 1.1 and are used to correct the identifica-
tion and isolation efficiencies of the simulated H → γ ∗γ → eeγ
events. The statistical uncertainties of the scale factors are taken 
into account. In addition, a systematic uncertainty is assessed for 
the background modelling by varying the selection criteria of the 
m""γ background template. The total uncertainty reaches 2% for 
20 < pT < 30 GeV and 9% for pT > 50 GeV. Fig. 2(b) also shows a 
comparison of the extracted efficiencies with efficiencies in sim-
ulated H → γ ∗γ → eeγ events where an additional generator-
level requirement of |$ηee| < 0.003 is used. This requirement is 
applied in order to better match the signal signature to the con-
verted photon signature in the detector; approximately 70% of the 
merged-ee objects in the signal sample pass it. The efficiencies of 
converted photons and the merged-ee objects agree within 10% 

for pT < 30 GeV and within 5% for pT > 30 GeV in the entire η
range.

Jets are reconstructed from topological clusters [85] using the 
anti-kt algorithm [86] with a radius parameter of 0.4 and are 
required to have pT > 20 GeV and |η| < 4.4. Jets produced in 
pile-up interactions are suppressed by requiring that those with 
pT < 60 GeV and |η| < 2.4 pass a selection based on a jet vertex 
tagging algorithm [87].

5. Event selection

Candidate H → γ ∗γ → ""γ events must have at least one re-
constructed photon, and at least one opposite-charge, same-flavour 
pair of leptons (muons or resolved electrons) or one merged-ee ob-
ject. One of the muons (resolved electrons) in the lepton pair must 
have pT > 11 (13) GeV, to match the pT thresholds used in the 
dilepton triggers. As discussed above, the merged-ee pT is required 
to be larger than 20 GeV. If the leading photon overlaps with one 
of the EM clusters (resolved electrons or merged-ee) forming the 
γ ∗ candidate within $R < 0.02, the photon is discarded and the 
next-highest-pT photon is considered. No isolation requirement is 
applied to the subleading lepton (muon or resolved electron) as it 
is within the isolation cone of the leading lepton in the majority 
of events. Additionally, if the subleading lepton (muon or electron) 
falls within the isolation cone of the leading lepton, it is not in-
cluded in the calculation of the isolation variable.

Muon pairs are given the highest priority if there are lepton 
pairs of different flavours in one event. If no opposite-charge muon 
pair satisfying the requirements above is found, the electron-pair 
candidates are considered. The resolved electron pair or merged-ee
object with the highest vector-sum of the pT of the associated ID 
tracks is selected.

In order to suppress events arising from FSR processes, events 
are rejected if the photon is within a $R = 0.4 cone around either 
of the selected leptons. If the axis of a jet is within $R = 0.4 of the 
photon or a muon, or within $R = 0.2 of an electron (merged or 
resolved), the jet is discarded. However, if the electron–jet angular 
separation is 0.2 < $R < 0.4, the electron and therefore the event 
is discarded.

To suppress events involving Z boson decays, the dilepton in-
variant mass must satisfy m"" < 30 GeV. To remove J/ψ → ""
production, events with a dimuon (dielectron) invariant mass in 
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Mixture of Triggers:

Object Selection:

• Large OR of single-ℓ, 2ℓ, γ–ℓ, γγ, γ–2ℓ triggers 

• Muon channels: 96.2% efficiency WRT final selection 

• Electron channels: dedicated e–γ trigger (e25_mergedtight_g35_medium_Heg) with relaxed 
e–ID requirements to allow merged topology to pass; meγ>90 GeV to reduce rate 

• Resolved electron categories: 96.5% efficiency with respect to final selection 

• Merged electron categories: 99.8% efficiency with respect to final selection

Photons: 
pT > 20 GeV 
Tight ID 
FixedCutLoose Isolation

Resolved Electrons: 
pT > 4.5 GeV 
Both tracks require innermost pixel hit 
E–γ Ambiguity: unambiguous ele (bit=0) 
Medium ID 
FCLoose* applied only to the leading e 
d0/ σ d0 < 3, |z0sinθ| < 0.5

Merged Electrons 
pT > 20 GeV 
Both tracks require innermost pixel hit 
E–γ Ambiguity: reject Ambiguity=5 
Custom ID (TMVA) 
FCTight Isolation 
d0/ σ d0 < 3, |z0sinθ| < 0.5

Muons: 
pT > 3.0 GeV 
Medium ID (applied at preselection) 
TIghtTrackOnly_FixedRad* applied only to leading µ 
D0/σd0 < 3, |z0sinθ| < 0.5

Jets: 
pT > 20 GeV 
AntiKt4EMPFlow

Further discussion

█ Rejects converted photon fakes 
* Isolation corrected for nearby ℓs
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• Large OR of single-ℓ, 2ℓ, γ–ℓ, γγ, γ–2ℓ triggers 

• Muon channels: 96.2% efficiency WRT final selection 

• Electron channels: dedicated e–γ trigger (e25_mergedtight_g35_medium_Heg) with relaxed 
e–ID requirements to allow merged topology to pass; meγ>90 GeV to reduce rate 

• Resolved electron categories: 96.5% efficiency with respect to final selection 

• Merged electron categories: 99.8% efficiency with respect to final selection

Photons: 
pT > 20 GeV 
Tight ID 
FixedCutLoose Isolation

Resolved Electrons: 
pT > 4.5 GeV 
Both tracks require innermost pixel hit 
E–γ Ambiguity: unambiguous ele (bit=0) 
Medium ID 
FCLoose* applied only to the leading e 
d0/ σ d0 < 3, |z0sinθ| < 0.5

Merged Electrons 
pT > 20 GeV 
Both tracks require innermost pixel hit 
E–γ Ambiguity: reject Ambiguity=5 
Custom ID (TMVA) 
FCTight Isolation 
d0/ σ d0 < 3, |z0sinθ| < 0.5

Muons: 
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Medium ID (applied at preselection) 
TIghtTrackOnly_FixedRad* applied only to leading µ 
D0/σd0 < 3, |z0sinθ| < 0.5

Jets: 
pT > 20 GeV 
AntiKt4EMPFlow

Further discussion

█ Rejects converted photon fakes 
* Isolation corrected for nearby ℓs



Categorization

9 categories in total: (μμ, merged-e, resolve-e) × (VBF, high-Pt, low-Pt)
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Table 1
Number of data events selected in each analysis category in the m!!γ mass range 
of 110–160 GeV. In addition, the following numbers are given: number of H →
γ ∗γ → !!γ events in the smallest m!!γ window containing 90% of the expected 
signal (S90), the non-resonant background in the same interval (BN

90) as estimated 
from fits to the data sidebands using the background models described in Sec-
tion 6, the resonant background in the same interval (B H→γ γ ), the expected signal 
purity f90 = S90/(S90 + B90), and the expected significance estimate defined as 
Z90 =

√
2((S90 + B90) ln(1 + S90/B90) − S90) where B90 = B N

90 + B H→γ γ . B H→γ γ

is only relevant for the electron categories and is marked as “–” otherwise.

Category Events S90 B N
90 B H→γ γ f90 [%] Z90

ee resolved VBF-enriched 10 0.4 1.6 0.009 20 0.3
ee merged VBF-enriched 15 0.8 2.0 0.07 27 0.5
µµ VBF-enriched 33 1.3 5.9 – 18 0.5
ee resolved high-pTt 86 1.1 12 0.02 9 0.3
ee merged high-pTt 162 2.5 18 0.2 12 0.6
µµ high-pTt 210 4.0 34 – 11 0.7
ee resolved low-pTt 3713 22 729 0.5 2.9 0.8
ee merged low-pTt 5103 29 942 2 3.0 1.0
µµ low-pTt 9813 61 1750 – 3.4 1.4

the range 2.9 < mµµ < 3.3 GeV (2.5 < mee < 3.5 GeV) are ex-
cluded. Similarly, events with a dimuon (dielectron) invariant mass 
in the range 9.1 < mµµ < 10.6 GeV (8.0 < mee < 11.0 GeV) are re-
jected to avoid ϒ(nS) → !! contamination.

The invariant mass of the !!γ system is required to satisfy 
110 < m!!γ < 160 GeV. Additionally, both the photon and dilep-
ton momenta must satisfy pT > 0.3 · m!!γ .

The selected events are classified into mutually exclusive cat-
egories, depending on the lepton types and event topologies. The 
VBF-enriched categories, which have the best expected signal-to-
background ratio, but the lowest event count, are defined as fol-
lows. Events must contain at least two jets with pT > 25 GeV. If 
the leading or subleading jet is a forward jet (defined as a jet with 
|η| > 2.5), it is required to have pT > 30 GeV to suppress jets orig-
inating from pile-up. In addition, the invariant mass of the two 
leading jets, m jj , must be greater than 500 GeV, and the pseudo-
rapidity separation between the two leading jets, |%η j j |, greater 
than 2.7. The quantity |η!!γ − 0.5(η j1 + η j2)| [88] is required to 
be less than 2.0, where η!!γ is the pseudorapidity of the !!γ sys-
tem and η j1 (η j2) is the pseudorapidity of the leading (subleading) 
jet. The selected leptons and the photon must be separated from 
the two jets by %R > 1.5. Additionally, the azimuthal separation 
between the !!γ system and the system formed by the two jets 
must be greater than 2.8. These jet variables are expected to have 
a different shape for the VBF signal and the background from QCD 
processes.

The pTt is defined as the component of the transverse momen-
tum of the !!γ system that is perpendicular to the difference of 
the three-momenta of the dilepton system and the photon candi-
date (pTt = |$p!!γ

T × t̂|, where t̂ = ($p!!
T − $pγ

T )/|$p!!
T − $pγ

T |). This quan-
tity is strongly correlated with the transverse momentum of the 
!!γ system, but has better experimental resolution [89,90]. Events 
failing the VBF-enriched selection, but having pTt > 100 GeV, are 
assigned to the high-pTt category, which has a lower expected 
signal-to-background ratio than the VBF-enriched category, but is 
expected to have more events. The high-pTt category is expected 
to have an increased fraction of VBF and VH events as these pro-
duction modes lead on average to higher Higgs boson pT than ggF
production.

The vast majority of selected events do not fall into the 
VBF-enriched or high-pTt categories discussed above, and are 
placed into the low-pTt category. The full list of all categories con-
sidered in the analysis, together with the expected yields for a 
125.09 GeV Higgs boson decaying into !!γ , is shown in Table 1. 
The table also summarises the observed number of events in data 
in the m!!γ mass range of 110–160 GeV.

6. Signal and background modelling

To extract the observed signal yield, parametric functions are 
chosen to model the !!γ invariant mass distributions of signal and 
background in each analysis category. A combined model is built 
from these functions and fit to the selected data in the m!!γ range 
of 110−160 GeV, simultaneously in all categories.

The signal model, including its parameters, is obtained by fit-
ting a double-sided Crystal Ball function (DSCB) [91,92] to the 
m!!γ distribution obtained from the H → γ ∗γ → !!γ samples 
described in Section 3 after applying the event selection and cat-
egorisation from Section 5. The DSCB function features a Gaussian 
core and asymmetric power-law tails. A shift of +0.09 GeV is ap-
plied to the mean of the Gaussian function to account for the fact 
that the sample assumes a Higgs boson mass of 125 GeV. The 
effective signal mass resolution, defined as half the width con-
taining 68% of the signal events, depends on the category and 
lies between 1.6 GeV (ee-merged high-pTt category) and 2.2 GeV 
(ee-resolved low-pTt category).

The H → γ γ process, which contributes as background to the 
electron categories through converted photons, is modelled using 
the same functions and parameters as the signal in the respective 
categories, and is normalised to the predicted SM yield. The pa-
rameterisations are compatible with the statistically limited distri-
butions obtained from simulated H → γ γ events. This background 
contribution is relatively small (<2.5% and <7% of the expected 
H → γ ∗γ → !!γ signal in the ee-resolved channel and ee-merged 
channel, respectively) and is taken into account in the fitting pro-
cedure.

The non-resonant background is also estimated with parametric 
functions. The background normalisation and function parameters 
are allowed to float in the fit to data. The chosen functional forms 
are based on background templates that are built taking into ac-
count the contributions of different processes to the background. 
The function choice is performed separately for each category.

The dominant part of the background originates from the non-
resonant !!γ process. There is also a smaller background from 
events with misidentified photons, electrons, or muons. To esti-
mate the fraction of events with a misidentified photon, a con-
trol region is formed using the signal selection, but dropping 
the photon isolation requirement and using it as a discrimi-
nating variable in a template fit. A background template en-
riched in events with misidentified photons is built by invert-
ing the photon identification selection, with the prompt-photon 
contamination removed by subtracting its distribution found in 
simulated events. The template normalisation is obtained in the 
background-dominated sideband of the photon isolation distri-
bution for each category separately. In the signal region, about 
10% of all selected events have a misidentified photon, indepen-
dently of the category. The fraction of events with a misiden-
tified electron or muon that is in fact a hadronic jet, a lepton 
from heavy-flavour decays or an electron from a photon conver-
sion, is estimated in a similar manner, using a control region 
in which the isolation selection is dropped for the softer lep-
ton. The estimated fractions of events with misidentified leptons 
are 4% in the µµ low-pTt category, 2% in the ee-merged low-pTt
category, and 30% in the ee-resolved low-pTt category. Events 
in the last category are separated into two groups depending 
on the angular distance between the electrons, as two popula-
tions with different misidentified-electron rates and mass distri-
butions were found. The numbers in the other categories are ex-
tracted as well, but suffer from fairly large statistical uncertain-
ties.

The invariant mass template for the non-resonant !!γ back-
ground is built from the simulated events described in Section 3. 
The invariant mass templates for events with misidentified ob-
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Selection

mũũ < 30 GeV

105 < mũũγ < 160 GeV

eeγ: veto 2.5 < mũũ < 3.5 GeV 
      veto 8.0 < mũũ < 11.0 GeV 
μμγ: veto 2.9 < mũũ < 3.3 GeV 
       veto 9.1 < mũũ < 10.6 GeV 

pTũũ/mũũγ > 0.3 
pTγ/mũũγ > 0.3 

Category Definition

VBF Category

2 jets >25 GeV 
2 selected jets must be >30 GeV if forward (|η| > 2.5) 
mjj > 500 GeV    •    |ηZepp| < 2.0    •   ∆ηjj > 2.7 
∆φ(ũũγ, jj) > 2.8 
min(∆R(obj, ji)) > 1.5 for ji = 0,1 and obj = γ,ũ0,ũ1

High-pTThrust Category
Fails VBF Category selection 
ũũγ pTThrust > 100 GeV

Inclusive (Rest) Category All remaining events

Final event selection

Event Categorization
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High-pTThrust Category
Fails VBF Category selection 
ũũγ pTThrust > 100 GeV

Inclusive (Rest) Category All remaining events
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Event Categorization

Final Event Selection

• Event selection determined by performing significance scans comparing Signal 
MC to data sidebands (105 < mℓℓγ < 160 GeV, excluding 120-130) 
• Dedicated scans for each event category (VBF, High-pTThrust, Low-pTThrust) 
• Discriminating variables inspired by H→γγ analysis (very similar signal topology) 

• Additional studies to improve sculpting / shaping of mℓℓγ distribution

Low-pTThrust Category



Results

◈ Observed (expected) significance for mH=125.09GeV is 3.2σ (2.1σ)  

◈ Dominated by the statistical uncertainty 

- μobs = 1.5±0.5 = 1.5±0.5(stat.)+0.2-0.1(syst.)


- μexp = 1.0±0.5 = 1.0±0.5(stat.)+0.2-0.1(syst.)
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Fig. 4. Best-fit values of the signal-strength parameters for all event categories, in 
a fit where the signal strength in each category is allowed to float independently 
(black circles), compared with the result of the global fit (red circle and line) in-
cluding its total uncertainty (grey band).

Fig. 5. m!!γ distribution, with every data event reweighted by a category-dependent 
weight, ln (1 + S90/B90), where S90 is the number of signal events in the smallest 
window containing 90% of the expected signal, and B90 is the expected number of 
background events in the same window, estimated from fits to the data sidebands 
using the background models. The data are shown as the black circles with statisti-
cal uncertainties. The parameterised signal and backgrounds are also added up with 
the category-dependent weight. The red curve shows the combined signal-plus-
background model when fitting all analysis categories simultaneously, the dashed 
black line shows the model of the non-resonant background component and the 
dotted blue line denotes the sum of the non-resonant background and the resonant 
H → γ γ background. The curves are obtained from the fit, i.e. they include the 
best-fit values of the parameter of interest and the nuisance parameters, including 
the spurious signal. The bottom panel shows the residuals of the data with respect 
to the non-resonant background component of the signal-plus-background fit.

9. Conclusion

A search for the Higgs boson decaying into a low-mass pair 
of electrons or muons and a photon is presented. The analysis 
is performed using a data set recorded by the ATLAS experi-
ment at the LHC with proton–proton collisions at a centre-of-mass 
energy of 13 TeV, corresponding to an integrated luminosity of 
139 fb−1. For a Higgs boson with a mass of 125.09 GeV and m!!

< 30 GeV, evidence for the H → !!γ process is found with a 
significance of 3.2σ over the background-only hypothesis, com-
pared to an expected significance of 2.1σ . The best-fit value of the 
signal-strength parameter, defined as the ratio of the observed sig-
nal yield to the signal yield expected in the Standard Model, is 
µ = 1.5 ± 0.5. The Higgs boson production cross-section times the 

H → !!γ branching ratio for m!! < 30 GeV is determined to be 
8.7+2.8

−2.7 fb. This result constitutes the first evidence for the decay 
of the Higgs boson into a pair of leptons and a photon, an impor-
tant step towards probing Higgs boson couplings in this rare decay 
channel.
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dotted blue line denotes the sum of the non-resonant background and the resonant 
H → γ γ background. The curves are obtained from the fit, i.e. they include the 
best-fit values of the parameter of interest and the nuisance parameters, including 
the spurious signal. The bottom panel shows the residuals of the data with respect 
to the non-resonant background component of the signal-plus-background fit.

9. Conclusion

A search for the Higgs boson decaying into a low-mass pair 
of electrons or muons and a photon is presented. The analysis 
is performed using a data set recorded by the ATLAS experi-
ment at the LHC with proton–proton collisions at a centre-of-mass 
energy of 13 TeV, corresponding to an integrated luminosity of 
139 fb−1. For a Higgs boson with a mass of 125.09 GeV and m!!

< 30 GeV, evidence for the H → !!γ process is found with a 
significance of 3.2σ over the background-only hypothesis, com-
pared to an expected significance of 2.1σ . The best-fit value of the 
signal-strength parameter, defined as the ratio of the observed sig-
nal yield to the signal yield expected in the Standard Model, is 
µ = 1.5 ± 0.5. The Higgs boson production cross-section times the 

H → !!γ branching ratio for m!! < 30 GeV is determined to be 
8.7+2.8

−2.7 fb. This result constitutes the first evidence for the decay 
of the Higgs boson into a pair of leptons and a photon, an impor-
tant step towards probing Higgs boson couplings in this rare decay 
channel.
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Zγ high mass search
◈ Focus on the Z→ee/μμ decay modes: high efficiency, good resolution and low s/b ratio

◈ Challenge for Merged electron identification: due to boost effect for the very high resonance 

mass, the di-leptons are quite collimated, out of detector granularity for electron pairs. 

14

◈ Customized electron ID (MVA ID):


✦ MVA (XGBoost) using shower shape variables and 
track-related variables with a signal efficiency of 
99% @ 5TeV 

◈ Mix-ID: combine standard loose ID and MVA ID with a 
logical OR which improve the efficiency by 6.2% - 
12.7%


◈ eγ pair selection: one of electrons is misreconstructed 
as a photon, and retrieve via tracking matching

Figure 1: Efficiency of - ! /W final state reconstruction and selection (including kinematic acceptance) as a
function of resonance mass <- for spin-0 resonances generated via gluon-gluon fusion, and for spin-2 resonances
generated via gluon-gluon and via quark-antiquark initial states. The markers show the efficiencies in simulated
events, while the curves indicate the parameterisations used in the analysis. The efficiencies are with respect to
- ! /W, where the / boson decays to 44, `` or gg.

For the interpolation of the DSCB signal shape parameters as a function of <-, all simulated signal events,
<- = [200–3500] GeV, are fitted simultaneously to parameterise the signal shapes for mass points <-

between simulated samples. A set of polynomials whose coefficients are determined during the fitting
process are used to interpolate signal shape parameters as a function of <-. The parameterisation is
carried out separately for each of the three models considered, spin-0 resonances and spin-2 resonances
generated via gluon-gluon and via quark-antiquark initial states, and for / ! 44 and / ! `` final states.
The </W distributions of the spin-0 resonance at <- = 1000 GeV are shown in Figure 2. The simulated
signal events and the fitted parametric models agree well with difference below 5 per mille. Good quality
fits are also obtained for all other resonance models.

The background consists mainly of the non-resonant production of a / boson associated with a photon
(irreducible background) and /+ jet events where the jet is misidentified as a photon (reducible background).
Their relative contributions are determined by a simultaneous binned fit to the calorimeter isolation
distribution of the photon candidate in the signal region and in a control region enriched in /+jets
background. The calorimeter isolation distributions of the photon in the signal and control regions are
determined by the non-resonant /W simulated samples, while the distributions of the misidentified jet are
determined in the fit and assumed to be the same in the signal and control regions. The composition is
estimated separately in the / ! 44 and / ! `` final states. In the electron (muon) channel, the ratio of
/ + W to the total background events is 0.919 (0.908). Besides estimating the ratio of / + W inclusively in
the full mass region, it’s also evaluated as a function of </W . The fractions are relatively stable with the
largest 5% variations. Only simulated / + W samples are used to construct the total background model to
reduce the statistical fluctuations of the limited number of data-driven /+ jet events, which are obtained by
requiring the photon candidate fail the Tight but to pass the Loose identification criterion. To account for
the contribution from /+ jet events, the </W ratio of /+ jet to / + W is fitted by an exponential function.
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Model [20] with M��G����5_�MC@NLO 2.3.3 [21]. For the high mass spin-0 (spin-2) resonances,
the parton showering, hadronisation and multi-parton interactions are simulated with Pythia 8.186 [22]
using the AZNLO (A14) set of parameters and the CTEQ6L1 [23] (NNPDF2.3 [24]) PDF set. Due to the
assumed narrow width of the resonance, the interference between the resonant signal and the non-resonant
background is neglected.

The SM / + W process is simulated using the S����� generator [25] version 2.2.2. The matrix elements
are calculated using the C���� [26] and O���L���� v1.3.1 [27] generators. For real emission up to three
partons at leading order (LO) in QCD, they are calculated and merged with the S����� parton shower [28]
using the ME+PS@LO prescription [29]. In addition, the NNPDF3.0���� PDF set is used in conjunction
with dedicated parton shower tuning developed by the S����� authors. To study the background model in
detail, a large sample of /+W events is simulated using fast simulation of the calorimeter response [30].
The sub-dominant background process, /+jets, is modeled from data events in a control region enhanced
by jets misidentified as photons.

4 Object and event selections

Events containing at least one primary vertex candidate with reconstructed tracks of ?T > 500 MeV
are selected. The primary vertex candidate with the largest sum of the squared transverse momenta of
the associated tracks (

Õ
?

2
T) is considered to be the primary vertex of the interaction of interest. The

- ! / (! ✓✓)W candidate events are selected by requiring two same-flavour opposite-charge leptons to
form a / boson candidate and at least one photon candidate.

Muon candidates are reconstructed by combining tracks in the inner tracking detector and in the muon
spectrometer. They are further required to satisfy ?T > 10 GeV and |[ | < 2.7. Muons should fulfill the
Medium identification criteria [31]. Electron and photon candidates are reconstructed from clusters of
energy deposits in the EM calorimeter cells, in addition to tracks reconstructed in the inner tracking detector
and extrapolated to the calorimeter. Electron candidates are required to have ?T > 10 GeV and to be within
the fiducial region of |[ | < 2.47, excluding the candidates in the transition region of 1.37 < |[ | < 1.52
[32].

In the high-mass - ! /W search, the electrons have very close energy deposits in the EM, causing
significant signal efficiency losses with Loose identification criteria [32]. In addition, the sub-leading
electron is often mis-reconstructed as a photon. This identification challenge is addressed by developing
a dedicated MVA-based identification (MVA ID) criteria using a set of shower shape and track-based
variables. The calorimeter shower shape variables used are '[ , 'had, 'q, �EB and Eratio. The track-based
variables considered are ⇢/?, eProbabilityHT, �[1, 30, =innermost, =Pixel and =Si. The aforementioned
variables are also used for developing standard electron identification criteria in the ATLAS Collaboration
and are described in detail in the Table 1 of Ref. [32]. Additionally, =TRT, defined as the number of hits in
the TRT detector and �qrescaled variables, defined as the �q between the cluster energy and associated
track in the presampler, first, second and third layers after rescaling the EM energy deposits are used as
well in the MVA ID development. All these input variables used were chosen based on their separation
power by comparing <- = 5 TeV signal MC mass point and background sideband data excluding events
within ±15 GeV mass range of / boson mass, </ = 91.2 GeV. The MVA method is based on a Gradient
Boosting Decision Tree (GBDT) architecture provided by the XGBoost software library [33] and the
training is carried out on electrons in the signal and background events. A good signal and background
separation is obtained with an optimal cut-point which corresponds to 99% signal efficiency and 76%
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New resonance search in Zγ decay mode

◈ Due to the dedicated identification for boost di-electron pair：


✦ Search range extends up to 3.4TeV

✦ Sensitivity improved with a factor of 1.9 - 4

✦ Available for further search extension in future

15

Figure 3. The highest mass 44W and ``W event in the data are 2.0 TeV and 2.2 TeV, respectively. No
significant excess with respect to the background-only hypothesis is seen. For spin-0 heavy resonances,
the largest localized deviation observed is at 420 GeV with a significance of 2.3 standard deviations by
combining 44W and ``W channels, as shown in Figure 3. The individual significance for the same <- are
2.1f and 1.1f in the electron and moun channels respectively.
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Figure 3: The invariant /W mass distributions of events satisfying the high-mass selection in data for the (a) 44W and
(b) ``W channels. The points represent the data with the statistical uncertainty. The background component (solid
blue line) and spin-0 signal component (dashed dark cyan line) of the signal + background unbinned fit (solid red
line) to data are displayed. The bottom panel of the figures show the significance, which is defined as the residual of
the data with respect to the fitted background component divided by the statistical uncertainty of the data. The lower
mass region is zoomed in and displayed in the inset plot where an excess with local significance of 2.3f at 420 GeV
can be seen.

The compatibility between the data and expected background with increasing non-zero values of signal cross
sections is used to place an upper limit using a modified frequentist (CLB) approach [46]. The limit at 95%
confidence level (CL) is determined by identifying the CLB value that is equal to 0.05 for the value of the
cross section. The observed (expected) limits for <- up to 1.85 (0.9) TeV are derived using a closed-form
asymptotic formulae [45]. The limits obtained from the asymptotic formulae are underestimated by 5% to
17% (1.4% to 29%) due to the small number of events in the higher mass region, where ensemble tests
with sampling distributions generated using pseudo-experiments are used. Figure 4 shows the observed
and expected limits as a function of <- for a spin-0 resonance signal produced via gluon-gluon fusion
using the combined data from the 44W and ``W channels. The observed (expected) limits range between
65.5 fb to 0.6 fb (43.3 fb to 0.6 fb). The search is limited by the statistical uncertainty of the data in the
selected </W distribution. The dominant systematic uncertainty is the spurious signal uncertainty, which
has at most a 12% impact on the asymptotic expected upper limit of f(?? ! -) · B(- ! /W) . The
results are also interpreted in terms of spin-2 resonances (for both the 66- and @@̄- processes) in the same
mass range as the nominal spin-0 resonances as shown in Figure 5, with the observed (expected) limits
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Table 3: The observed (expected) upper limits of f(?? ! -) · B(- ! /W) for spin-0 and spin-2 heavy resonances
at 95% CL. <- varies from 220 GeV to 3.4 TeV.

95% CL upper limits of f(?? ! -) · B(- ! /W) Observed Expected
66- spin-0 65.5 fb – 0.6 fb 43.3 fb – 0.6 fb
66- spin-2 77.4 fb – 0.6 fb 50.8 fb – 0.6 fb
@@̄- spin-2 76.1 fb – 0.5 fb 50.3 fb – 0.5 fb

ranging from 77.4 fb to 0.6 fb (50.8 fb to 0.6 fb) for 66- spin-2 resonance and between 76.1 fb to 0.5 fb
(50.3 fb to 0.5 fb) for @@̄- spin-2 resonance. Table 3 summarizes the observed (expected) upper limits of
f(?? ! -) · B(- ! /W) for spin-0 and spin-2 heavy resonance masses from 220 GeV to 3.4 TeV.
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Figure 4: Observed (solid line) and expected (dashed line) 95% CL limits on the product of the production cross
section times the branching ratio of a narrow width spin-0 resonance - produced via gluon-gluon initial states
decaying to a / boson and a photon, f(?? ! -) · B(- ! /W), as a function of the resonance mass <-. Observed
(expected) results are derived from ensemble tests for <- > 1.85(0.9) TeV. The green and yellow solid bands
correspond to the ±1f and ±2f intervals for the expected upper limits. The limits in the <- ranges from 220 GeV
to 3400 GeV and are obtained from the combined 44W and ``W channels.
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Figure 6. The invariant Zγ mass (mZγ) distributions of events satisfying the high-mass selection in
data for the two event categories: (a) ee and (b) µµ. The points represent the data and the statistical
uncertainty. The solid lines show the background-only fit to the data, performed independently in
each category. The bottom part of the figures shows the significance, here defined as the residual of
the data with respect to the background-only fit divided by the statistical uncertainty of the data.
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√
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mass, assuming production via gluon-gluon fusion and using the narrow width assumption (NWA).
For mX > 1.6 TeV results are derived from ensemble tests in addition to the results obtained
using closed-form asymptotic formulae. The shaded regions correspond to the ±1 and ±2 standard
deviation bands for the expected exclusion limit derived using asymptotic formulae.

for both the gg and qq̄ processes. The observed limits for the gg (qq̄) process vary between

117 fb (94 fb) and 3.7 fb (2.3 fb) for the mass range from 250 GeV to 2.4 TeV, while the

expected limits range between 82 fb (66 fb) and 3.6 fb (2.2 fb) in the same mass range.

The limits on σ(pp → X)·B(X → Zγ) for high-mass resonances are valid for resonances

with a natural width that is small compared to the detector resolution.
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Previous search up to 2.4TeV



Recap of H→Zγ search @ LHC
◈ Run2 studies have been finished: due to the high efficiency, good resolution and signal-background 

rate, current results are focused on e/μ channel:


✦ First observed evidence of 3.4σ with ATLAS-CMS combination


✦ With dedicated merge di-electron identification for the low-pt case and boost case, achieve the 
evidences of H→γ*γ and extend search range to 3.5TeV


◈ Room for possible improvement:


✦ Optimization for the reconstruction and identification of low pt photon and lepton


✦ Explore the Z hadronic decays and invisible decays: challenge trigger selection due to the soft final 
particles. (15GeV Jet threshold @ L1 corresponds to ~50GeV Jet @ HLT)
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H→Zγ @ CEPC

◈ H→Zγ targets the signal process of ZH→ZZγ→υυqqγ 


◈ Mass difference used as final distinguish observable:  ΔM=Mqqγ - Mqq, ΔM=Mυυγ - Mυυ


◈ With the integrated luminosity of 5.6ab-1 @250GeV, 13% precision on σ(ZH)×BR(H→Zγ)
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OLYHG�DQG�GHFD\V�WR�RQH�RU�WKUHH�FKDUJHG�SLRQV�DORQJ�ZLWK
D�QXPEHU�RI�QHXWUDO�SLRQV��7KH�FKDUJHG�DQG�QHXWUDO�SLRQV�
DV �ZHOO �DV �WKH �WZR �SKRWRQV �IURP�WKH �GHFD\ �RI �WKH �ODWWHU�
FDQ�EH�ZHOO�UHVROYHG�DQG�PHDVXUHG�E\�WKH�&(3&�GHWHFWRU�

e+e− → ZH
H→ τ+τ− Z→ µ+µ−,νν̄ qq̄

Z→ µ+µ−

6LPXODWLRQ�VWXGLHV�DUH�SHUIRUPHG�IRU� �SUR�
GXFWLRQ �ZLWK� � DQG� � DQG� � GHFD\V�
)RU� ��FDQGLGDWHV�DUH�ILUVW�UHTXLUHG�WR�KDYH�D�SDLU
RI �RSSRVLWHO\ �FKDUJHG �PXRQV �ZLWK �WKHLU �LQYDULDQW �PDVV

Z→ νν̄

Z→ µ+µ−
Z→ νν̄

Z→ νν̄
Z→ qq̄

ZH→ qq̄τ+τ−

EHWZHHQ ��� ±��� �*H9 �DQG �WKHLU �UHFRLO �PDVV �EHWZHHQ
���±����*H9��)RU� ��FDQGLGDWHV�DUH�SUHVHOHFWHG�E\
UHTXLULQJ�D�PLVVLQJ�PDVV�LQ�WKH�UDQJH�RI���±����*H9��D
YLVLEOH �PDVV �JUHDWHU �WKDQ ��� �*H9 �DQG �DQ �HYHQW �YLVLEOH
WUDQVYHUVH �PRPHQWXP �EHWZHHQ ��� ±��� �*H9� �)RU �ERWK
GHFD\V� �D �%'7�VHOHFWLRQ�LV �DSSOLHG�DIWHU �WKH�SUHVHOHFWLRQ
WR�LGHQWLI\ �GLWDX �FDQGLGDWHV� �7KH �%'7 �XWLOL]HV � LQIRUPD�
WLRQ�VXFK�DV�QXPEHUV�RI�WUDFNV�DQG�SKRWRQV�DQG�WKH�DQJOHV
EHWZHHQ�WKHP� �$IWHU �WKHVH �VHOHFWLRQV� �WKH�=+�SURGXFWLRQ
ZLWK�WKH�QRQ�WDX�GHFD\V�RI�WKH�+LJJV�ERVRQ�LV�WKH�GRPLQ�
DQW ��!���� �EDFNJURXQG �IRU� � DQG �FRQWULEXWHV �WR
DSSUR[LPDWHO\ ���� �RI �WKH �WRWDO �EDFNJURXQG �IRU� �
7KH�UHVW�RI�WKH�EDFNJURXQG�LQ�WKH� �FKDQQHO�FRPHV
IURP�GLERVRQ�SURGXFWLRQ� �)RU� ��FDQGLGDWHV �DUH � UH�
TXLUHG�WR�KDYH�D �SDLU �RI �WDX�FDQGLGDWHV �ZLWK�WKHLU � LQYDUL�
DQW �PDVV �EHWZHHQ ���±����*H9� �D �SDLU �RI �MHWV �ZLWK �WKHLU
PDVV�EHWZHHQ���±����*H9�DQG�WKHLU�UHFRLO�PDVV�EHWZHHQ
���±��� �*H9� �7KH �PDLQ �EDFNJURXQG �LV �DJDLQ �IURP�=+
SURGXFWLRQ �RULJLQDWLQJ �IURP�WKH �GHFD\ �PRGHV �RWKHU �WKDQ
WKH �LQWHQGHG� � GHFD\��7KH �UHVW �RI �WKH � EDFN�
JURXQG�LV�SULPDULO\�IURP�==�SURGXFWLRQ�

σ(ZH)×BR(H→ τ+τ−)
5.6ab−1

Z→ e+e−

Z→ µ+µ− e+e− → e+e−H

7KH �ILQDO �VLJQDO �\LHOGV �DUH �H[WUDFWHG �IURP �ILWV �WR �WKH
GLVWULEXWLRQV�RI�YDULDEOHV�EDVHG�RQ�WKH�LPSDFW�SDUDPHWHUV
RI�WKH�OHDGLQJ�WUDFNV�RI�WKH�WZR�WDX�FDQGLGDWHV�DV�VKRZQ
LQ�)LJ������7DEOH���VXPPDUL]HV�WKH�HVWLPDWHG�SUHFLVLRQ�RQ

�H[SHFWHG�IURP�D�&(3&�GDWDVHW�RI
� IRU �WKH �WKUHH�=� ERVRQ �GHFD\ �PRGHV �VWXGLHG� �7KH

SUHFLVLRQ �IURP �WKH� � GHFD\ �PRGH �H[WUDSRODWHG
IURP�WKH� �VWXG\�LV�DOVR�LQFOXGHG��7KH�
FRQWULEXWLRQ�IURP�WKH�=�IXVLRQ�SURFHVV�LV�IL[HG�WR�LWV�60
YDOXH �LQ �WKH �H[WUDSRODWLRQ� �,Q �FRPELQDWLRQ� �WKH �UHODWLYH
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∆M (Mqq̄γ−Mqq̄ Mνν̄γ −Mνν̄)
e+e− → ZH→ ZZγ→νν̄qq̄γ

5.6 ab−1

)LJ����� �� ���FRORU �RQOLQH� �7KH �GLVWULEXWLRQ �RI �WKH �PDVV � GLIIHU�
HQFH� � DQG� � RI �WKH �VHOHFWHG

� FDQGLGDWHV �H[SHFWHG �LQ �D �GDWDVHW
ZLWK �DQ�LQWHJUDWHG�OXPLQRVLW\ �RI� ��7KH�VLJQDO �GLVWUL�
EXWLRQ�VKRZQ�LV�IRU�WKH�FRUUHFW�SDLULQJV�RI�WKH�+LJJV�ERVRQ
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5.6ab−1

)LJ����������FRORU�RQOLQH��'LVWULEXWLRQV�RI�WKH�LPSDFW�SDUDPHWHU�YDULDEOH�RI�WKH�OHDGLQJ�WUDFNV�IURP�WKH�WZR�WDX�FDQGLGDWHV�LQ�WKH�=�GHFD\
PRGH���D�� �DQG��E�� ��+HUH� �DQG� �DUH�WKH�WUDQVYHUVH�DQG�ORQJLWXGLQDO�LPSDFW�SDUDPHWHUV��UHVSHFWLYHO\��7KH�PDUNHUV
DQG�WKHLU�XQFHUWDLQWLHV�UHSUHVHQW�H[SHFWDWLRQV�IURP�D�&(3&�GDWDVHW�RI� ��ZKHUHDV�WKH�VROLG�EOXH�FXUYHV�DUH�WKH�ILW�UHVXOWV��7KH
GDVKHG�FXUYHV�DUH�WKH�VLJQDO�DQG�EDFNJURXQG�FRPSRQHQWV��&RQWULEXWLRQV�IURP�RWKHU�GHFD\V�RI�WKH�+LJJV�ERVRQ�DUH�LQFOXGHG�LQ�WKH
EDFNJURXQG�

�

&KLQHVH�3K\VLFV�&����9RO������1R�����������������

���������

√
s = 240

HVWLPDWHG�SUHFLVLRQ �RI �+LJJV �ERVRQ �SURSHUW\ � PHDVXUH�
PHQWV �IRU �&(3&�Y� �RSHUDWLQJ �DW ���� �*H9 �DUH �WKHUHIRUH
H[WUDSRODWHG �WR �REWDLQ �WKRVH �IRU �&(3&�Y� �DW�
*H9��DV�GLVFXVVHG�6HFWLRQ�����

�����7KHRU\�DQG�0RQWH�&DUOR�VDPSOHV

�������+LJJV�ERVRQ�SURGXFWLRQ�DQG�GHFD\

√
s ∼ 240−250

e+e− → ZH
e+e− → νeν̄eH e+e− → e+e−H

3URGXFWLRQ�SURFHVVHV�IRU�D�����*H9�60�+LJJV�ERVRQ
DW �WKH �&(3& �RSHUDWLQJ �DW� � *H9 �DUH

��=+�DVVRFLDWH�SURGXFWLRQ�RU�+LJJVVWUDKOXQJ��
��:�IXVLRQ��DQG� ��=�IXVLRQ��DV

LOOXVWUDWHG�LQ�)LJ�����,Q�WKH�IROORZLQJ��WKH�:�DQG�=�IXVLRQ

SURFHVVHV�DUH�FROOHFWLYHO\�UHIHUUHG�WR�DV�YHFWRU�ERVRQ�IX�
VLRQ��9%)��SURGXFWLRQ�

e+e− → ZH√
s ∼ 250

1/s

ln2(s/M2
V )

7KH �60 �+LJJV �ERVRQ �SURGXFWLRQ �FURVV �VHFWLRQV �DV
IXQFWLRQV �RI �FHQWHU�RI�PDVV �HQHUJ\ �DUH �VKRZQ �LQ� )LJ� ���
DVVXPLQJ �WKDW �WKH �PDVV �RI �WKH �+LJJV �ERVRQ �LV ���� �*H9�
6LPLODUO\� �WKH �+LJJV �ERVRQ �GHFD\ �EUDQFKLQJ �UDWLRV �DQG
WRWDO �ZLGWK �DUH �VKRZQ �LQ� 7DEOH ��� �$V �DQ� V�FKDQQHO� SUR�
FHVV� �WKH�FURVV�VHFWLRQ�RI�WKH� �SURFHVV�UHDFKHV
LWV �PD[LPXP �DW� � *H9� �DQG �WKHQ �GHFUHDVHV
DV\PSWRWLFDOO\�DV� ��7KH�9%)�SURFHVV�SURFHHGV�WKURXJK
W�FKDQQHO�H[FKDQJH�RI�YHFWRU�ERVRQV�DQG�LWV�FURVV�VHFWLRQ
LQFUHDVHV �ORJDULWKPLFDOO\ �DV� � �%HFDXVH �RI �WKH
VPDOO �QHXWUDO�FXUUHQW� =HH� FRXSOLQJ��WKH �9%) �FURVV � VHF�
WLRQ�LV�GRPLQDWHG�E\�WKH�:�IXVLRQ�SURFHVV�
�

√
s = 250

e+e− → ZH e+e− → νeν̄eH Z→ νeν̄e
e+e− → ZH e+e− → e+e−H

1XPHULFDO �YDOXHV �RI �WKHVH �FURVV �VHFWLRQV �DW�
*H9�DUH�OLVWHG�LQ�7DEOH����%HFDXVH�RI�WKH�LQWHUIHUHQFH�HI�
IHFWV�EHWZHHQ� �DQG� �IRU�WKH�
GHFD\�DQG�EHWZHHQ� �DQG� �IRU�WKH

7DEOH ���� �� �6WDQGDUG �PRGHO �SUHGLFWLRQV �RI �WKH �GHFD\ �EUDQFKLQJ �UDWLRV
DQG�WRWDO�ZLGWK�RI�D�����*H9�+LJJV�ERVRQ�>�����@��7KH�TXRWHG�XQ�
FHUWDLQWLHV�LQFOXGH�FRQWULEXWLRQV�IURP�ERWK�WKHRUHWLFDO�DQG�SDUDPHW�
ULF�VRXUFHV�

GHFD\�PRGH EUDQFKLQJ�UDWLR UHODWLYH�XQFHUWDLQW\

H→ bb̄ ����� �������í����

H→ cc̄ ����� ������í���

H→ τ+τ− ����� �������í����

H→ µ+µ− ����î��í� �������í����

H→WW∗ ����� �������í����

H→ ZZ∗ ����� �������í����

H→ γγ ����î��í� �������í����
H→ Zγ ����î��í� �������í����
H→ gg ����� ������í���

ΓH �����0H9 �������í����
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(b)

eí
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eí

H

(c)

e+e− → ZH e+e− → νeν̄eH
e+e− → e+e−H

)LJ� ��� �� ��)H\QPDQ �GLDJUDPV �RI �WKH �+LJJV �ERVRQ �SURGXFWLRQ �SURFHVVHV �DW �WKH �&(3&� ��D�� � ��E�� � DQG ��F�
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e+e− → ZH e+e− →(e+e−/νν̄)H
√

s
√

s = 250

)LJ� ��� �� ���FRORU �RQOLQH� �3URGXFWLRQ �FURVV �VHFWLRQV �RI
� DQG� � DV �IXQFWLRQV �RI� � IRU �D

����*H9�60�+LJJV�ERVRQ� �7KH�YHUWLFDO �LQGLFDWHV�
*H9��WKH�HQHUJ\�DVVXPHG�IRU�PRVW �RI �WKH�VWXGLHV�VXPPDU�
L]HG�LQ�WKLV�SDSHU�

&KLQHVH�3K\VLFV�&����9RO������1R�����������������

��������

Z→ e+e−

e+e− → ZH
e+e− → νeν̄eH

e+e− → e+e−H
e+e− → ZH

�GHFD\��WKH�FURVV�VHFWLRQV�RI�WKHVH�SURFHVVHV�FDQ�
QRW �EH �VHSDUDWHG� �7KH�EUHDNGRZQV�LQ�)LJ� ���DQG�7DEOH ��
DUH �IRU �LOOXVWUDWLRQ �RQO\� �7KH� � FURVV �VHFWLRQ
VKRZQ �LV �IURP�)LJ� ���D�� RQO\ �ZKHUHDV �WKH�
DQG� � FURVV �VHFWLRQV �LQFOXGH �FRQWULEXWLRQV
IURP�WKHLU�LQWHUIHUHQFHV�ZLWK�WKH� �SURFHVV�

5.6ab−1

106

e+e−

e+e− → ZH

e+e− → ZH σ(ZH)

7KH�&(3&�DV�D�+LJJV�ERVRQ�IDFWRU\�LV�GHVLJQHG�WR�GH�
OLYHU�D�FRPELQHG�LQWHJUDWHG�OXPLQRVLW\�RI� � WR�WZR
GHWHFWRUV�LQ���\HDUV��2YHU� �+LJJV�ERVRQ�HYHQWV�ZLOO�EH
SURGXFHG �GXULQJ �WKLV �SHULRG� �7KH �ODUJH �VWDWLVWLFV� �ZHOO�
GHILQHG�HYHQW �NLQHPDWLFV �DQG �FOHDQ �FROOLVLRQ � HQYLURQ�
PHQW �ZLOO �HQDEOH �WKH �&(3&�WR �PHDVXUH �WKH �+LJJV �ERVRQ
SURGXFWLRQ�FURVV�VHFWLRQV�DV�ZHOO �DV�LWV �SURSHUWLHV��PDVV�
GHFD\�ZLGWK�DQG�EUDQFKLQJ�UDWLRV��HWF���ZLWK�SUHFLVLRQ�IDU
EH\RQG�WKRVH�DFKLHYDEOH �DW �WKH �/+&��,Q �FRQWUDVW �WR �KDG�
URQ�FROOLVLRQV�� �FROOLVLRQV�DUH�XQDIIHFWHG�E\�XQGHUO\�
LQJ �HYHQWV �DQG �SLOH�XS �HIIHFWV� �7KHRUHWLFDO �FDOFXODWLRQV
DUH�OHVV�GHSHQGHQW�RQ�KLJKHU�RUGHU�4&'�UDGLDWLYH�FRUUHF�
WLRQV��7KHUHIRUH��PRUH�SUHFLVH�WHVWV�RI�WKHRUHWLFDO�SUHGLF�
WLRQV �FDQ �EH �SHUIRUPHG �DW �WKH �&(3&� �7KH �WDJJLQJ �RI

�HYHQWV�XVLQJ�WKH�UHFRLO�PDVV�PHWKRG��VHH�6HF�
WLRQ�����LQGHSHQGHQW�RI�WKH�+LJJV�ERVRQ�GHFD\��LV�XQLTXH
WR�OHSWRQ�FROOLGHUV��,W�SURYLGHV�D�SRZHUIXO�WRRO�WR�SHUIRUP
PRGHO�LQGHSHQGHQW �PHDVXUHPHQWV �RI �WKH �LQFOXVLYH

� SURGXFWLRQ �FURVV �VHFWLRQ�� � �DQG �RI �WKH
+LJJV �ERVRQ �GHFD\ �EUDQFKLQJ �UDWLRV� �&RPELQDWLRQV �RI

WKHVH �PHDVXUHPHQWV �ZLOO �DOORZ �IRU �WKH �GHWHUPLQDWLRQ �RI
WKH �WRWDO �+LJJV �ERVRQ �GHFD\ �ZLGWK �DQG �WKH �H[WUDFWLRQ �RI
WKH�+LJJV�ERVRQ�FRXSOLQJV�WR�IHUPLRQV�DQG�YHFWRU�ERVRQV�
7KHVH�PHDVXUHPHQWV�ZLOO�SURYLGH�VHQVLWLYH�SUREHV�WR�SR�
WHQWLDO�QHZ�SK\VLFV�EH\RQG�WKH�60�

�������%DFNJURXQG�SURFHVVHV

e+e− → e+e−

e+e− → Zγ e+e− →WW/ZZ

e+e− → e+e−Z e+e− → e+νW−/e−ν̄W+

5.6ab−1 √
s = 250

e+e− → e+νeW− → e+νee−ν̄e e+e− → e+e−Z→
e+e−νeν̄e

$SDUW �IURP �WKH �+LJJV �ERVRQ �SURGXFWLRQ� �RWKHU �60
SURFHVVHV �LQFOXGH� � �%KDEKD �VFDWWHULQJ��

��LQLWLDO�VWDWH�UDGLDWLRQ�UHWXUQ���
�GLERVRQ� �DV �ZHOO �DV �WKH �VLQJOH �ERVRQ �SURGXFWLRQ �RI

�DQG� ��7KHLU�FURVV�VHF�
WLRQV�DQG�H[SHFWHG�QXPEHUV�RI�HYHQWV�IRU�DQ�LQWHJUDWHG�OX�
PLQRVLW\�RI� �DW� �*H9�DUH�VKRZQ�LQ�7DEOH��
DV�ZHOO��7KH�HQHUJ\�GHSHQGHQFH�RI�WKH�FURVV�VHFWLRQV�IRU
WKHVH �DQG �WKH �+LJJV �ERVRQ �SURGXFWLRQ �SURFHVVHV �DUH
VKRZQ �LQ�)LJ� ��� �1RWH �WKDW �PDQ\ �RI �WKHVH �SURFHVVHV �FDQ
OHDG�WR�LGHQWLFDO�ILQDO�VWDWHV�DQG�WKXV�FDQ�LQWHUIHUH��)RU�H[�
DPSOH�� � DQG�

�KDYH�WKH�VDPH�ILQDO�VWDWH�DIWHU�WKH�GHFD\V�RI�WKH
:� RU�=� ERVRQV� �8QOHVV �RWKHUZLVH �QRWHG� �WKHVH �SURFHVVHV
DUH �VLPXODWHG �WRJHWKHU �WR �WDNH �LQWR �DFFRXQW �LQWHUIHUHQFH
HIIHFWV�IRU�WKH�VWXGLHV�SUHVHQWHG�LQ�WKLV�SDSHU��7KH�EUHDN�
GRZQV�VKRZQ�LQ�WKH�WDEOH�DQG�ILJXUH�DVVXPH�VWDEOH�:�DQG
=�ERVRQV��DQG�WKXV�DUH��WKHUHIRUH��IRU�LOOXVWUDWLRQ�RQO\�

1.2×106 5.8×106$ORQJ�ZLWK� �+LJJV�ERVRQ�HYHQWV�� �==�

√
s = 250

|cosθ| < 0.99
Eγ > 0.1 |cosθe±γ | < 0.99

7DEOH�������&URVV�VHFWLRQV�RI�WKH�+LJJV�ERVRQ�SURGXFWLRQ�DQG�RWKHU�60
SURFHVVHV�DW� �*H9�DQG�QXPEHUV�RI �HYHQWV �H[SHFWHG�LQ����
DE��� �1RWH�WKDW�WKHUH�DUH�LQWHUIHUHQFHV�EHWZHHQ�WKH�VDPH�ILQDO�VWDWHV
IURP �GLIIHUHQW �SURFHVVHV �DIWHU �WKH�:� RU� =� ERVRQ �GHFD\V� �VHH �WH[W�
:LWK�WKH�H[FHSWLRQ�RI�WKH�%KDEKD�SURFHVV��WKH�FURVV�VHFWLRQV�DUH�FDO�
FXODWHG�XVLQJ�WKH�:KL]DUG�SURJUDP�>��@��7KH�%KDEKD�FURVV�VHFWLRQ
LV�FDOFXODWHG�XVLQJ�WKH�%$%$<$*$�HYHQW�JHQHUDWRU�>��@�UHTXLULQJ
ILQDO�VWDWH �SDUWLFOHV �WR �KDYH� ��3KRWRQV� �LI �DQ\� �DUH � UH�
TXLUHG�WR�KDYH� �*H9�DQG� �

SURFHVV FURVV�VHFWLRQ HYHQWV�LQ�����DEí�

+LJJV�ERVRQ�SURGXFWLRQ��FURVV�VHFWLRQ�LQ�IE

e+e− → ZH ����� 1.15×106

e+e− → νeν̄eH ���� 3.84×104

e+e− → e+e−H ���� 3.53×103

WRWDO ����� 1.19×106

EDFNJURXQG�SURFHVVHV��FURVV�VHFWLRQ�LQ�SE

e+e− → e+e− (γ)�%KDEKD� ��� 4.5×109

e+e− → qq̄ (γ) ���� 2.8×108

e+e− → µ+µ− (γ) τ+τ− (γ)>RU @ ���� 2.5×107

e+e− →WW ���� 8.6×107

e+e− → ZZ ���� 5.8×106

e+e− → e+e−Z ���� 2.7×107

e+e− → e+νW−/e−ν̄W+ ���� 2.9×107
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e+e−
√

s

e+e− → νν̄H e+e− → e+e−H
√

s = 250

)LJ� ��� �� ���FRORU �RQOLQH� �&URVV�VHFWLRQV�RI �PDLQ�60�SURFHVVHV
RI� �FROOLVLRQV�DV�IXQFWLRQV�RI�FHQWHU�RI�PDVV�HQHUJ\�
REWDLQHG�IURP�WKH�:KL]DUG�SURJUDP�>��@� �7KH�FDOFXODWLRQV
LQFOXGH �LQLWLDO�VWDWH �UDGLDWLRQ ��,65�� �7KH�:� DQG� =� IXVLRQ
SURFHVVHV�UHIHU�WR� �DQG� �SURGXFWLRQ�
UHVSHFWLYHO\��7KHLU�QXPHULFDO�YDOXHV�DW� �*H9�FDQ�EH
IRXQG�LQ�7DEOH���

&KLQHVH�3K\VLFV�&����9RO������1R�����������������

��������



�������(IIHFWLYH�ILHOG�WKHRU\�DQDO\VLV

:LWK�WKH�DVVXPSWLRQ�WKDW �WKH�VFDOH�RI�QHZ�SK\VLFV�LV
KLJKHU�WKDQ�WKH�UHOHYDQW �HQHUJ\�GLUHFWO\�DFFHVVLEOH�DW �WKH
+LJJV�IDFWRU\��WKH�HIIHFW�RI�QHZ�SK\VLFV�FDQ�EH�FKDUDFWHU�
L]HG�ZLWKLQ�WKH�()7�IUDPHZRUN��,Q�WKLV�IUDPHZRUN��RSHU�
DWRUV �ZLWK �GLPHQVLRQ �JUHDWHU �WKDQ �IRXU �VXSSOHPHQW �WKH
60 �/DJUDQJLDQ� �,PSRVLQJ �EDU\RQ �DQG �OHSWRQ �QXPEHUV
FRQVHUYDWLRQ��DOO�KLJKHU�GLPHQVLRQDO�RSHUDWRUV�DUH�RI�HYHQ
GLPHQVLRQ�

LEFT =LSM+
∑

i

c(6)
i

Λ2 O
(6)
i +

∑

j

c(8)
j

Λ4 O
(8)
j + · · · ����

Λ

ci

ZKHUH� �LV�WKH�QHZ�SK\VLFV�VFDOH��7KH�OHDGLQJ�QHZ�SK\V�
LFV�HIIHFWV�DW�WKH�HOHFWURZHDN�VFDOH�ZRXOG�EH�IURP�WKH�GL�
PHQVLRQ�VL[ �RSHUDWRUV� �7R �REWDLQ �UREXVW �FRQVWUDLQWV �RQ
WKH �:LOVRQ �FRHIILFLHQWV�� � �D �JOREDO �DQDO\VLV �LV �UHTXLUHG�
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Coupling measurement

◈ Assumptions: 
✦ Single state, spin 0 and CP-even, Narrow-width approximation


◈ κ-framework Methodology: parametrize deviations with coupling scale factors {κx}

✦ A simple and intuitive parametrization of the potential derivation with the limitation for its understanding

✦ BSM decays parametrized including invisible decays and untagged decays

✦ CEPC has a clear advantage on κZ measurement and BRinv constraint


◈ EFT: 
✦ Directly introduce the new physics effect with the higher dimension operators
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity L( ) up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a centre- 
of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (τ) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and L = 5.3 fb−1  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.
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Table 6: Overview of Higgs boson production cross sections �i and Higgs boson partial decay widths �f . For
each production or decay mode the scaling of the corresponding rate in terms of Higgs boson coupling strength
scale factors is given. For processes where multiple amplitudes contribute, the rate may depend on multiple Higgs
boson coupling strength scale factors, and interference terms may give rise to scalar product terms kik j that allow
to determine the relative sign of the coupling strengths ki and k j . Expressions originate from Ref. [11], except for
�(gg ! ZH) (from Ref. [40]) and�(gb !WtH) and�(qb ! tHq

0) (calculated using Ref. [26]). The expressions
are given for

p
s = 8 TeV and mH = 125.36 GeV and are similar for

p
s = 7 TeV. Interference contributions with

negligible magnitudes have been been omitted in this table.

Production Loops Interference Expression in terms of fundamental coupling strengths
�(ggF) X b � t k2

g ⇠ 1.06 · k2
t + 0.01 · k2

b � 0.07 · ktkb

�(VBF) - - ⇠ 0.74 · k2
W + 0.26 · k2

Z
�(WH) - - ⇠ k2

W
�(qq̄ ! ZH) - - ⇠ k2

Z
�(gg ! ZH) X Z � t k2

ggZH ⇠ 2.27 · k2
Z + 0.37 · k2

t � 1.64 · kZkt

�(bbH) - - ⇠ k2
b

�(ttH) - - ⇠ k2
t

�(gb !WtH) - W � t ⇠ 1.84 · k2
t + 1.57 · k2

W � 2.41 · ktkW

�(qb ! tHq
0) - W � t ⇠ 3.4 · k2

t + 3.56 · k2
W � 5.96 · ktkW

Partial decay width
�
bb̄

- - ⇠ k2
b

�WW - - ⇠ k2
W

�ZZ - - ⇠ k2
Z

�⌧⌧ - - ⇠ k2
⌧

�µµ - - ⇠ k2
µ

��� X W � t k2
g ⇠ 1.59 · k2

W + 0.07 · k2
t � 0.66 · kWkt

�Z� X W � t k2
Zg ⇠ 1.12 · k2

W + 0.00035 · k2
t � 0.12 · kWkt

Total decay width

�H X W � t

b � t
k2

H ⇠
0.57 · k2

b + 0.22 · k2
W + 0.09 · k2

g+

0.06 · k2
t + 0.03 · k2

Z + 0.03 · k2
c+

0.0023 · k2
g + 0.0016 · k2

Zg + 0.00022 · k2
µ

boson scattering and also holds in a wide class of BSM models. In particular, it is valid in any model with
an arbitrary number of Higgs doublets, with and without additional Higgs singlets. The assumption is
also justified in certain classes of composite Higgs boson models. A second alternative is to assume that
the coupling strengths in o↵-shell Higgs boson production are identical to those for on-shell Higgs boson
production. Under the assumption that the o↵-shell signal strength and coupling strength scale factors
are independent of the energy scale of the Higgs boson production, the total Higgs boson decay width
can be determined from the ratio of o↵-shell to on-shell signal strengths [24]. The boundary BRi. ,u. � 0,
motivated by the basic assumption that the total width of the Higgs boson must be greater or equal to the
sum of the partial widths, always introduces a lower bound on the Higgs boson width. The di↵erence
in e↵ect of these assumptions is therefore mostly in the resulting upper limit on the Higgs boson width.
The assumptions made for the various measurements are summarised in Table 7 and discussed in the next
sections together with the results.
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Input analyses to the combinations:  H→γγ, ZZ, WW, ττ, bb, 
µµ, Zγ and constraint on ttH and off-shell Higgs productions

Loop interaction

couplings induced by the new super-partners are of order m2
H/m2

SUSY relative to the SM predictions (mSUSY is the mass of
the new particles) and they appear as shifts of the Higgs couplings with the same SM helicity structures while new helicity
structures are only generated as subleading effects further suppressed by a loop factor. In scenarios where the Higgs boson
arises from a strongly-interacting sector as a composite (pseudo-Goldstone) boson, the leading deformations to the SM scale
like x = (g2

?/g2
SM)m2

W /m2
? (m? and g? are the overall mass scale of the strong sector resonances and their mutual coupling

respectively) and they all preserve the helicity structure of the interactions already present in the SM. The constraints derived in
the k analysis can thus be readily exploited to derive constraints on the new physics parameters. This kappa-framework has,
however, its own limitations when Higgs measurements need to be put in perspective and compared to processes with different
particle multiplicities or combined with other measurements done in different sectors or at different energies. An effective field
theory (EFT) approach naturally extends the kappa-framework. First, it allows to exploit polarisation- and angular-dependent
observables that a k-analysis will remain blind to. Second, an EFT analysis constitutes a useful tool to probe the Higgs boson
in the extreme kinematical regions relevant for colliders operating far above the weak scale, exploring the tails of kinematical
distributions, even though these observables have not been fully exploited yet in the studies presented by the different future
collider collaborations. Third, the EFT offers a consistent setup where predictions can be systematically improved via the
inclusion of both higher loop corrections in the SM couplings and further new physics corrections encoded in operators of even
higher dimensions.

Both approaches will be studied in this document and we will report the fits to the experimental projected measurements
obtained in these two frameworks. As an illustration, a concrete interpretation of the results obtained will be done in the context
of composite Higgs models.

3.1 The kappa framework
3.1.1 Choice of parametrization

The kappa framework, described in detail in Ref. [16, 17], facilitates the characterisation of Higgs coupling properties in terms
of a series of Higgs coupling strength modifier parameters ki, which are defined as the ratios of the couplings of the Higgs
bosons to particles i to their corresponding Standard Model values. The kappa framework assumes a single narrow resonance
so that the zero-width approximation can be used to decompose the cross section as follows

(s ·BR)(i ! H ! f ) =
si ·G f

GH
, (1)

where si is the production cross section through the initial state i, G f the partial decay width into the final state f and GH the
total width of the Higgs boson. The k parameters are introduced by expressing each of the components of Eq. (1) as their SM
expectation multiplied by the square of a coupling strength modifier for the corresponding process at leading order:

(s ·BR)(i ! H ! f ) =
sSM

i k2
i ·GSM

f k2
f

GSM
H k2

H
! µ f

i ⌘ s ·BR
sSM ·BRSM

=
k2

i ·k2
f

k2
H

, (2)

where µ f
i is the rate relative to the SM expectation (as given in Tables 18 and 19) and k2

H is an expression that adjusts the SM
Higgs width to take into account of modifications ki of the SM Higgs coupling strengths:

k2
H ⌘ Â

j

k2
j GSM

j

GSM
H

. (3)

When all ki are set to 1, the SM is reproduced. For loop-induced processes, e.g. H ! gg , there is a choice of either resolving the
coupling strength modification in its SM expectation, i.e. kg(kt ,kW ) or keeping kg as an effective coupling strength parameter.
For the results presented in the document, we choose to describe loop-induced couplings with effective couplings, resulting in a
total of 10 k parameters: kW , kZ , kc, kb, kt , kt , kµ , and the effective coupling modifiers kg , kg and kZg . The couplings ks,kd ,ku
and ke that are only weakly constrained from very rare decays are not included in the combined k-framework fits presented in
this section, their estimated limits are discussed separately in Section 5. We note the parameter kt is only accessible above
the tH threshold as the processes involving virtual top quarks are all described with effective coupling modifiers (kg,kZg ,kg ),
hence standalone fits to low-energy (lepton) colliders have no sensitivity to kt in the k-framework fits considered here.4

4 At high Higgs/jet pT , gg ! H becomes directly sensitive to kt . However, high-pT regions are not separately considered in the k-framework fits reported
here. Furthermore, there is no sensitivity to the sign of the k parameters as the loop-induced processes with sensitivity to the sign have all been described with
effective modifiers. Single top production is sensitive to the sign but not used in the k fits presented here (but used in the CP studies). Finally, note that, for
vector-boson-fusion, the small interference effect between W- and Z boson fusion is neglected.
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3.1.2 Modeling of invisible and untagged Higgs decays

The k-framework can be extended to allow for the possibility of Higgs boson decays to invisible or untagged BSM particles.
The existence of such decays increases the total width GH by a factor 1/(1�BRBSM), where BRBSM is the Higgs branching
fraction to such BSM particles. Higgs boson decays to BSM particles can be separated in two classes: decays into invisible
particles, which are experimentally directly constrained at all future colliders (e.g ZH,H ! invisible), and decays into all other
’untagged’ particles.

Reflecting this distinction we introduce two branching fraction parameters BRinv and BRunt so that:

GH =
GSM

H ·k2
H

1� (BRinv +BRunt)
, (4)

where k2
H is defined in Eq. (3).

For colliders that can directly measure the Higgs width, BRunt can be constrained together with ki and BRinv from a joint fit to
the data. For standalone fits to colliders that cannot, such as the HL-LHC, either an indirect measurement can be included, such
as from off-shell Higgs production, or additional theoretical assumptions must be introduced. A possible assumption is |kV |1
(V = W,Z), which is theoretically motivated as it holds in a wide class of BSM models albeit with some exceptions [26] (for
more details see [17], Section 10).

3.1.3 Fitting scenarios

To characterise the performance of future colliders in the k-framework, we defined four benchmark scenarios, which are listed
in Table 2. The goal of the kappa-0 benchmark is to present the constraining power of the k-framework under the assumption
that there exist no light BSM particles to which the Higgs boson can decay. The goal of benchmarks kappa-1,2 is to expose the
impact of allowing BSM Higgs decays, in combination with a measured or assumed constraint on the width of the Higgs, on
the standalone k results. Finally, the goal of the kappa-3 benchmark is to show the impact of combining the HL-LHC data with
each of the future accelerators. In all scenarios with BSM branching fractions, these branching fractions are constrained to be
positive definite.

Experimental uncertainties – defined as statistical uncertainties and, when provided, experimental systematic uncertainties,
background theory uncertainties and signal-acceptance related theory uncertainties – are included in all scenarios. Theory
uncertainties on the Higgs branching fractions predictions for all future colliders and uncertainties on production cross section
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Table 2. Definition of the benchmark scenarios used to characterize future colliders in the k-framework.

Scenario BRinv BRunt include HL-LHC

kappa-0 fixed at 0 fixed at 0 no

kappa-1 measured fixed at 0 no
kappa-2 measured measured no

kappa-3 measured measured yes

3.2 Results from the kappa-framework studies and comparison
The k-framework discussed in the previous section was validated comparing the results obtained with the scenarios described
as kappa-0 and kappa-1 to the original results presented by the Collaborations to the European Strategy. In general, good
agreement is found.

The results of the kappa-0 scenario described in the previous section are reported in Table 3. In this scenario, no additional
invisible or untagged branching ratio is allowed in the fits, and colliders are considered independently. This is the simplest
scenario considered in this report, and illustrates the power of the kappa framework to constrain new physics in general, and in
particular the potential to constrain new physics at the proposed new colliders discussed in this report. In general the precision
is at the per cent level, In the final stage of the future colliders a precision of the order of a few per-mille would reachable
for several couplings, for instance kW and kZ . Cases in which a particular parameter has been fixed to the SM value due to
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Prospect

◈ Most of parameters can reach the precision of ~1%


◈ For the rare decays, HZγ and Hμμ have comparable sensitivities among different colliders
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cornerstone for making the physics case

• thanks to the advanced simulation tools, numerous physics analyses on Higgs/EW, top/heavy flavor, and 
New Particle searches, have been carried out to shape the physics case for ILC/CLIC.  
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gauge bosons fermionsH



Prospect of HZγ coupling

◈ With 3000fb-1 @ HL-LHC,  ATLAS expected significance is 4.9σ with the uncertainty 
of 24%


◈ With the combination of HL-LHC + CEPC, the precision can reach ~6.3%

✦ ~20% anti-correlation between HZγ and untagged branching fraction


◈ The best precision from FCC-hh: 0.7%
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Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. No requirement on kV is applied in the combination with HL-LHC,
since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

kW [%] 1.0 0.29 0.24 0.73 0.40 0.38 0.88 0.88 0.41 0.19
kZ[%] 0.29 0.22 0.23 0.44 0.40 0.39 0.18 0.20 0.17 0.16
kg[%] 1.4 0.85 0.63 1.5 1.1 0.86 1. 1.2 0.9 0.5
kg [%] 1.4 1.2 1.1 1.4⇤ 1.3 1.2 1.3 1.3 1.3 0.31
kZg [%] 10.⇤ 10.⇤ 10.⇤ 10.⇤ 8.2 5.7 6.3 10.⇤ 10.⇤ 0.7
kc [%] 2. 1.2 0.9 4.1 1.9 1.4 2. 1.5 1.3 0.96
kt [%] 3.1 2.8 1.4 3.2 2.1 2.1 3.1 3.1 3.1 0.96
kb [%] 1.1 0.56 0.47 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ [%] 4.2 3.9 3.6 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.43
kt [%] 1.1 0.64 0.54 1.4 1.0 0.82 0.91 0.94 0.66 0.46

BRinv (<%, 95% CL) 0.26 0.23 0.22 0.63 0.62 0.62 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5. For HE-LHC, the S2’ scenario is displayed. For LHeC, HL-LHC and HE-LHC a constrained kV  1 is applied.
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lack of sensitivity are shown with a dash (-). Examples of this are kc, not accessible at HL-LHC and HE-LHC, and kt , only
accessible above the ttH/tH threshold. Not all colliders reported results for all possible decay modes in the original reference
documentation listed in Table1, the most evident example of this being the Zg channel. In this standalone collider scenario, the
corresponding parameters were left to float in the fits. They are indicated with ⇤ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Tables 28
and 29 in Appendix E.

Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh. In the case of HE-LHC, two theoretical uncertainty scenarios (S2
and S20) [13] are given for comparison.

kappa-0 HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh
S2 S20 250 500 1000 380 15000 3000 240 365

kW [%] 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14
kZ [%] 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12
kg [%] 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49
kg [%] 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29
kZg [%] 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69
kc [%] � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt [%] 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0
kb [%] 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43
kµ [%] 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41
kt [%] 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC.
The results correspond to the kappa-3 scenario.

As discussed before, for these hadron colliders a constraint on |kV |1 is applied in this case, as no direct access to the
Higgs width is possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
kt show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and kt
are correlated to 45%. These correlations can be seen graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
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since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.
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kW [%] 1.0 0.29 0.24 0.73 0.40 0.38 0.88 0.88 0.41 0.19
kZ[%] 0.29 0.22 0.23 0.44 0.40 0.39 0.18 0.20 0.17 0.16
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kt [%] 3.1 2.8 1.4 3.2 2.1 2.1 3.1 3.1 3.1 0.96
kb [%] 1.1 0.56 0.47 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ [%] 4.2 3.9 3.6 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.43
kt [%] 1.1 0.64 0.54 1.4 1.0 0.82 0.91 0.94 0.66 0.46

BRinv (<%, 95% CL) 0.26 0.23 0.22 0.63 0.62 0.62 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5. For HE-LHC, the S2’ scenario is displayed. For LHeC, HL-LHC and HE-LHC a constrained kV  1 is applied.
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Fig. 25: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the ggH (top) and VBF (bottom) production cross sections in the different decay modes
normalised to the SM predictions for ATLAS(blue) and CMS (red). The filled coloured box corresponds
to the statistical and experimental systematic uncertainties, while the hatched grey area represent the
additional contribution to the total uncertainty due to theoretical systematic uncertainties. In the cases
where the extrapolation is performed only by one experiment, same performances are assumed for the
other experiment and this is indicated by a hatched bar. (right) Summary plot showing the total expected
±1� uncertainties in S2 (with YR18 systematic uncertainties) on the ggH (top) and VBF (bottom) pro-
duction cross sections in the different decay modes normalised to the SM predictions for the combination
of ATLAS and CMS extrapolations. For each measurement, the total uncertainty is indicated by a grey
box while the statistical, experimental and theory uncertainties are indicated by a blue, green and red line
respectively. In addition, the numerical values are also reported.
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Summary

◈ Search for H→Zγ rare decay can probe the Higgs loop interaction in SM and BSM 
physics


◈ All the H/X→Zγ studies with full-Run2 data done：


✦ First observed evidence of 3.4σ was achieved with ATLAS-CMS combination


✦ Evidence of H→γ*γ search with a significance of 3.2σ


✦ Zγ high mass search successfully extend to 3.4TeV


◈ More promising results with higher statistics of Run3 and more sensitivity optimization
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