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The discovery of the Higgs boson with its mass around 125 GeV by the ATLAS and CMS
Collaborations marked the beginning of a new era in high energy physics. The Higgs boson
will be the subject of extensive studies of the ongoing LHC program. At the same time,
a lepton collider based Higgs factory has been proposed as a possible next step beyond
the LHC, with its main goal as the precise measurement of the properties and probing
potential new physics associated with the Higgs boson. The Circular Electron Positron
Collider (CEPC) is one of such proposed Higgs factories. The CEPC is an ete™ circular
collider proposed by China. Located in a tunnel of approximately 100 km in circumference,
it will operate at a center-of-mass energy of ~ 240 — 250 GeV. After the CEPC, a potential
follow up is a Super Proton-Proton Collider (SPPC) in the same tunnel with an energy
70—100 TeV. In this paper, we present the first estimates on the precision of Higgs property
measurements achievable at the CEPC.
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1 Introduction

The historic discovery of a Higgs boson in 2012 by the ATLAS and CMS collaborations |1, 2]
at the Large Hadron Collider (LHC) has opened a new era in particle physics. Subsequent
measurements of the properties of the new particle have indicated compatibility with the
Standard Model (SM) Higgs boson [3-7| [need updates|. While the SM has been remarkably
successful in describing experimental phenomena, it is important to recognize that the SM
is not a complete theory. In particular, the SM does not predict the parameters in the
Higgs potential, such as the Higgs mass. The vast difference between the Planck scale
and the weak scale remains a major mystery. There is not a complete understanding of
the nature of electroweak phase transition. The discovery of a spin zero Higgs boson, the
first elementary particle of its kind, only sharpens these questions. It is clear that any
attempt of addressing these questions will involve new physics beyond the SM. Therefore,
the Higgs boson discovery marks the beginning of a new era of theoretical and experimental
explorations.

A physics program of precision measurement of Higgs properties will be a critical com-
ponent of any roadmap for high energy physics in the coming decades. Potential new physics
beyond the SM could lead to observable deviations in the Higgs boson couplings from the
SM expectations. Typically, such deviations can be parametrized as

2

= 5
M{p

(1.1)

where v and Myp are the vacuum expectation value of the Higgs field and the typical mass
scale of new physics, respectively. The size of the proportionality constant ¢ depends on
model, but it should not be much larger than O(1). The current and upcoming LHC runs
will measure the Higgs couplings to about 5% Ref [§]. At the same time, LHC will directly
search for new physics from a few hundreds of GeV to at least a TeV. Eq. (1.1) implies that
probing new physics significantly beyond the LHC reach would require the measurement of
the Higgs boson couplings at least at percent level accuracy. To achieve such sub-percent
level of precision will need new facilities, a lepton collider operating as a Higgs factory is a
natural next step.

The Circular Electron-Positron Collider (CEPC), proposed by the Chinese particle
physics community, is one of such possible facilities. The CEPC will be housed in a tun-
nel with a circumference about 100 km and will operate at a center-of-mass energy of
Vs ~ 240 GeV, which maximizes the Higgs boson production cross section through the
ete™ — ZH process. At the CEPC, in contrast to the LHC, Higgs boson candidate events
can be identified through a technique known as the recoil mass method without tagging its
decays. Therefore, Higgs boson production can be disentangled from its decay in a model
independent way. Moreover, the cleaner environment at a lepton collider allows much better
exclusive measurement of Higgs boson decay channels. All of these give the CEPC impres-
sive reach in probing Higgs boson properties. For example, with an integrated luminosity
of 5 ab™!, over one million Higgs bosons will be produced. With this sample, the CEPC
will be able to measure the Higgs boson coupling to the Z boson with an accuracy of 0.25%
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[update|, more than a factor of 10 better than the High Luminosity (HL)-LHC. Such a
precise measurement gives the CEPC unprecedented reach into interesting new physics sce-
narios which are very difficult to probe at the LHC. The CEPC also has strong capability
in detecting Higgs boson invisible decay. For example, with 5 ab™!, it can improve the
accuracy of the measurement of invisible decay branching ratio to 0.14% [update here, do
we really mean invisible decay?|. In addition, it is expected to have good sensitivities to
exotic decay channels which are swamped by backgrounds at the LHC. It is also important
to stress that an ete™ Higgs factory can perform model independent measurement of the
Higgs boson width. This unique feature in turn allows for model independent determination
of the Higgs boson couplings.

This paper documents the first studies of a precision Higgs boson physics program
at the CEPC. It is organized as follows: Section ?? briefly summarizes the collider and
detector performance parameters assumed for the studies. Section 4 describes individual
Higgs boson measurements including the methodology and results from simulation studies.
Section 5 discusses the combination of individual measurements and the extraction of Higgs
boson coupling parameters. Finally the implications of these measurements are discussed
in Section. 8.

2 Production cross sections of signal and background processes

Production processes for a 125 GeV SM Higgs boson at the CEPC operating at /s ~
240—250 GeV are ete™ — ZH (Z H associate production or Higgsstrahlung), ete™ — vvH
(W fusion) and ete™ — ete™ H (Z fusion) as illustrated in Fig. 1. The W and Z fusion
processes are collectively referred to as vector-boson fusion (VBF) production.

Figure 1. Feynman diagrams of the Higgs boson production processes at the CEPC: (a) eTe™ —
ZH, (b) ete” — vvH and (c) ete™ — ete  H.

The total and individual cross sections for the production of a SM Higgs boson with
a mass of 125 GeV as functions of center-of-mass energy are plotted in Fig. 2 while its
decay branching ratios and total width are shown in Table 1. As an s-channel process,
the cross section of the ete™ — ZH process reaches its maximum at /s ~ 250 GeV,
and then decreases asymptotically as 1/s. The VBF production processes are through
t—channel exchanges of vector bosons. Their cross sections increase logarithmically as



68 ln2(s/M‘2/). Because of the accidental small neutral-current Zee coupling, the VBF cross
6o section is dominated by the W fusion process. Numerical values of these cross sections at
70 /s =250 GeV are listed in Table 2.
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Figure 2. Production cross sections of eTe™ — ZH and ete™ — (eTe™ /vv)H as functions of /s
for a 125 GeV SM Higgs boson.

Table 1. Standard model predictions of the decay branching ratios and total width of a 125 GeV
Higgs boson. These numbers are obtained from Refs. [9, 10].

Decay mode Branching ratio Relative uncertainties
H —bb 57.7% +3.2%, —3.3%
H —cc 2.91% +12%, —12%
H—>rtr™ 6.32% +5.7%, —5.7%
H — ptp 2.19 x 1074 +6.0%, —5.9%
H—->WwWw* 21.5% +4.3%, —4.2%
H— Z7Z* 2.64% +4.3%, —4.2%
H — vy 2.28 x 1073 +5.0%, —4.9%
H — Zy 1.53 x 1073 +9.0%, —8.8%
H — gg 8.57% +10%, —10%
Iy 4.07 MeV +4.0%, —4.0%
71 The CEPC is designed to deliver a total of 5 ab™! integrated luminosity to two detec-
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Table 2. Cross sections of Higgs boson production and other SM processes at /s = 250 GeV
and numbers of events expected in 5 ab~!. The cross sections are calculated using the Whizard
program [11]. Note that cross sections do not include potential interference effects between the
same final states from different processes after W and Z boson decays (see text).

Process Cross section Events in 5 ab™!
Higgs boson production, cross section in fb
ete” = ZH 212 1.06 x 10°
ete” = vvH 6.72 3.36 x 104
ete” wefe H 0.63 3.15 x 103
Total 219 1.10 x 10°
Background processes, cross section in pb
eTe” — ete” (Bhabha) 25.1 1.3 x 10%
ete™ = qq () 50.2 2.5 x 108
ete”™ = ptu= () lor 7777 (v)] 4.40 2.2 x 107
ete” - WW 15.4 7.7 x 107
ete” — 27 1.03 5.2 x 10°
ete” wete Z 4.73 2.4 x 107
ete™ = etvW= /e oW 5.14 2.6 x 107

tors in 10 years. Over 10° Higgs boson events will be produced during this period. The
large statistics, well-defined event kinematics and clean collision environment will enable
the CEPC to measure Higgs boson production cross sections as well as its properties (mass,
decay width and branching ratios, etc.) with precision far beyond those achievable at the
LHC. Compared with hadron collisions, ete™ collisions are unaffected by underlying event
and pile-up effects. Theoretical calculations are less dependent on higher order QCD radia-
tive corrections. Therefore, more precise tests of theoretical predictions can be performed
at the CEPC. The tagging of ete™ — ZH events using recoil mass, independent of the
Higgs boson decay, is unique to lepton colliders. It provides a powerful tool for the model-
independent measurements of the inclusive e™e™ — ZH production cross section, o(ZH),
and of Higgs boson decay branching ratios. Combinations of these measurements will enable
to determine the total Higgs boson decay width and to extract the Higgs boson couplings
to fermions and vector bosons, providing sensitive probes to potential new physics beyond
the SM.

Apart from Higgs boson production, other SM processes include ete™ — ete™ (Bhabha
scattering), ete™ — Zv (ISR return), ete™ — WW/ZZ (diboson) as well as the single
boson production of ete™ — ete™Z and ete™ — etvW ™ /e vW™. Their cross sections
and expected numbers of events for an integrated luminosity of 5 ab=! at /s = 250 GeV are
shown in Table 2 as well. The energy dependence of the cross sections for these and the Higgs
boson production processes are shown Fig. 3. Note that many of these processes can lead
to identical final states and thus can interfere. For example, eTe™ — et W™ — eTr.e 1
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and eTe™ = ete”Z — eTe 1., have the same final state. Unless otherwise noted, these
processes are simulated together to take into account interference effects for the studies
presented in this paper.

Along with 10° Higgs boson events, 5 x 106 ZZ, 8 x 107 WW and 2.5 x 10® ¢g(v)
events will be produced. Though these events are backgrounds to Higgs boson events, they
are important for the calibration and characterization of the detector performances and for
the measurements of electroweak parameters.
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Figure 3. Cross sections of main Standard Model processes of ete™ collisions as functions of
center-of-mass energy +/s obtained from the Whizard program [11]. The calculations include initial-
state radiations (ISR). The single W and Z processes refer to eTe™ — eTvW ™ /e vW™T and
ete™ — eTe™ Z production, respectively. The W and Z fusion processes refer to e™e™ — viH and
ete™ — eTe™ H production, respectively. Their numerical values at /s = 250 GeV can be found
in Table 2.

The following software tools have been used to obtain the results reported in this paper.
GUINEAPIG program [12, 13] is used to study beam backgrounds and its energy spectrum.
A full set of SM samples, including both the Higgs boson signal and SM background events,
are generated with WHIZARD [11]. In addition, MADGRAPH [14] and PYTHIA [15] event
generators are used to produce samples for the studies of Higgs boson exotic decays. The
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CEPC detector simulation is based on the software framework used for ILC studies [16].
However, changes have been made to both the simulation (Mokka [17]) and reconstruction
software to adapt to the CEPC detector geometry.

All Higgs boson signal samples and part of the leading background samples are pro-
cessed with Geant 4 [18] based full detector simulation and reconstruction. The rest of
backgrounds are simulated with a dedicated fast simulation tool, where the detector ac-
ceptances, efficiencies, intrinsic resolutions for different physics objects are parametrized.
Samples simulated for ILC studies [19] are used for cross checks of some studies.

The center-of-mass energy of the CEPC Higgs run has not been finalized. While the
studies of the CEPC machine have assumed an operating energy of /s = 240 GeV, an
energy 250 GeV is chosen for the physics studies presented in this paper to be directly
comparable to the studies for the ILC and TLEP |20, 21|. However, the results expected
from these two energies are expected to be very similar.

3 Higgs boson tagging using recoil mass

Unlike hadron collisions, the initial-state energy of ete™ collisions is controllable and mea-
surable. For a Higgsstrahlung event where the Z boson decays to a pair of visible fermions
(ff), the mass of the system recoiling against the Z boson, commonly known as the recoil
mass, can be calculated assuming the event has a total energy /s and zero total momentum:

Mlgecoil: (\/E_Eff)Z_p?ff :S_ZEff\/g‘f'm?ff (31)

Here Ef¢, pry and myy are, respectively, the total energy, momentum and invariant mass
of the fermion pair. The Mecoi distribution should show a peak at the Higgs boson mass
my for ete™ — ZH and ete™ — eeH processes, and is expected to be smooth without a
resonance structure for other processes in the mass region around 125 GeV.

Two important measurements of the Higgs boson can be performed from the Miecoil
mass spectrum. The Higgs boson mass can be measured from the peak position of the
resonance. The width of the resonance is dominated by the beam energy spread (including
ISR effects) and energy /momentum resolution of the detector as the natural Higgs boson
width is only 4.07 MeV. The best precision of the mass measurement can be achieved from
the leptonic Z — ¢~ (¢ = e,u) decays. The height of the resonance is a measure of
the Higgs boson production cross section o(ZH )1. By fitting the M ecoil spectrum, the
ete”™ — ZH event yield, and therefore o(ZH), can be extracted, independent of Higgs
boson decays. The partial Higgs boson decay width I'(H — ZZ), or equivalently the
Higgs-Z boson coupling g(HZZ), can be derived in a model-independent manner. The
latter is an essential input to the determination of the total Higgs boson decay width.
Furthermore, Higgs boson branching ratios can then be measured by studying Higgs boson
decays in selected eTe™ — ZH candidates. The recoil mass spectrum has been investigated
for both leptonic and hadronic Z boson decays as presented below.

+

IFor the Z — ete™ decay, there will be a small contribution from e*e™ — ete™ H production.
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3.1 Z (0t

Events with leptonic Z decays are ideal for studying the recoil mass spectrum of the eTe™ —
ZX events. Z — (T4~ decays are easily identifiable and the lepton momenta can be
precisely measured. Figure 4 shows the reconstructed recoil mass spectra of ete™ — ZX
candidates in the Z — pTu~ and Z — eTe™ decays. The analyses are based on the full
detector simulation for the signal events and on the fast detector simulation for background
events. They are performed with event selections entirely based on the information of
the two leptons, independent of the final states of Higgs boson decays. This approach is
essential for the measurement of the inclusive ete™ — ZH production cross section and
the model-independent determination of the Higgs boson branching ratios. SM processes
with at least 2 leptons in their final states are considered as backgrounds.

r CEPC Preliminary r CEPC Preliminary
3000 - Z— pu ILdt:Sab' 3000 - Z- e*e; J’Ldt:Sab‘
[ —4— CEPC Simulation [ —4— CEPC Simulation
=L S Z | S
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= r = Chie s
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o ] \'!y; |
0 ‘ \ . : = 0
120 125 L 130 135 140 120 150

MY [GeV]

recoil
(a) (b)

Figure 4. The recoil mass spectra of e" e~ — ZX candidates for (a) Z — uTpu~ and (b) Z — ete™
with an integrated luminosity of 5 ab™1.

The event selection of the Z — u™ ™~ analysis starts with the requirement of a pair of
identified muons. Events must have the dimuon invariant mass in the range 80 — 100 GeV
and the recoil mass between 120 GeV and 140 GeV. The muon pair is required to have its
transverse momentum larger than 20 GeV, and its acolinear angle smaller than 175°. A
Boost Decision Tree (BDT) technique is employed to enhance the separation between signal
and background events. The BDT is trained using the invariant mass, transverse momen-
tum, polar angle and acollinearity of the dimuon system. For an integrated luminosity of
5 ab~! about 22k of ete™ — ZH — upu~ H signal events (corresponding to a selection
efficiency of ~ 62%) and 48k background events pass the selection. Leading background
contributions after the selection are from ZZ, WW and Zv events. As shown in Fig. 4(a),
the analysis has a good signal-to-background ratio. The long high-mass tail is largely due
to the initial-state radiation.

Compared to the analysis of the Z — u™ ™~ decay, the analysis of the Z — eTe™ decay
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suffers from additional and large background contributions from Bhabha and single boson
production. A cut based event selection is performed for the Z — e*e™ decay. The electron-
positron pair is required to have its invariant mass in the range 86.2—96.2 GeV and its recoil
mass between 120 GeV and 150 GeV. Additional selections based on the kinematic variables
of the electron-positron pair system, the polar angles and the energies of the selected electron
and positron, are applied. Events from eTe™ — eTe (), etvW ™ (e" oW ™), eTe™ Z pro-
duction are the dominant backgrounds after the selection. This simple cut-based event se-
lection results in 10k signal events (27% selection efficiency) and 147k background events for
an integrated luminosity of 5 ab=!. Their recoil mass distributions are shown in Fig. 4 (b).

Event selections independent of Higgs boson decays are essential for the model-independent

measurement of o(ZH). Additional selections using the Higgs boson decay information can,
however, be applied to improve the Higgs boson mass measurement. This will be particu-
larly effective in suppressing the large backgrounds from Bhabha scattering and single W
or Z boson production for the analysis of the Z — ete™ decay. This improvement is not
implemented in the current study.

3.2 Z—qq

The recoil mass technique can also be applied to the hadronic Z boson decays (Z — qq) of
the eTe™ — ZX candidates. This analysis benefits from a larger Z — ¢q decay branching
ratio, but suffers from the fact that jet energy resolution is worse than the track momentum
and electromagnetic energy resolutions. In addition, ambiguity in selecting jets from the
Z — qq decay, particularly in events with hadronic decays of the Higgs boson, can degrade
the analysis performance and also introduce model-dependence to the analysis. Therefore,
the measurement is highly dependent on the performance of the PFA and the jet clustering
algorithm.

Following the same approach as the ILC study [22|, an analysis based on the fast
simulation has been performed [22]. After the event selection, main backgrounds arise
from WW and Z~ production. Figure 5 shows the reconstructed recoil mass distribution.
Compared with the leptonic decays, the signal-to-background ratio is considerably worse
and the recoil mass resolution is significantly poorer.

3.3 Measurements of o(ZH) and mpy

The inclusive ete™ — ZH production cross section o(ZH) and Higgs boson mass my can
be extracted from fits to the recoil mass distributions of the ete™ — Z+ X — (T4~ /qg+ X
candidates (Figs. 4, 5). For the leptonic Z — ¢7¢~ decays, the recoil mass distribution of
the signal process ete™ — ZH (and ete™ — ete™ H for the Z — ete™ decay) is modeled
with a Crystal Ball function whereas the total background is modeled with a polynomial
function in the fit. As noted above, the recoil mass distribution is insensitive to the intrinsic
Higgs boson width if it were as small as predicted by the SM. The Higgs boson mass can
be determined with precision of 6.5 MeV and 14 MeV from the Z — u"p~ and Z — eTe™
decay modes, respectively. In combination, an uncertainty of 5.9 MeV can be achieved.
ete™ = Z + X — q7 + X events contribute little to the precision of the Higgs boson mass
measurement due to the poor Z — ¢¢ mass resolution, but dominates the precision of the

~10 -
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Figure 5. The recoil mass spectrum of the et e~ — ZX candidates in the Z — ¢G decay channel
for 5 ab~! integrated luminosity.

ete™ — ZH cross section measurement benefiting from its large statistics. A relative preci-
sion of 0.65% of o(ZH) is predicted from a simple event counting analysis. In comparison,
the corresponding precision from the Z — ete™ and Z — u™pu~ decays is estimated to be
2.1% and 0.9%, respectively. The combined precision of the three measurements is 0.5%.
Table 3 summarizes the expected precisions on my and o(ZH) from a CEPC dataset of
5ab~ L.

Table 3. Estimated measurement precision for the Higgs boson mass my and the ete™ — ZH
production cross section o(ZH) from a CEPC dataset of 5 ab™1.

Z decay mode Amp (MeV) Ao(ZH)/o(ZH)
ete” 14 2.1%
wh 6.5 0.9%
qi - 0.65%
Combined 5.9 0.5%

4 Analyses of Individual Decay Modes

Different decay modes of the Higgs boson can be identified through their unique signatures,
leading to the measurements of production rates for these decays. For the eTe™ — ZH
production process in particular, the candidate events can be tagged from the visible decays

— 11 —
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of the Z bosons, the Higgs boson decays can then be probed by studying the rest of the
events. These measurements combined with the inclusive o(ZH) measurement discussed
above will permit the extraction of the Higgs boson decay branching ratios in a model-
independent way.

In this section, the results of the current CEPC simulation studies of many different
Higgs boson decay modes are summarized. The expected relative precision from a CEPC
dataset of 5 ab™! on the product of the ZH cross section and the Higgs boson decay
branching ratio, o(ZH) x BR, are presented. Detailed discussions of individual analyses
are beyond the scope of this paper and therefore only their main features are presented. For
the study of a specific Higgs boson decay mode, the other decay modes of the Higgs boson
often contribute as well. These contributions are fixed to their SM expectations unless
otherwise noted. However for the combination of all decay modes studied, they are allowed
to vary within the constraints of the measurements of those decays.

In addition to the invariant and recoil mass, two other mass observables, visible mass
and missing mass, are often used in analyses described below. They are defined, respectively,
as the invariant mass and recoil mass of all visible particles such as charged leptons, photons
and jets, i.e. practically all particles other than neutrinos.

Though the current study covers a large number of final states of the ZH production,
there are many remain to be studied. The sensitivities of some important missing final
states are obtained by extrapolating from the ILC and FCC-ee studies [19, 21| whenever
possible. The extrapolation assumes the same signal and background selection efficiencies,
but takes into account differences such as beam polarization conditions. The expected yields
for the signal and background processes are scaled to an integrated luminosity of 5 ab™!.

4.1 H —bb, c¢, gg

For a SM Higgs boson with a mass of 125 GeV, nearly 70% of all Higgs bosons decay into a
pair of jets: b-quarks (57.7%), c-quarks (2.9%) and gluons (8.6%). Deviations in branching
ratios from the SM values are predicted in many beyond SM scenarios. New physics models,
e.g. SUSY, 2HDM and others [23|, predict different Higgs boson coupling to b-quarks,
leading to potentially large deviations in BR(H — bb) from its SM value. The Higgs boson
couples to gluons through mainly the top-quark loop in the SM. Thus BR(H — gg) is
sensitive to new colored and massive particles such as a top-quark partner. The Higgs boson
coupling to c-quarks is likely to be the only coupling to the second generation quarks that
can be probed at collider experiments. It’s comparison with the Higgs boson couplings to the
third-generation quarks will provide sensitive tests of fermion mass generation mechanism
in the SM.

Experimentally, these measurements pose critical challenges to the CEPC detector per-
formance, particularly its ability to tag b- and c-quark jets from light-flavored jets (u, d, s, g).
Thus they are good benchmarks for the design and optimization of the jet flavor tagging
performance of the CEPC detector.

Studies are performed in details for ete™ — ZH production with the leptonic decays
of the Z bosons. The contribution from the Z-fusion process of ete™ — ete™H is included
in the efe™ — ZH — eTe” H study. The analysis is based on full simulation for the

- 12 —
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Figure 6. ZH production with H — bb, c¢ and gg decays: the recoil mass distributions of (a)
Z — ete” and (b) Z — puTp~; the dijet mass distributions of Higgs boson candidates for (c)
Z — qq and (d) Z — vi.

Higgs boson signal samples and fast simulation for the £*¢~qq background samples. After
selecting the two leading leptons with opposite charge, the rest of the reconstructed particles
are clustered into two jets to form a hadronically decaying Higgs boson candidate, whose
invariant mass is required to be between 75 GeV and 150 GeV. The dilepton invariant mass
is required to be within 70 — 110 GeV for the eTe™ channel and 81 — 101 GeV for the pu*pu~
channel. Moreover, the dilepton system must have its transverse momentum in the range
10 — 90 GeV and its recoil mass between 120 GeV and 150 GeV. In addition, a requirement
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on the polar angle of the Higgs boson candidate, |cosfp| < 0.8, is applied.

In order to identify the flavors of the two jets of the Higgs boson candidate, variables
Lp and Lo are constructed from information such as the secondary decay vertex etc. The
values of Lp (L¢) are close to one if both jets are originated from b (¢) quarks and are close
to zero if both have light-quark or gluon origins. An unbinned maximum likelihood fit to the
Mocoit, Lp and L¢ distributions of candidate events is used to extract the individual signal
yields of the H — bb, H — c¢¢ and H — gg decay modes. The total probability density
function (PDF) is the sum of signal and background components. For signals, their Mecoil
PDFs are modeled by Crystal Ball functions with small exponential tails. The background
PDF is taken as a sum of two components: a background from Higgs decays to other
final states such as WW and ZZ, and a combinatorial background from other sources,
dominated by the eTe™ — ZZ — (lqq production. The background from other Higgs
boson decay channels has the same M,econf PDF as the signals. The Mecoi distribution of
the combinatorial background is modeled by a second order polynomial. The PDFs of the
signal Lp and Lo distributions are described by two dimensional histograms, taken from
the MC simulated events. The Lp and L¢ distributions of both background components
are modeled by 2-dimensional histogram PDFs based on the MC simulation. The simulated
data and the fit results in the Z — ¢*t¢~ channel are shown in Fig. 6 (a,b). All of the fit
parameters are extracted from the fit to the data sample except that the normalization
of the background due to other Higgs boson decays is fixed to the value predicted by
the MC simulation. The estimated relative statistical precision of the measurements of
o(ZH) x BR(H — bb, c¢, gg) are listed in Table 4.

Table 4 also includes the results of the Z — vv and Z — ¢ decays. For the Z — qq
final state, events are clustered into four jets and the mass information of jet pairs are
used to select the Higgs and Z boson candidates. In addition to ZZ, WW is also a major
background for this analysis, particularly for the H — ¢é and H — gg decays. As for
the Z — v final state, events are clustered into two jets are to form the Higgs boson
candidate, the invisibly decaying Z boson is inferred from the missing mass of the event.
Fits similar to the one used in the analysis of the Z — ¢ channel is subsequently performed
to statistically separate the H — bb, c¢ and gg decay components. The simulated data and
the fitted dijet mass distributions of the Higgs boson candidates are shown in Fig. 6 (c,d)
for Z — gq and Z — vb.

Combining all Z boson decay channels, a relative statistical precision for o(ZH) x BR
of 0.3%, 3.3% and 1.3% can be achieved for the H — bb, c¢ and gg decays, respectively.

42 H—-WW*

For a 125 GeV SM Higgs boson, the H — WW™ decay has the second largest branching
ratio at 21.5% [24]. The measurement of o(ZH) x BR(H — WW?™) provides insight into
the nature of the electroweak symmetry breaking mechanism. Moreover, this measurement
is a necessary input to the Higgs boson width measurement discussed in Section 5.2. The
sensitivity of the measurement is estimated by combining results from the studies of a few
selected final states (Table 5)) of the H — WW™* decay of ZH production. The main
background process is the SM ZZ production in all cases.
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Table 4. Expected relative precision on o(ZH) x BR for the H — bb, c¢ and gg decays from a
CEPC dataset of 5 ab™!.

Z decay mode H — bb H — cc H — gg
Z —sete” 1.3% 11.7% 6.1%
Z — utp 1.0% 9.4% 4.8%
Z —qq 0.5% 11.8% 3. 7%
Z — vDb 0.4% 3.9% 1.5%
Combined 0.3% 3.3% 1.4%

For Z — (T¢~, the H — WW?* decay final states studied are fv¢'v and fvqg. The
Z H candidate events are selected by requiring the dilepton invariant mass in the range of
80-100 GeV and their recoil mass in the range of 120-150 GeV. For Z — v, the fvqq
and ¢gqq final states are considered for the H — WW™ decay. The presence of neutrinos
results in events with large missing mass, which is required to be in the range of 75-140
(75-150) GeV for the fvqq (qdqq) final state. The total visible mass of the event must
be in the range 100-150 GeV for both frqq and qgqqg final state. In addition, the total
transverse momentum of the visible particles must be in the range 20-80 GeV. Additional
requirements are applied to improve the signal-background separations. For Z — qg, the
H — WW?* — qqqq decay is studied. Candidate events are reconstructed into 6 jets. Jets
from Z — q@, W — q¢ and H — WW* — qdqq decays are selected by minimizing the 2
of their mass differences to the masses of Z, W and H boson. Figure 7 shows the visible
and missing mass distributions after the selection of the Z — v and H — WW™ — qq4qq
final state.

The relative precision on o(ZH) x BR(H — WW?*) from the decay final states studied
are summarized in Table 5 assuming an integrated luminosity of 5 ab~!. The combination
of these decay final states leads to a precision of 1.0%. This is likely a conservative estimate
of the precision as many of the final states of the H — W W™ decay remain to be explored.
Including these missing final states will no doubt improve the precision.

Table 5. Expected relative precision on the o(ZH) x BR(H — WW*) measurement from a CEPC
dataset of 5 ab™!.

Z H final state Precision

Z —etem H—WW*— wlv, lvqq 2.8%
Z = utpm H—=WW* = iy, lvgq 2.6%
7 — vv H — WW* = lvqq, qqqq 1.9%
Z —qq H — WW* — q4qq 1.9%
Combined 1.1%
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Figure 7. ZH production with Z — v and H - WW* — ¢gqq: distributions of (a) the visible
mass and (b) the missing mass of selected events.

4.3 H—Z7*

The H — ZZ* decay has a branching ratio 2.64% [24] for a 125 GeV Higgs boson in the SM.
Events from ete™ — ZH production with the H — ZZ* decay have three Z bosons in their
final states with one of them being off-shell. Z bosons can decay to all lepton and quark
flavors, with the exception of the top quark. Consequently, the ete™ — ZH — ZZZ*
process has a very rich variety of topologies.

Studies are performed for a few selected ZH final states: Z — ete™ and H — ZZ* —
"0 qq; Z — ptp and H — ZZ* — viqq, Z — v and H — ZZ* — (T4 qq. The
W and Z boson fusion processes, eTe” — eTe”H and ete” — vH, are included in the
Z(ete )H and Z(vv)H studies assuming their SM values for the rates. For all the final
states, the SM ZZ production is the main background.

For Z — ete” and H — ZZ* — (T4~ qq, electron pairs must have their invariant
masses between 75105 GeV, recoil masses between 115-165 GeV, and transverse momenta
larger than 10 GeV. The invariant masses of the additional lepton pairs must be smaller
than 100 GeV and the recoil masses of the jet pairs smaller than 220 GeV. The background
is large in this final state, several times of the expected signal after the selection.

For Z — putp~ and H — ZZ* — viqq, the muon pairs must have their invariant
masses between 80-100 GeV, recoil masses between 120-160 GeV and transverse momenta
larger than 10 GeV. The jet pairs are required to have their invariant masses in the range of
10-38 GeV. Figure 8 (a) shows the recoil mass distribution of Z — u* ™ after the selection.
The background is negligible in this final state.

The candidates of Z — viv and H — ZZ* — {1/~ qq are selected by requiring a same-
flavor lepton pair and two jets. The total visible energy must be smaller than 180 GeV and
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Figure 8. ZH production with H — ZZ*: a) the recoil mass distribution of the u™pu~ system
for Z — ptu~,H — ZZ* — viqq; b) the invariant mass distribution of the p*u~gq system for
Z—vo, H— Z7Z* — ptuqq.

the missing mass in the range 58-138 GeV. Additional requirements are applied on the mass
and transverse momenta of the lepton and jet pairs. After the selection, the background is
about an order of magnitude smaller than the signal.

Table 6 summarizes the expected precision on o(ZH) x BR(H — ZZ*) from the final
states considered for an integrated luminosity of 5 ab™!. The combination of these final
states results in a precision of about 5.2%. The sensitivity can be significantly improved
considering that many final states are not included in the current study. In particular, the
final state of Z — qq and H — ZZ* — qgqq which represents a third of all ZH — ZZZ*
decay is not studied. Moreover, gain can also be made using multivariate techniques.

Table 6. Expected relative precision for the o(ZH) x BR(H — ZZ*) measurement with an
integrated luminosity 5 ab™!.

Z H final state Precision

Z —utu~ H— ZZ* — viqq 7.3%
7 — v H — ZZ* =170 qq 7.9%
Combined 5.1%

4.4 H — vy

The diphoton decay of a 125 GeV Higgs boson has a small branching ratio of 0.23% in
the SM due to its origin involving massive W boson and top quark in loops. However
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photons can be identified and measured well, the decay can be fully reconstructed with a
good precision. The decay also serves as a good benchmark for the performance of the
electromagnetic calorimeter.

Studies are performed for the ZH production with H — v and four different Z boson
decay modes: Z — putp~, 7777, vi and qG. The Z — ete™ decay is not considered
because of the expected large background from the Bhabha process. The studies are based
on the full detector simulation for the Z — ¢g decay channel and the fast simulation for
the rest. Photon candidates are required to have energies greater than 25 GeV and polar
angles of |cosf| < 0.9. The photon pair with the highest invariant mass is retained as
the H — =~ candidate and its recoil mass of must be consistent with the Z boson mass.
For the Z — putp~ and Z — 777~ decays, a minimal angle of 8° between any selected
photon and lepton is required to suppress backgrounds from the final state radiations. A 7
identification efficiency of 90% is assumed for the Z — 777~ decays. After the selection,
the main SM background is the eTe™ — (Z/v*)yy process where the «’s arise from the
initial or final state radiations.

The diphoton mass is used as the final discriminant for the final separation of signal
and backgrounds. Figure 9 shows... With an energy resolution of 16%/vE @ 1% for the
electromagnetic calorimeter and an integrated luminosity of 5 ab™!, a relative precision
of 8.1% on o(ZH) x BR(H — ~7) can be achieved. The robustness of this projection is
examined for different assumptions of the electromagnetic energy resolution. An approxi-
mate 2% improvement (degradation) of the relative precision is expected for an optimistic

(pessimistic) resolution of %’ 1% (X2 ¢ 1%).
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Figure 9. Post-fit Mass spectrum of Z — Il (a) , Z — vv (b) and Z — gq (c) channel,expected
for 5 ab™! of CEPC ZH data. Ideally we want to show the diphoton invariant and recoil mass
distributions.

4.5 H — Z~

Similar to the H — ~ decay, the H — Z~ decay in the SM is mediated by W boson and
top quark in loops and has a branching ratio of 0.154%. The H — Z~ analysis targets the
signal process of ZH — ZZ~ — viqqy, in which one of the Z bosons decays into a pair of
quarks and the other decays into a pair of neutrinos.
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The candidate events are selected by requiring exactly one photon with transverse en-
ergy between 20-50 GeV and at least two hadronic jets, each with transverse energy greater
than 10 GeV. The dijet invariant mass and the event missing mass must be within 12 GeV
and 15 GeV of the Z boson mass, respectively. Additional requirements are applied on the
numbers of tracks and calorimeter clusters as well as on the transverse and longitudinal
momenta of the Z boson candidates. The backgrounds are dominated by the processes of
single boson, diboson, ¢g, and BhaBha production.

After the event selection, the photon is paired with each of the two Z boson candidates
to form Higgs boson candidates and the mass differences, dMass = My, —M 3 and dMass =
M5y — M,y, are calculated. Here the energy and momentum of the v system are taken
to be the missing energy and momentum of the event. For signal events, one of the mass
differences is expected to populate around My — Mz ~ 35 GeV whereas the other should
be part of the continuum background. Figure 10 shows the dMass distribution expected
from an integrated luminosity of 5 ab~!. Modeling the signal distribution of the correct
pairing with a Gaussian and the background (including wrong-pairing contribution of signal
events) with a polynomial, a likelihood fit results a statistical significance of 40 for the signal,
corresponding to a relative precision of 21% on o(ZH) x BR(H — Z~).

—_ — ———————
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Figure 10. The distribution of the mass differences of Mg, — M4z and M, 5, — M, of the selected
H — Zvy — viqdy candidates expected from an integrated luminosity of 5 ab~!. The signal
distribution shown is for the correct pairings of the Higgs boson decays.

This analysis can be improved with additional optimizations and using multivariate
techniques. Other decay modes such as ZH — ZZ~v — q4qqy should further improve the
precision on the o(ZH) x BR(H — Z7) measurement.

4.6 H —rttr~

Taus are intriguing physics objects as its Yukawa coupling to the Higgs boson is relatively
large, leading to a H — 777~ decay branching ratio of 6.32% at my = 125 GeV in the
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SM. Due to the rich tau decay products, properties such as the Higgs boson CP can be
precisely measured. The decay products of tau consist one or three tracks, and a number
of neutral pions. The tracks and neutral pions, as well as the two photons from the decay
of the latter, can be well resolved and measured by the CEPC detector.

Simulation studies are performed for the ete™ — ZH production with H — 777~
and Z — putp~, v and qq decays. For Z — u™p~, candidates are first required to have a
pair of oppositely charged muons with their invariant mass between 40-180 GeV and their
recoil mass between 110-180 GeV. For Z — v, candidates are preselected by requiring a
missing mass in the range of 65—225 GeV, a visible mass greater than 50 GeV and an event
visible transverse momentum between 10-100 GeV. For both decays, a BDT selection is
applied after the preselection to identify di-tau candidates. The BDT utilizes information
such as numbers of tracks and photons and the angles between them. After these selections,
the ZH production with the non-tau decays of the Higgs boson is the dominant (>95%)
background for Z — u™p~ and contributes to approximately 40% of the total background
for Z — vv. The rest of the background in the Z — vv channel comes from the diboson
production. For Z — qg, candidates are required to have a pair of tau candidates with
their invariant mass between 20-120 GeV, a pair of jets with their mass between 70-110
GeV and their recoil mass between 100-170 GeV. The main background is again from the
Z H production originating from the decay modes other than the intended ZH — qqr™ 7~
decay. The rest of the background is primarily from the ZZ production.

The final signal yields are extracted from fits to the distributions of variables based
on the impact parameters of the leading tracks of the two tau candidates as shown in Fig.
11. Table 7 summarizes the estimated precision on o(ZH) x BR(H — 7777) expected
from a CEPC dataset of 5 fb~! for the three Z boson decay modes studied. The precision
from the Z — eTe™ decay mode extrapolated from the Z — u*p~ study is also included.
The ete™ — eTe™ H contribution from the Z fusion process is fixed to its SM value in
the extrapolation. In combination, the relative precision of 0.89% is expected for o(ZH) x
BR(H — 7777).

Table 7. Expected relative precision for the o(ZH) x BR(H — 7777 ) measurement from a CEPC
dataset of 5 ab™1.

Z H final state Precision

Z = putu H-—7T717 2.8%
Z —sete H—71tr™ 3.0%
Z = v H -t~ 3.1%
Z — qq H — 71~ 1.0%
Combined 0.89%

The ZH production with Z — ¢T¢~,q4 and H — 777~ can also be used to extract
the CP property of the Higgs boson [25]. Using the three tau decay modes with the largest

branching ratios (7¥v, 7¥7% and fvv), the neutrinos from the tau decay are reconstructed
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Figure 11. Distributions of the impact parameter variable based on the leading tracks from the
two taus in the Z — (T4~ (a) and Z — ¢g (b) channel, expected for 5 ab™! of the CEPC data. Here
the “Pull” is defined as (do/04,)* + (20/0,)? with do and 2 being the transverse and longitudinal
impact parameters, o4, and o,, being their uncertainties.

from the mass, energy and impact parameter constraints. A matrix element based method is
employed to extract the value of the CP mixing angle between the even and odd components
of the Hr7 coupling. It is estimated that with 5 ab™! of the CEPC data, a precision of
2.9° can be achieved for this angle, which can shed light on the potential BSM physics.

4.7 H — ptp~

The dimuon decay of the Higgs boson, H — u™u~, is sensitive to the Higgs boson cou-
pling to the second-generation fermions with a clean final-state signature. In the SM, the
branching ratio of the decay is 2.18 x 10™% [24] for my = 125 GeV. Any deviation from the
SM prediction could be a sign of new physics. The H — pp~ decay has been searched for
by the ATLAS and CMS Collaborations |26, 27| at the LHC, but has yet to be observed.
To estimate CEPC’s sensitivity for the H — ptu~ decay, studies are performed for
the ZH production with the Z decay modes: Z — (0=, Z — v, and Z — qq. In all
cases, the SM production of ZZ is the dominant background source. Candidate events
are selected by requiring a pair of muons with its mass between 120 — 130 GeV and their
recoiling mass consistent with the Z boson mass (in the approximate range of 90 — 93 GeV,
depending on the decay mode). Additional requirements are applied to identify specific Z
boson decay modes. For Z — ¢*{~, candidate events must have another lepton pair with
its mass consistent with mz. In the case of Z — p ", the muon pairs of the Z — ptpu~
and H — pTp~ decays are selected by minimizing a y? based on their mass differences
with myz and myg. For the Z — v decay, a requirement on the missing energy is applied.
For the Z — qq decay, candidate events must have two jets with their mass consistent with
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Figure 12. ZH production with the H — pu* ™~ decay: dimuon invariant mass distribution of the
selected H — pTp~ candidates expected from an integrated luminosity of 5 ab~! at the CEPC.
The distribution combines contributions from Z — ¢*¢~, Z — v, and Z — qG decays.

my. To further reduce the ZZ background, differences between the signal and background
in kinematic variables, such as the polar angle, transverse momentum and energy of the
candidate H — p™p~ muon pair, are exploited. Simple criteria on these variables are
applied for the Z — ¢7¢~ and Z — v decay mode whereas a BDT is used for the Z — qq
decay.

In all analyses, the signal is extracted through unbinned likelihood fits to the my,
distributions in the range of 120 — 130 GeV with a signal-plus-background model. Ana-
lytical functions are used model both the signal and background distributions. The signal
model is a Crystal Ball function while the background model is described by a second-order
Chebyshev polynomial. The dimuon mass distribution combining all Z boson decay modes
studied is shown in Fig. 12 with the result of the signal-plus-background fit overlaid. The
combined relative precision on the o(ZH) x BR(H — " p~) measurement is estimated to
be about 15.9% for 5 ab~! integrated luminosity.

4.8 H —inv

In the SM, the Higgs boson can decay invisibly via H — ZZ* — vivvv, as shown in Fig. 13.
For a Higgs boson mass of 125 GeV, this decay has a branching ratio of 1.06x 1073, In many
extensions to the SM, the Higgs boson can decay directly to invisible particles [28-31|. In
this case, the branching ratio can be significantly enhanced.

The sensitivity of the BR(H — inv) measurement is studied for the Z — ¢*¢~ and
Z — qq decay modes. The H — ZZ* — vvvv decay is used to model the H — inv decay
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Figure 13. ZH production with the invisible H — ZZ* — vovv decay in the SM.

in both the SM and its extensions. This is made possible by the fact that the Higgs boson is
narrow scalar so that the production and the decay are fractorized. The main background
is the SM ZZ production with one of the Z bosons decay invisibly and the other decays
visibly. Candidate events in the Z — ¢/~ decay mode are selected by requiring a pair
of lepton with its mass between 70-100 GeV and event visible energy in the range 90-120
GeV. Similarly, candidate events in Z — g are selected by requiring two jets with its
mass between 80-105 GeV and event visible energy in the range 90-130 GeV. Additional
selections including using a BDT to exploit the kinematic differences between signal and
background events are applied.

Table 8 summarizes the expected precision and 95% CL upper limit on BR(H — inv)
from a CEPC dataset of 5 ab™! assuming the uncertainty of o(ZH) is negligle compared
with the statistical uncertainty of the analysis. Excluding the H — ZZ* — vovv contri-
bution, a 95% CL upper limit of 0.32% on BR(H — inv) from physics beyond the SM can
be obtained.

Table 8. Precision and 95% CL upper limit on BR(H — inv) expected from a CEPC dataset of

5ab~ 1.
Z H final state Precision Upper limit
Z —etem H—inv (0.11 £ 0.36)% 0.84%
Z = putp~ H—inv (0.11 £ 0.26)% 0.62%
Zq;  H—inv  (0.11+024)% 0.59%
Combined (0.11 £0.16)% 0.42%

4.9 o(ete” — vvH) x BR(H — bb)

The W-fusion process, eTe™ — vH (vH), has a cross section of 3.2% of that of the ZH
process at /s = 250 GeV. The product of its cross section and BR(H — bb), o(viH) x
BR(H — bb), is a key input quantity to one of the two model-independent methods for
determining the Higgs boson width at the CEPC. The ete™ — vH — vibb process has
the same final state as the ZH — vbb process, but has a rate that is approximately one
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sixth of ZH — vibb at /s = 250 GeV. The main non-Higgs boson background is the SM
Z Z production.

The Z(vv)H background is irreducible and can also interfere with vvH in the case
of Z7 — v.v.. However the interference effect is expected to be small and is therefore
not taken into account in the current study. The vvH and Z(vv)H contributions can be
separated through the exploration of their kinematic differences. While the invariant mass
distributions of the two b-quark jets are expected to be indistinguishable, the recoil mass
distribution should exhibit a resonance structure at the Z boson mass for Z(vv)H and show
a continuum spectrum for vvH. Furthermore, the H bosons are produced with different
polar angular distributions, see Fig. 14 (a).
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Figure 14. Distributions of the bb system of the ete™ — vbb candidates: (a) cosine of the polar
angle 0 before the event selection and (b) the recoil mass after the event selection. Contributions
from eTe™ — viH, ZH and other SM processes are shown. The cos @ distributions are normalized
to unity and therefore only shapes are compared.

Candidate events are selected by requiring their visible energies between 105 GeV and
155 GeV, visible masses within 100-135 GeV, and missing masses in the range 65-135 GeV.
The two b-quark jets are identified using the B-likeness variable Lp as discussed in Sec-
tion 4.1. To separate v H and Z(vv)H contributions, a 2-dimensional fit in the plane of
the recoil mass and polar angle of the bb system is performed. The recoil mass resolution
is improved through a kinematic fit by constraining the invariant mass of the two b-jets
within its resolution to that of the Higgs boson mass. Figure 14 (b) shows the recoil mass
distribution of the bb system after the kinematic fit. A fit to the m,; — cos 6 distribution
with both rates of v H and Z(vv)H processes as free parameters leads to relative precision
of 3.1% for o(vvH) x BR(H — bb) and 0.33% for o(ZH) x BR(H — bb). The latter
is consistent with the study of the H — bb/cé/gg decay described in Section 4.1. Fixing
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the Z(vi)H (bb) contribution to its SM expectation yields a relative precision of 2.7% on
o(vpH) x BR(H — bb).

5 Combinations of Individual Measurements

5.1 Combined Measurements of ¢ x BR and BR

With the measurements of inclusive cross section o(Z H) and the cross sections of individual
Higgs boson decay mode o(ZH) x BR, the Higgs boson decay branching ratio BR can be
extracted. Most of the systematic uncertainties associated with the measurement of o(ZH)
cancels in this procedure. A maximum likelihood fit is used to estimate the precision on
BRs. For a given Higgs boson decay mode, the likelihood has the form:

L(BR, ) = Poisson [Nobs

NP (BR, 9)] - G(0), (5.1)

where BR is the parameter of interest and 6 represent nuisance parameters associated with
systematic uncertainties. N° is the number of the observed events, N°P(BR,6) is the
expected number of events, and G(f) is a set of constraints on the nuisance parameters
within their estimated uncertainties. The number of expected events is the sum of signal
and background events. The number of signal events is calculated from the integrated
luminosity, the eTe™ — ZH cross section o(ZH) measured from the recoil method, Higgs
boson branching ratio BR, the event selection efficiency e. The number of the expected
background events, N, is estimated from Monte Carlo samples. Thus

N®P(BR, ) = Lumi(6"™) x 01(67) x BR x €(6°) + N°(6®), (5.2)

where #X (X = lumi,o and €) are the nuisance parameters of their corresponding pa-
rameters or measurements. However, systematic uncertainties are not taken into account
in the current analyses since statistical uncertainties are expected to be dominant for all
measurements. Thus the nuisance parameters are fixed to their nominal values.

For the individual analyses discussed in Section 4, contaminations from Higgs boson
production or decays other than the one under study are fixed to their SM values for sim-
plicity. In the combination, however, these constraints are removed and the contaminations
are constrained only by the analyses targeted for their measurements. For example, the
H — bb, c¢, gg analysis suffers from contaminations from the H — WW?*, ZZ* — qqqq
decays. For the analysis discussed in Section 4.1, these contaminations are estimated from
SM. In the combination fit, they are constrained by the H — WW* and H — ZZ* analyses
described in Sections 4.2 and 4.3, respectively. Taking into account these across-channel
contaminations properly generally leads to small improvements in precision. For example,
the precision on o(ZH) x BR(H — ZZ*) is improved from 5.4% of the standalone analysis
to 5.1% from the combination.

Table 9 summarizes the estimated precision of Higgs boson property measurements. For
the leading Higgs boson decay modes, namely bb, c¢, gg, WW?*, ZZ* and 777, percent
level precision are expected. As it has been discussed in the introduction, this level of
precision is required to attain sensitivity to many beyond SM physics scenarios.
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Table 9. Estimated precision of Higgs boson property measurements at the CEPC. All precision
are relative except for my and BR(H — inv) for which Ampgy and 95% CL upper limit are quoted

respectively.
Ampy Ty o(ZH) o(vvH) x BR(H — bb)
5.9 MeV 3.3% 0.50% 3.1%
Decay mode o(ZH) x BR BR
H — bb 0.28% 0.57%
H — cc 3.3% 3.4%
H — gg 1.3% 1.4%
H— 7t~ 0.8% 0.9%
H—-WwWw* 1.1% 1.2%
H—Z7* 5.1% 5.1%
H — vy 8.2% 8.3%
H — ptyp~ 16% 16%
(H — inv)psm — < 0.32%

The best achievable statistical uncertainties for 5 ab=! are 0.28% for o(ete™ — ZH) x
BR(H — bb) and 0.5% for o(ete™ — ZH). Even for these measurements, statistics
is likely the dominant source of uncertainties. Systematic uncertainties from the effi-
ciency /acceptance of the detector, the luminosity and the beam energy determination are
expected to be small. The integrated luminosity can be measured with a 0.1% precision,
a benchmark already achieved at the LEP [32], and can be potentially improved in the
future. The center-of-mass energy will be known better than 1 MeV, resulting negligible
uncertainties on the theoretical cross section predictions and experimental recoil mass mea-
surements. In summary, all aforementioned measurements will have uncertainties that are
statistically dominated at the CEPC.
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5.2 Measurement of Higgs boson width

The Higgs boson width (') is of special interest as it is sensitive to BSM physics in
Higgs boson decays that are not directly detectable or searched for. However, the 4.2 MeV
width predicted by the SM is too small to be measured with a reasonable precision from
the distributions of either the invariant mass of the Higgs boson decay products or the
recoil mass of the system produced in association with the Higgs boson. Unique to lepton
colliders, the width can be determined from the measurements of Higgs boson production
cross sections and its decay branching ratios. This is because the inclusive eTe™ — ZH
cross section o(ZH) can be measured from the recoil mass distribution, independent of
Higgs boson decays.

Measurements of o(Z H) and BR’s have been discussed in Sections 3 and 4. Combining
these measurements, the Higgs boson width can be calculated in a model-independent way:
 T(H — Z7Z7) o(ZH)

" BR(H — 2z7) " BR(H — 22%)
Here I'(H — ZZ*) is the partial width of the H — ZZ* decay. Because of the small

expected BR(H — ZZ*) value for a 125 GeV Higgs boson (2.64% in the SM), the precision
of 'y is limited by the H — ZZ* statistics. It can be improved using the decay final states

'y

(5.3)

with the expected large BR values, for example the H — bb decay:

['(H — bb)

~ BR(H — bb) 54)

H

I'(H — bb) can be independently extracted from the cross section of the W fusion process
ete” — vH — v bb:

o(vvH — v bb) x T'(H — WW*) - BR(H — bb) = '(H — bb) - BR(H — WW*) (5.5)
Thus the Higgs boson total width
_ T(H —WW) . o(vvH — v bb)
- BR(H — WW*) = BR(H — bb) - BR(H — WW*)
Here BR(H — bb) and BR(H — WW?*) are measured from the eTe™ — ZH process. The

limitation of this method is the precision of the o(e*e™ — v H — v bb) measurement.
The precision from the method of 5.3 is 5.4%, dominated by the statistics of eTe™ —

Iy (5.6)

Z H events with H — ZZ*, after ignoring the measurements correlation with other chan-
nels. Keeping only the correlations between the measured sub channels appearing in the
expression of 5.4, the precision on Higgs width is is 3.7%, dominated by the statistics of
ete™ — vvH events with H — bb. This method uses the large Br(H — bb) value to com-
pensate the smaller cross section of the W fusion process o,,17. The combined precision of
the two measurements is 3.3%.

6 Higgs coupling measurements and Beyond

In order to extract the implications of the predicted measurement precision shown in Table 9
on possible new physics models, we would need to translate them into constraints on the
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parameters in the Lagrangian. This is frequently referred to as Higgs coupling measurement,
even though we will see from the following that this way of phrasing it can be misleading.

There are different ways of presenting the constraints. Before going into our result, we
briefly comment on the reason behind our choice. First, we note that our goal is different
from analyzing actual data, where a lot of detailed work will be done to derive the conse-
quences. Instead, we would like to give a broad brushed big picture of the basic capability
of the Higgs coupling measurement at the CEPC. Ideally, we would like this presentation to
be simple with a intuitive connection with the observables. We would also like it to be free
of underlying model assumptions. In addition, it would be convenient if it can interfaced
directly with higher order computations, RGE evolutions etc. However, achieving all of
these goals simultaneously is not possible. Two of the most popular approaches are the so
called k-framework and the Effective Field Theory (EFT) analysis. As we will discuss in
more detail, none of these is perfect. At the same time, neither of these is wrong as long
as we are careful not to over interpreting the result. Another important aspect of mak-
ing projections on the physics potential of a future experiment is that it will be compared
with other possible future experiments. Hence, we should follow the most commonly used
approaches to facilitate such comparisons.

Motivated by these arguments, in the following, we will present our projections using
both the x-framework and EFT approach.

6.1 Coupling fits in the s-framework

The Standard Model makes specific predictions for the Higgs boson couplings to the SM
fermions, g(hff;SM) , and to the SM gauge bosons g(hVV;SM). 2 In the s-framework,
the potential deviations are parameterized by

g(hff) ~ g(hVV)

T S VIR TS TR (6.1)

with x; = 1 indicating agreement with the SM prediction.

In addition to couplings which are present at tree level, the Standard Model also predicts
effective couplings Hvyvy and Hgg, in terms of other SM parameters. Changes in the gluon
and photon couplings can be induced by the possible shifts in the Higgs boson couplings
described above. In addition, they can also be altered by loop contributions from new
physics states. Hence, they will be introduced as two independent couplings, with their
ratios to the SM predictions denoted as xy and k.

Furthermore, it is possible that the Higgs boson can decay directly into new physics
particles. In this case, two type of new decay channels will be distinguished:

1. Invisible decay. This is a specific channel in which Higgs boson decay into invisible
particles. This can be searched for and, if detected, measured.

2. Exotic decay. This includes all the other new physics channels. Whether they can
be observed, and, if so, to what precision, depends sensitively on the particular final

2For the discussion of coupling fits and their implications, “h” is used to denoted the 125 GeV Higgs
boson.
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states. In one extreme, they can be very distinct and can be measured very well. In
another extreme, they can be in a form which is completely swamped by the back-
ground. Whether postulating a precision for the measurement of the exotic decay or
treating it as an independent parameter (essentially assuming it can not be measured
directly) is an assumption one has to make. In the later case, it is common to use the
total width I'j, as an equivalent free parameter.

In general, possible deviations of all Standard Model Higgs boson couplings should be
considered. However, in the absence of obvious light new physics states with large couplings
to the Higgs boson and other SM particles, a very large deviation (> O(1)) is unlikely. In
the case of smaller deviations, the Higgs boson phenomenology will not be sensitive to
the deviations ke, Ky, kg and ks. (are they important ever?) Therefore, they will not be
considered here.

The CEPC will not be able to directly measure the Higgs boson coupling to top quarks.
A deviation of this coupling from its SM value does enter H~yvy and Hgg amplitudes. How-
ever, this can be viewed as parametrized by x, and x4 already. Therefore, we will not include
k¢ as an independent parameter. Hence, the following set of 10 independent parameters is
considered:

Kb, Key Kry Kuy, KZ, KW, Ky, Kg, BRiny, Th. (6.2)

In this 10 parameter list, the relation >;I"; = ', is used to replace the exotic decay branching
ratio with the total width.

Several assumptions can be made that can lead to a reduced number of parameters
(see also [24, 33]). It can be reduced to a 7-parameter set, by assuming lepton universality,
and the absence of exotic and invisible decays (excluding h — ZZ — vvvv) [33, 34]:

Kby, Key, Kr = Kpy KZ, KW, Ky, Kg- (6.3)

This is useful for hadron collider studies. Since it can not measure the Higgs total width
with precision, it is more useful for models in which this assumption is satisfied.

We remark here some of the pros and cons of the s-framework. k;s give a simple and
intuitive parameterization of potential deviations. It has a direct connection with the ob-
servables shown in Table 9. It does cover a lot of possible modifications of the coupling.
At the same time, k-framework has its limitations. Strictly speaking, it should not be un-
derstood as modifying the SM renormalizable Lagrangian by a multiplicative factor. Such
as modification is not physical. For instance, it violates gauge invariance. Therefore, x;s
should not be treated as actual couplings and used in computations. They give a parame-
terization of the size of the effective vertex. k;s don’t summarize all possible effects of new
physics either. For example, in addition to the overall size, potential new physics can also
introduce form factors which can change the kinematics of particles connected to a vertex.
We will see manifestations of this effect in our discussion of the EFT approach. Overall,
r-framework does capture the big picture of the capability of precision Higgs measurement
at CEPC. It is useful as long as we understand its limitation.

The LHC and especially the HL-LHC will provide valuable and complementary infor-
mation about the Higgs boson properties. For example, the LHC is capable of directly
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measuring the top Yukawa coupling through the tth process [35, 36]. In addition, the LHC
could use differential cross sections to differentiate top-loop contributions and other heavy
particle-loop contributions to the Higgs boson to gluon coupling [37-40], and similarly to
separate contributions from different operators to the Higgs boson to vector boson cou-
plings [41]. For the purpose of the coupling fit in our framework, the LHC with its large
statistics, helps improving precision on rare processes such as Higgs boson to diphoton cou-
plings. Note that a large portion of the systematics intrinsic to a hadron collider would be
canceled by taking ratios of measured cross sections. For example, combining the ratio of
the rates pp — h — v and pp — h = ZZ* and the measurement of hZZ coupling at the
CEPC can significantly improve the measurement of .. These are the most useful inputs
from the LHC to combine with the CEPC. Similar studies with the ILC can be found in
Refs. [42-44].

Table 10. Coupling measurement precision in percent from the 7-parameter fit and 10-parameter fit
described in the text for several benchmark integrated luminosity of the CEPC, and corresponding
results after combination with the HL-LHC. All the numbers refer to are relative precision except
for BRyy, of beyond standard model for which 95% CL upper limit are quoted respectively. To
leave some entries vacant for the 7-parameter fit to stress them being dependent parameter under
the fitting assumptions of the 7-parameter.

10-parameter fit T-parameter fit
CEPC +HL-LHC CEPC +HL-LHC
'y 3.2 2.5 - -
Kp 1.6 1.2 1.0 0.9
Ke 2.3 2.0 2.1 1.9
Kg 1.6 1.2 1.2 1.0
Kw 1.4 1.1 1.0 0.9
Kr 1.6 1.2 1.1 1.0
Kz 0.21 0.21 0.17 0.16
Ky 4.4 1.7 4.3 1.7
Kpu 8.1 4.9 - -
BRiny 0.31 0.31 - -

The 10-parameter fit and the 7-parameter fit for several integrated luminosities are
shown in Table 10, respectively. In addition, the combinations with expectations (with
theoretical uncertainties included) from the HL-LHC from Ref. [45] are shown in the same
tables as well.> We assume the HL-LHC will operate at 14 TeV center-of-mass energy and
accumulate an integrated luminosity of 3000 fb—1.

The CEPC Higgs boson properties measurements mark a giant step beyond the HL-
LHC. First of all, in contrast to the LHC, a lepton collider Higgs factory is capable of
measuring the absolute width and coupling strengths of the Higgs boson. A comparison with

3We note here that the LHC and the CEPC have different sources of theoretical uncertainties, for detailed
discussion, see Refs. [24, 34, 46-48].
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Precision of Higgs coupling measurement (7—parameter Fit)
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Figure 15. The 7 parameter fit result, and comparison with the HL-LHC [45]. The projections for
the CEPC at 250 GeV with 5 ab™! integrated luminosity are shown. The CEPC results without
combination with the HL-LHC input are shown with dashed edges. The LHC projections for an
integrated luminosity of 300 fb~! are shown in dashed edges.

the HL-LHC is only possible with model dependent assumptions. One of such comparison
is within the framework of a 7-parameter fit, shown in Fig. 15. Even with this set of
restrictive assumptions, the advantage of the CEPC is still significant. The measurement
of Kz is more than a factor of 10 better. The CEPC can also improve significantly on a set
of channels which suffers from large background at the LHC, such as kp, k¢, and £y We
emphasize that this is comparing with the HL-LHC projection with aggressive assumptions
about systematics. Such uncertainties are typically under much better control at lepton
colliders. Within this 7 parameter set, the only coupling which the HL-LHC can give a
competitive measurement is &, for which the CEPC’s accuracy is limited by statistics.
This is also the most valuable input that the HL-LHC can give to the Higgs boson coupling
measurement, at the CEPC, which underlines the importance of combining the results of
these two facilities.

We also remark on the couplings which are left out in this fit. The most obvious
omission is the BR}’E“. The CEPC with 5 ab™! can measure this to a high accuracy as 95%
upper limit 0.31%, as shown in Table 10. At the same time, the HL-LHC can only manage
a much lower accuracy 6 — 17% [34].

As we have discussed above, one of the greatest advantages of lepton collider Higgs
boson factory is the capability of determining the Higgs boson coupling model independently.
The projection of such a determination at the CEPC is shown in Fig. 16. The advantage
of the higher integrated luminosity at a circular lepton collider is apparent. The CEPC
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Figure 16. The 10 parameter fit result for CEPC at 250 GeV with 5 ab™! integrated luminosity
(blue) and in combination with HL-LHC inputs (red). All the numbers refer to are relative precision
except for BRﬁf\‘,n for which 95% CL upper limit are quoted respectively.

76 has a clear advantage in the measure of kz. It is also much stronger in x, and BRiyy
717 Imeasurements.
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Figure 17. The correlation of the 10-parameter fit and 7-parameter fit shown the left and right
panel, respectively. The upper (lower) number in each entry represent the CEPC (combined fit
with HL-LHC) fit results.

In Fig. 17 we show the correlation matrix for the 10-parameter and 7-parameter fit in the
k-scheme in percentage. The darker color represent stronger correlations and the numbers
in the off-diagonal entries represent the correlation before and after combination with HL-
LHC Higgs precision inputs, in the upper and lower entries, respectively. Comparing the
10-parameter and 7-parameter fit, the 7-parameter fit has much largre correlations between
different entries, as the improved precision comparing with 10-parameter fit comes from
having the total width as a summation of all decay channels. In the 10-parameter fit, the
only entries with strong correlations are between xz with I' and &y, which can be understood
in the discussion of the large dependence of width determination on inclusive ZH cross
section measurement. Very naturally, the HL-LHC and CEPC are very complimentary
and almost all entries after combinations have reduced correlation. One exception is the
correlations between xz and k., as HL-LHC dominants the precision in x, through the ratio
measurement in both the 10-parameter fit and 7-parameter fit. In the 7-parameter fit, in
addition, the correlation between x; and k, ki and kg, as well as ky with s, and k. are
slightly increased. This slight increase in correlation are mainly coming from the HL-LHC

improving the x, through the fusion rate measurement.

6.2 Effective-field-theory analysis

We begin with the assumption that the new physics particles are heavier than the rel-
evant energy of the Higgs factory. In this case, their effect can be characterized in the
effective-field-theory (EFT) framework, in which higher dimensional operators supplement
the Standard Model Lagrangian. Imposing baryon and lepton numbers conservations, all
higher dimensional operators are of even dimension:

(6) (®)
c: C;
Lerr = Lsum + E A3 0% 4+ ) ﬁ(?](-s) S (6.4)
( J
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The leading effects of new physics at the electroweak scale would be the dimension-six
operators. To obtain robust constraints on the Wilson coefficients ¢;, a global analysis is
required which includes the contributions from all possible dimension-six operators. While
a large number of dimension-six operators can be written down, only a subset of them
contribute to the Higgs processes at leading order. Among these operators, some are much
better constrained by other measurements. It is thus reasonable to focus on the operators
that primarily contribute to the Higgs processes and reduce the parameter space by making
appropriate assumptions, as done in many recent studies of EFT global analysis at future
lepton colliders [49-55]. Following these studies, we discard the CP-violating operators as
well as the ones that induce fermion dipole interactions. At leading order, CP-violating
operators do not have linear contributions to the rates of Higgs processes. While they
do contribute to the angular observables at the leading order [56, 57|, these operators
are usually much better constrained by EDM experiments [58-60], though some rooms
are still possible for the CP-violating couplings of Higgs to the heavy flavor quarks and
leptons |61, 62]. The interference between the fermion dipole interactions with SM terms
are suppressed by the fermion masses. The corresponding operators also generate dipole
moments, which are stringently constrained especially for light fermions. For the operators
that modify the Yukawa matrices, we focus on the five diagonal ones that correspond to
the top, charm, bottom, tau, and muon Yukawa couplings, which are relevant for the Higgs
measurements at CEPC.

Before presenting our projections, we offer some brief comments on the EF T framework.
In comparison with the k-framework, a significant advantage of the EFT framework is that
it gives is physical parameterization of the new physics effect. EFT operators can be used
directly in computations. It also allows natural inclusion of new observables, with possible
correlations automatically taken into account. At the same time, the connections with
experimental observables are less direct and intuitive. Sometimes, the EFT approach is
referred to as model-independent. This is only accurate to a certain extent. At least, it
assumes that there are no new light degrees of freedom. In practice, assumptions are often
made to simplify the set of EFT operators, as we have also done here.

The electroweak precision observables are already tightly constrained by the LEP Z-
pole and W mass measurements. The CEPC Z-pole run can further improve the constraints
set by LEP, thanks to the enormous amount (~ 10) of Z bosons that can be collected.
The W mass can also be constrained within a few MeVs at CEPC even without a dedicated
WW threshold run. Given that the expected precisions of the Z-pole observables and the
W mass are much higher than the ones of Higgs observables, in the Higgs analysis, we
assume that the former ones are perfectly constrained, which significantly simplifies the
analysis. In particular, in a convenient basis all the contact interaction terms of the form
RV ff can be discarded since they also modify the fermion gauge couplings. Realistic Z-pole
constraints have also been considered in recent studies [52, 53, 55|, but certain assumptions
(such as flavor-universality) and simplifications are made. Future studies with more general
frameworks are desired to fully determine the impact of the Z-pole measurements on the
Higgs analysis.

The measurements of the triple gauge couplings (TGCs) from the diboson process
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CEPC 250GeV (5ab™1)

uncertainty | correlation matrix

d0g1,z Oky Az

Sg1.7 || 1.1x107% | 1  0.03 -0.89
8k || 0.8%x 1073 1 -0.40
Az || 1.2x1073 1

Table 11. The estimated constraints on aTGCs from the measurements of the diboson process
(ete™ — WW) in the semi-leptonic channel at CEPC 250 GeV with 5ab™! data and unpolarized
beams. All angular distributions are used in the fit. We consider only the statistical uncertainties
of the signal events assuming a selection efficiency of 80%.

(ete™ — WW) play an important role in the Higgs coupling analysis under the EFT
framework. Focusing on CP-even dimension-six operators, the modifications to the triple
gauge vertices from new physics can be parameterized by three anomalous TGC parameters
(aTGCs), conventionally denoted as 6g1,z, 0k, and Az [63, 64]. Among them, dg;,z and
0k~ are generated by operators that also contribute to the Higgs processes. At 250 GeV,
the cross section of eTe™ — W is almost two orders of magnitude larger than the one
of the Higgsstrahlung process. The measurements of the diboson process thus provide
strong constraints on the operators that generate the aT'GCs. A dedicated study on the
TGC measurements at CEPC is not available at the current moment. We thus perform
a simplified analysis to estimate the precision reaches on the aT'GCs. Our results are
shown in Table 11. The analysis roughly follows the methods in Refs. [51, 65]. We use
only the WW events in the semi-leptonic (electron or muon) channel, which has good
event reconstructions and also a sizable branching fraction (=~ 29%). In particular, the
production polar angle, as well as the two decay angles of the leptonic W, can be fully
reconstructed, which contain important information on the aT'GCs. The two decay angles
of the hadronic W can only be reconstructed with a two-fold ambiguity. We perform a y?
fit of the three aT'GC parameters to the binned distribution of all five angles and extract the
one-sigma precision of the three aTGCs as well as the correlations among them. Without
a detailed simulation study, we only assume a signal selection efficiency of 80%, and do
not consider the effects of systematics and backgrounds, assuming they are under control
after the selection cuts. (Can remove the following if we do not want to directly compare
with ILC.) Our results are comparable with the ones of ILC 250 GeV in Ref. [52], which
agrees with our expectation since the lack of the longitudinal beam polarization at CEPC
is compensated with a larger luminosity. We also note that in the TGC analysis at ILC
500 GeV [66], the selection efficiency of W events in the semi-leptonic channel is around
70%, while the number of background events is much smaller than the signal one after all
the selection cuts. While the center of mass energy and the beam polarizations are different,
this nevertheless provides justifications to the assumptions we made in our analysis.

Under the assumptions specified above, the contributions to the Higgs and diboson
processes from dimension-six operators consist of a total number of twelve degrees of free-
doms. While all non-redundant basis are equivalent, it is particularly convenient to choose
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On = 59| H?|)? Oce = g3 |H |G}, G

Oww = g°|H|*W S, W Oy, = Y| HP*QrHur  (u—t.)
Ops = ¢”*|H|* B, B*" Oy, = valH?QrHdr ~ (d—1b)
Opw = ig(D*H)'oe"(D"H)WS, | Oy, = ye|H?LyHer (e~ 7.p)
Oup =ig (D*H)Y(DVH)B,, Osw = 31g€abc Wi WE Werk

Table 12. A complete set of CP-even dimension-six operators that contribute to the Higgs and
TGC measurements, assuming there is no correction to the Z-pole observables and the W mass,
and also no fermion dipole interaction. For O, , O,, and O, , we only consider the contributions
to the diagonal elements of the Yukawa matrices that corresponds to the top, charm, bottom, tau,
and muon Yukawa couplings.

a basis in which the twelve degrees of freedoms can be mapped to exactly twelve operators,
while the rest are removed by the assumptions. We consider two such bases in our analysis,
one is defined by the set of dimension-six operators in Table 12, the other is the so-called
“Higgs basis,” proposed in Ref. [67]. In the Higgs basis, the parameters are defined in the
broken electroweak phase, and can be directly interpreted as the size of the Higgs couplings.
Different from the original Higgs basis, we follow Ref. [51] and normalize the parameters
associated with the Hgg, Hvvy and HZ~y vertices to the SM one-loop contributions, and
denote them as ¢yy, ¢y, and ¢z,. We further define the parameter Egeg to absorb all contri-
butions to the Hgg vertex, as shown in Eq. 6.13. These redefined parameters can be more
conveniently interpreted as the precisions of the Higgs couplings analogous to those in the
k framework. The exact definitions of the Higgs basis and the translation to the basis in
Table 12 can be found in the end of the section.

The estimated precisions of all the Higgs rate measurements in Section 5 (Table 9),
along with the correlations among them, are included as inputs for the EFT global anal-
ysis. In addition, we include the angular observables of the channel eTe™ — HZ, Z —
00, H — bb, following the studies in Refs. [56, 57]. This channel is almost background-
free after the selection cuts, with a signal selection efficiency of about 40%. For the TGC
measurements, we use the results in Table 11 as inputs. The global x? is obtained by sum-
ming over the x? of all the measurements. Due to the high precision of the measurements,
it is shown that for all observables, keeping only the linear terms of all EFT parameters
gives a very good approximation [51]. This greatly simplifies the fitting procedure, as the
total x? can be written as

X2 = Z(C — )i 0132 (c—co)j, where JZ-;2 = (d¢; pij (5cj)_1 , (6.5)
ij

where ¢;’s are the EFT parameters, cg’s are the corresponding central values which are zero
by construction, as we assume the measurements are SM-like. The one-sigma uncertainties

dc¢; and the correlation matrix p can be obtained from UZ-;2 =0%x? / 0c;Oc;.
For comparison, we also consider the reaches of the LHC 14 TeV with a total lumi-
nosities of 300fb~' or 3000fb~!, which are combined with the diboson (ete™ — WW)
measurements at LEP as well as the LHC 8 TeV Higgs measurements. For the LHC 14 TeV
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Figure 18. One-sigma precision reach of the twelve parameters in the Higgs basis. The first column
shows the results from the LHC Higgs measurements with 300 fb™" (light shade) and 3000 fb~* (solid
shade) combined with LEP diboson (ete™ — WW) measurement. The second column shows the
results from CEPC with 5ab™! data collected at 250 GeV with unpolarized beam. The results from
CEPC alone are shown in light shades, and the ones from a combination of CEPC and HL-LHC
are shown in solid shades. The charm Yukawa is poorly constrained at the LHC and we simply fix
dy. to zero for the LHC fits.

Higgs measurements, we use the projections by the ATLAS collaboration [45], while the
composition of each channel is obtained from Refs. [68-72]. The constraints from the LHC
8 TeV Higgs measurements and the diboson measurements at LEP are obtained directly
from Ref. [73]. While the LHC diboson measurements could potentially improve the con-
straints on aTGCs set by LEP [74], they are not included in our analysis due to the potential
issues related to the validity of the EFT [75, 76] and the TGC dominance assumption [77].

The results of the 12-parameter fit at CEPC are shown in Fig. 18 for the Higgs basis and
Fig. 19 for the basis in Table 12. The results from LHC Higgs measurements (both 300 fb~*
and 3000fb~!) combined with LEP diboson measurements are shown in comparison. We
also show the results of the combination of CEPC with HL-LHC (3000fb~!) in addition
to the ones of CEPC alone. In Fig. 18, the results are shown in terms of the one-sigma
precision of each parameter. The LHC results are shown with gray columns with 300 fb~*
(3000 fb~1) in light (solid) shades, while the CEPC ones are shown with the red columns,
with the CEPC-alone (combination with HL-LHC) results shown in light (solid) shades. In
Fig. 19, the results are presented in terms of the reaches of A/ \/m at 95% confidence level
(CL), where A is the scale of new physics and ¢; is the corresponding Wilson coefficient for
each operator, defined in Eq. 6.4. Four columns are shown separately for LHC 300 fb~!,
LHC 3000 fb~!, CEPC alone and CEPC combined with HL-LHC. The results of the global
fits are shown with solid shades. The results from individual fits are shown with light
shades, which are obtained by switching on one operator at a time with the rest fixed to
zZero.

It is transparent from Fig. 18 that CEPC provides very good reaches on the precisions
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Figure 19. The 95% CL reach on A/\/|c;| for the operators in the basis defined in Table 12. The
first two columns show the results from LHC Higgs measurements with 300fb~! and 3000 fb~!
combined with LEP diboson (eTe™ — WW) measurement. The last two columns show the results
from CEPC alone and the combination of CEPC and HL-LHC (3000 fb™'). The results of the global
fits are shown with solid shades. The results from individual fits (by switching on one operator at
a time) are shown with light shades. The charm Yukawa is poorly constrained at the LHC and we
simply fix dy. to zero for the LHC fits.

of Higgs couplings, which are of one order of magnitude better than the ones at the LHC.
For the parameters ¢y, ¢z, and dy,, the clean signal and small branching ratios of the
corresponding channels (H — ~v/Z~/pp) makes the HL-LHC precisions comparable with
the CEPC ones. The combination with additional LHC measurements thus provides non-
negligible improvements, especially for those parameters. It should be noted that, while dy;
modifies the Hgg vertex via the top loop contribution, CEPC alone could not discriminate it
from the Hgg contact interaction (¢4q in Eq. 6.14) obtained from integrating out a heavy new
particle in the loop. The parameter E;g absorbs both contributions and reflects the overall
precision of the Hgg coupling. The combination with the LHC ttH measurements could
resolve this flat direction. The CEPC measurements, in turn, could improve the constraint
on dy; set by the LHC by providing much better constraints on the other parameters that
contribute to the ttH process. We also note that the measurement of the charm Yukawa
coupling is not reported in Ref. [45], while the projection of its constraint has a large
variation among different studies and can be much larger than one [78-83]. We, therefore,
fix 0y. = 0 for the LHC-only fits, as treating dy. as an unconstrained free parameter
generates a flat direction in the fit which makes the overall reach much worse. The CEPC,
on the other hand, provides excellent measurements of the charm Yukawa and can constrain

dy. to a precision of ~ 2%.

Regarding the reaches of A/ \/m in Fig. 19, it is also clear that CEPC has a significantly
better performance than the LHC. If the couplings are naively assumed to be of order one
(¢; ~ 1), the Higgs measurements at CEPC would be sensitive to new physics scales at
multiple TeVs. While the individual reach for some of the operators at the LHC can be
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comparable to the ones at CEPC (e.g., Oww and Opp from the measurement of H —
~v7), the reaches of CEPC are much more robust under a global framework thanks to its
comprehensive measurements of both the inclusive H Z cross section and the exclusive rates
of many Higgs decay channels. Operators Ogg and O,, both contribute to the Hgg vertex.
While the CEPC could provide strong constraints on either of them if the other is set to
zero, they can only be constrained in a global fit if the ¢tth measurements at the LHC are
also included. It is also important to note that the validity of EFT could be a potential
issue for the LHC measurements [75]. Depending on the size of the couplings, the inferred
bounds on the new physics scale A could be comparable with or even smaller than the
energy scale probed by the LHC. The CEPC has a smaller center of mass energy and much
better precisions, which ensures the validity of EFT for most new physics scenarios.

In Table 13 and Fig. 20, we present for CEPC the numerical results of the global fit in
terms of the one-sigma precisions of the 12 parameters and the correlations among them.
The results assume an integrated luminosity of 5ab™! at 250 GeV with unpolarized beams,
both without and with the combination of HL-LHC (3000 fb~!) Higgs measurements. With
both the one-sigma bounds and the correlation matrix, the corresponding chi-squared can
be reconstructed, which can be used to derive the constraints in any other EF'T basis or any
particular model that can be matched to the EFT. This offers a convenient way to study the
reaches on new physics models, as detailed knowledge of the experimental measurements
are not required.

Higgs basis
deg czz cz0 Cyy €z~ Cgq Oyt dye Syp dyr Oy Az
0.0058 | 0.0052 | 0.0029 | 0.043 0.11 0.011 - 0.020 | 0.0069 | 0.0086 | 0.080 | 0.0011
0.0050 | 0.0046 | 0.0028 | 0.016 | 0.083 | 0.0092 | 0.050 | 0.020 | 0.0061 | 0.0078 | 0.049 | 0.0011

ci/A? [TeV~2] of dimension-six operators

CH CWWwW CBB CHW CHB [gele] Cyy Cyc Cyy Cyr Cy,, C3w
0.19 0.042 0.042 0.12 0.17 - - 0.32 0.088 0.12 1.3 0.18
0.17 0.035 0.035 0.11 0.16 0.0018 0.82 0.32 0.086 0.12 0.81 0.17

Table 13. The one-sigma uncertainties for the 12 parameters from CEPC (250 GeV, 5ab_1) in
the Higgs basis and the basis of dimension-six operators. For both cases, the upper (lower) row
correspond to results without (with) the combination of the HL-LHC Higgs measurements.. Note
that, without the ¢¢th measurements, dy; can not be constrained in a global fit, thus cqoe and ¢y,
can not be resolved.

Higgs total width: In our EFT framework, it is explicitly assumed that the Higgs
total width is the sum of all the widths of its SM decay channels. This is because the EFT
expansion in Eq. 6.4 relies on the assumption that the new physics scale is sufficiently large,
while any potential Higgs exotic decay necessarily introduces light BSM particles, thus in
direct conflict with this assumption. One could nevertheless treat the Higgs total width
as a free parameter in the EFT global fit and obtain an indirect constraint of it, as done
in Ref. [52]. With this treatment, we found that the CEPC can constrain the Higgs total
width to a precision of 1.8% (1.7% if combined with HL-LHC). This result is significantly
better than the one from the 10-parameter coupling fit (3.2%/2.5%). The improvement
is mainly because the HWW and HZZ couplings are treated as being independent in
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Figure 20. The correlation matrix of the 12-parameter fit at the CEPC in the Higgs basis (left)
and the basis of dimension-six operators (right). The upper (lower) entries correspond to results
without (with) the combination of the HL-LHC Higgs measurements.

the 10-parameter coupling fit, while in the EFT framework they are related to each other
under gauge invariance and custodial symmetry. It should also be noted that the Higgs
width determined using Eq. (5.3) and (5.6) explicitly assumes that the HWW and HZZ
couplings are independent of the energy scale. Such an assumption is not valid in the EFT
framework with the inclusion of the anomalous couplings.

The “12-parameter” effective-field-theory framework

The Higgs basis is proposed in Ref. [67] and applied in EFT studies of the LHC Higgs
measurements such as Refs. [73, 86]. While the SM and the dimension-six operators are
included with gauge invariances imposed, the parameters in the Higgs basis are defined in
the broken electroweak phase Lagrangian, which makes the connection to measurements
more straightforward. We follow the framework in Ref. [51], which applies the Higgs basis
to measurements at future lepton colliders. For simplicity, the CP-violating operators and
the ones that induce fermion dipole interactions are discarded, and the Z-pole observables
and W mass are assumed to be SM-like.

The SM and dimension-6 operators relevant for our study are

LD Lpyv + Lupr+ Lige (6.6)
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where the couplings of the Higgs to the SM gauge bosons are

2,,2 2 2\,,2
—g; WJW_“+(1+5CZ)7(9 +4g Jv

h
Lavv = (1+dew) Z,z"

2
+ cww %WLW"“’ + ewn gZ(WM_&,WﬂW + h.c.)

Qv

2 2
e
+ Cqg %GZVGG Pt ey ZAWAW + Czy 9

2 2

+czyg ZuwZ" + czm g2ZH81,Z’“’ +cyo gg'ZH(?,,AW . (6.7)

Not all the parameters in Eq. 6.7 are indepedent. Imposing gauge invariances, we choose

to rewrite dew, cww, cwno and ¢y as?

dew = dcg + 4om,

CWw = Czz + 25§WCZ’Y + Sgwcw )
1
cwo = W [gchD +9%czz — 6233wcw - (92 - 9’2)33WCZ7] )
1
GO0= 3= [29°cz0+ (9" + g%)ezz — eyy = (9° — g%)ezy] (6.8)
931 where dm is induced by custodial symmetry breaking effects and is set to zero in our
o2 framework. While the modifications to the Yukawa couplings are in general 3 x 3 complex
933 matrices in the family space, we focus on the diagonal ones of ¢, ¢, b, 7, p which are

o34 relevant for the measurements,

h _
Lnpr=—3 > my(1+0yp) frfr +he.. (6.9)
f=t,c,b,T,1

The anomalous triple gauge couplings (aTGCs) are given by
Lige = igsewA“(W_”WJ, - WJ”’WM_V)
+ig(1+ 097 oy, ZH(W " W,E, — WHW )
+ig [(1+ 6kz)coy, ZM" + (1 + 65y s, AP W, W,

+ T (AzCoy 7" + Aoy AW PW (6.10)
myy
where V,,, = 0,V, — 9,V,, for V. = W=, Z, A. Gauge invariance further imposes drky =
091,27 — Ifgwém7 and Az = )., thus leaving three independent aTGC parameters, which
are chosen to be dg1 7z, 0k, and Az. Two of them, dg; z and 0k, are related to Higgs
observables and can be written as
1

(59172 — 2(92 _9,2) [_92(92 +g/2)CZEI _g/2(g2 +g/2)sz +€2g'2677+g’2(92 —g/Q)Czﬂ 7
2 2 2 2
_ 9 e 9 —4g
6/@7 = — 5 <C7792_i_g,2 + CZ,YW — CZZ) . (611)

4In this subsection, sgy,, coy, and tg,, are shorthands for sinfw, cosfw and tan 6w, where Oy is the
weak mixing angle.
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In the Higgs basis, we therefore have the following 12 parameters:

dcz, czz, czo, Cyyy CZy, Cgg, 0ty OYe, OYp, OYr, 5y,u7 Az . (6'12)

A full list of the relevant observables in terms of the 12 EFT parameters can be found in
Ref. [51]. In particular, for the EFT parameters we consider only their tree level contribu-
tions, except for the Hgg vertex for which we also include the contributions of dy; and dyp
via the fermion loops. We also follow Ref. [51] and normalize ¢y, ¢z and cgg with respect
to the SM 1-loop contributions to the Hvy~, HZ~ and Hgg vertices. The corresponding
parameters are denoted by ¢, ¢z, and ¢4y, defined as

Tz,

—e~ 1 —2¢ —— ~1—2¢y (6.13)
S R SM v
s 7
and
F — —
7F§§ ~ 1428 ~ 14265, +2.100y — 0.105y, . (6.14)
They are related to the original parameters by
= Cryy _ CZ~ _ Cqg
RAUw 10-2 0w i1n—2 o 3 6.15
T8 x102 4= 59x102° 9= 83 %103 (6.15)

It should be noted that, without the inclusion of LHC ¢th measurements, the CEPC mea-
surements alone could only constrain a linear combination of ¢y and dy;. In this case, the
two parameters can be replaced by cgg (deﬁned in Eq. 6.14) which parametrize the total
contribution to the Hgg vertex.

To translate to the basis in Table 12, we first choose a different normalization of the
Wilson coefficients, defined as

CH
£D6 == FOH +

W W W

K
+ 76;6’0 O3W + Z yf ) (616)
My f= tch,p

in order to simplify the expressions. In this basis, the aT'GCs are given by

RHW
691,Z = T 3 ;
0ky = — KHW — KHB »
Az = — K3w, (6.17)
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The translation between the two bases is straightforward, given by

1
dcy = — =cy,
z 5 CH
27 = 5 (—row — 13 +4¢; + 41555 )
22 = ga(TRHW = loy KHB + 45y, Rww by Sow KBB) 5

2 2
czo = ?(KHW + oy KHB) ,

1
Cyy = ?(KJWW + KBB),
Czy = ?(“HB — Kaw + 8¢, Kww — 85y, KBB),
16
Cgg = —5 RGG »
99 = 2
1
Sy = — 5 CH ~ Cy; - (6.18)

It should be noted that Eq. 6.17 and Eq. 6.18 are only valid under the assumptions made in
our analysis, more specifically, that there is no correction to the Z-pole observables and the
W mass. The general expressions for the aT'GCs can be found in Ref. [87|. Basis translations
from the Higgs basis to the SILH’ basis (and others) are provided in Ref. [67]. To go from
the SILH’ basis to the one in Table 12, one simply trades Oy , Op for Oww , Owp, using

1 1
Op = Ognp + ZOBB + ZOW&
1 1
Ow = Ogw + ZOWW + ZOWB, (6.19)
where Oyy g is directly related to the Z-pole measurements and is discarded in our analysis.

6.3 The Higgs self-coupling

The Higgs boson self-coupling is a critical parameter governing the dynamics of the elec-
troweak symmetry breaking. In the Standard Model, the Higgs trilinear and quadrilinear
couplings are fixed once the values of the electroweak VEV and the Higgs mass are known.
Any deviation from the SM prediction is thus clear evidence of new physics beyond the SM.
The Higgs trilinear coupling is probed at the LHC with the measurement of the double-
Higgs process, pp — HH. Current bounds on the Higgs trilinear coupling is at the O(10)
level, while the HL-LHC is expected to improve the precision to the level of O(1) [? |. The
prospects for extracting the Higgs quadrilinear coupling are much less promising, even for
a 100 TeV hadron collider [? |.

To measure the double-Higgs processes at a lepton collider, a sufficiently large center of
mass energy (2 400 GeV) is required, which is likely to be achieved only at a linear collider.
The CEPC, instead, can probe the Higgs trilinear coupling via its loop contributions to the
single Higgs processes. This indirect approach nevertheless provides competitive reaches
since the loop suppression is compensated by the high precision of the Higgs measurements
at CEPC [88]. With a precision of 0.5% on the inclusive HZ cross section at 250 GeV,
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the Higgs trilinear coupling can be constrained to a precision of 40%, assuming all other
Higgs couplings that contributes to ete™ — HZ are SM-like. > While this indirect bound
is comparable to the direct ones at linear colliders, it relies on strong assumptions which are
only applicable to some specific models. A more robust approach is to include all possible
deviations on the Higgs couplings simultaneously and constrain the Higgs trilinear coupling
in a global fit. The EFT framework presented in Section 6.2 is ideal for such an analysis. We
follow Ref. [54] and include the one-loop contributions of the trilinear Higgs coupling to all
the relevant Higgs production and decay processes. The new physics effect is parameterized
by the quantity dk) = k) — 1, where k) is the ratio of the Higgs trilinear coupling to its

SM value,

A3 m M
@7 A3 =505 (6.20)

R) =
The global fit is performed simultaneously with dx) and the 12 EFT parameters in Sec-
tion 6.2. The results are presented in Table 14. The results for HL-LHC are also shown,
which were obtained in Ref. [89] under the same global framework. For CEPC 250 GeV, the
one-sigma bound on dx) is around £4, significantly worse than the 40% in the dx-only fit.
This is a clear indication that it is difficult to resolve the effects of dx) from those of other
Higgs couplings. For HL-LHC, the reach on dk) is still dominated by the double-Higgs
process. However, as a result of the destructive interferences among diagrams, the double-
Higgs process at LHC could not constrain dx) very well on its positive side, even with the
use of differential observables [? |. The combination of HL-LHC and CEPC 250 GeV thus
provides a non-trivial improvement to the HL-LHC result alone, in particular for the two-
sigma bound on the positive side, which is improved from +6.1 to +3.6. This is illustrated
in Fig. 21, which plots the profiled x? as a function of dxy for the two colliders.

bounds on dk) Ax? =1 Ax? =4
CEPC 250 GeV (5ab~1) [-3.7, +3.9] [-7.3, +7.9]
HL-LHC [-0.9, +1.3] [-1.7, +6.1]
HL-LHC + CEPC 250 GeV [-0.8, +1.1] [-1.6, +3.6]
250 GeV (5ab~1) + 350 GeV (1.5ab~1) | [-0.56, +0.56] [—1.1, +1.1]

Table 14. The Ax? = 1 (one-sigma) and Ayx? = 4 (two-sigma) bounds of dx) for various scenarios,
obtained in a global fit by profiling over all other EFT parameters. The results for HL-LHC are
obtained from Ref. [89].

It is also important to note that the reach on dx )y in the global framework is significantly
improved if an additional run at 350 GeV is available. The global constraint on dk) is
improved by almost one order of magnitude with 1.5ab~! data collected at the 350 GeV on
top of the 5ab™! at 250 GeV. The usefulness of the 350 GeV run in discriminating different
EFT parameters is already discussed in Section 6.2. In addition, it was pointed out in
Refs. [54, 88] that the sensitivity of o(HZ) to k) is maximized near the HZ threshold and

5 A better precision can be obtained by also using the exclusive channels, such as o(HZ) x BR(H — bb),
but would require an even stronger assumption that all Higgs couplings contributing to the branching ratios
are also SM-like except the Higgs trilinear coupling.
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Figure 21. Chi-square as a function of dx) after profiling over all other EFT parameters for
HL-LHC, CEPC and their combination.

decreases as the center of mass energy increases — a feature not exhibited by the other EFT
parameters. Measuring eTe™ — HZ at two different energies is thus particularly helpful in
discriminating dx) with other EFT parameters.

We also note that a future proton collider running at Fcy = 100 TeV can significantly
improve the precision on the trilinear coupling to be about 5%. [Not sure whether we need
this. Also ILC 1 TeV].

6.4 Higgs and top couplings

Interactions of the Higgs boson with the top quark are widely viewed as a window to possible
new physics beyond the Standard Model. Parameterizing effects of new physics in terms
of dimension-six gauge-invariant operators modifying the Higgs-top interactions [? 7 |, the
Higgs top couplings physics potential at CEPC can be evaluated [? ? ? ? |. This EFT
basis enlarges the Higgs EFT considered above. Moreover, the CP violation effects in the
third generation Yukawas, which can be reflect as the complexity of the Wilson coefficients
of operator Oy, and Oy,

'1)3 3 '1)3

Ay = yp™ (W@JW + Z%[Cyt]w> (6.21)
. 3 ' 3

Ayy = y; (éR[Cyb]W + Z%[Oyb]W> (6.22)

In this section, we show the effect of introducing CP phases in the Yukawa operators in
Higgs physics. For more detailed discussion on a complete set of Higgs and Top operators,
see Ref. [? |. O,, and O,,, the dominant sources of constraints are from H — vy and
H — gg for O,,, and H — gg and H — bb for O,,. Given that H — gg measurements are
sensitive to both operators, a joint analysis of O,, and O,, will yield a significantly different
result comparing to individual operator analysis. In this section, we perform a joint analysis
for these two operators in terms of Yukawa coupling strengths and the associated CP phases,
and highlight the important physics cases for such considerations.
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Figure 22. Results for analysis on C,, and C, in presentation of the projected allowed regions
for modification to top and bottom Yukawa couplings in magnitude and CP phase at 68% and
95% confidence level. The results for CEPC are shown in black curves. The source of individual
constraints for the single operator analysis are labelled correspondingly. For a joint analysis of
simultaneous appearance of both O,, and O,, operators, the results for CEPC are shown in the
enlarged yellow (95%) and green regions (68%) with thick brown boundary lines.

We show in Fig. 22 constraints on the top and bottom Yukawa coupling strengths and
their CP phases in the left panel and right panel, respectively. The 68% and 95% exclusion
bands are shown in solid and dashed lines, respectively. The limits for CEPC are shown
in bright black and magenta lines for individual operator analysis and the bright green and
yellow shaded regions representing the 68% and 95% allowed parameter space, respectively.
The dimmed thick black curves represent turning on both operators O and Oppr at the
same time, using a profile-likelihood method profiling over other parameters. Furthermore,
in the left panel the cyan band represents constraints from HL-LHC ¢t H measurements, red
bands are constraints from CEPC H — gg measurements and blue bands are constraints
from CEPC H — 7 measurements. Similarly in the right panel, the cyan bands are
constraints from H — bb and the red bands are constraints from H — gg at CEPC.

The left panel of Fig. 22 shows that the expected sensitivity on the modification in the
magnitude of top Yukawa is at around +3% for the single operator analysis, which is relaxed
to [—9.5%, +3%] for the joint analysis allowing the bottom Yukawa and the associated CP
phase to vary freely, in the case of zero CP phase in the top Yukawa. The phase of the
top Yukawa could be constrained to be +0.16w. The constraints on the phase of the top
Yukawa is driven by the H — <+ measurements, where a sizable phase shift will enlarge
the Higgs to diphoton rate via reducing the interference with SM W-loop. The constraints
on the magnitude of the top Yukawa modification is driven by the H — gg measurements
due to the dominant contribution to H — gg being from top-loop. Note that constraints
from H — gg measurement is not entirely vertical, this is a result of the different sizes of
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the top loop contribution to Hgg through scalar and pseudoscalar couplings. Similarly, as
shown in the right panel of Fig. 22 for the bottom Yukawa magnitude modification, the
constraint is +2.5% and, for the bottom Yukawa CP phase, the constraints changes from
40.477 to no constraint for simultaneous modification to top Yukawa.

6.5 Higgs Exotic Decays

Higgs boson can be an important portal to new physics beyond the Standard Model. Such
new physics could manifest itself through Higgs exotic decays if some of the degrees of
freedom are light. The Higgs boson BSM decays have a rich variety of possibilities. To
organize this study on Higgs boson BSM decays. We focus on two-body Higgs decays
into BSM particles, dubbed as X;, H — X1 X5, which are allowed to subsequently decay
further, up to four-body final states. The cascade decay modes are classified into four
cases, schematically shown in Fig. 23. These processes can be motivated by SM-singlet
extensions, two-Higgs-doublet-models, SUSY models, Higgs portals, gauge extensions of the
SM [90-92].

h—2 h—2—=3—4 h—=2—=( h—2-34

Figure 23. The topologies of the SM-like Higgs exotic decays.

For CEPC running at the center of mass energy 240 ~ 250 GeV, the most important
Higgs production mechanism is Z-Higgs associated production ete™ — Z* — ZH. The Z
boson with visible decays enables Higgs tagging using the “recoil mass” technique. A cut
around the peak of the recoil mass spectrum would remove the majority of the SM back-
ground. To demonstrate a typical Higgs exotic search at CEPC, we show one benchmark
processes from our analysis,H — jj +F and H — bb+F. In the last part of this section,
we present the summary for Higgs exotic decay physics potential at CEPC for an integrated
luminosity of 5 ab™! and 10 ab~! operated at 240 GeV. The details of these analysis can
be found in Ref. [92].

For numerical analyses, we generate both the signal and the background events for a
240 GeV electron-positron collider with MadGraph5 at parton level [93] We describe here
our parameter choices for the detector effects, and our pre-selection cuts that are universal
for the analyses for all Higgs exotic decay mode. All of the visible particles in the final
state are required to have |cosf| < 0.98, or equivalently |n| < 2.3. The final state particles

s = 0.001. We
+ =+

only study the case where the Z boson decays into £t~ where ¢* = e* p*. The signal

are required to be well separated with y;; = 2 min (E2 EQ) (1 —cosb,;)/E?

events are required to contain at least a pair of opposite-sign same-flavor charged leptons
with an opening angle greater than 80°, and satisfy E, > 5 GeV and |mgy —mz| < 10 GeV,
where myy is the invariant mass of the di-lepton system. The recoil mass is defined as
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Figure 24. left panel: The invariant mass distribution of the SM backgrounds for £~ v,iy57 in
the m;;-Fr plane. Right panel: The 95% C.L. upper limit on the Higgs exotic decay branching
fractions into jj + Er for various lightest detector-stable particle mass m; and mass splittings
mo — My.

2

recoi

1070 |Mrecoil — Mp| < 5 GeV. To suppress the ISR contribution to the backgrounds®, for Higgs

1060 Moo =S — 2v/SEy + m?e where Ey = Fy+ + Ey—. The recoil mass is required to satisfy
171 exotic decay modes without missing energy, we require the events to have the total visible
w72 energy Fuis > 225 GeV. We mimic the detector resolution effect by adding Gaussian
w073 smearing effects on the four-momentum of the particles, details can be found in Ref. [92].

w74 h — jj —I—ET

1075 The SM-like Higgs boson decays into Xs X7 with Xo — X755 through an off-shell interme-
176 diate state gives raise to this exotic decay mode. Beyond the pre-selection cut and the recoil
1077 mass cut, we require that there are two additional jets which satisfy E; > 10 GeV and | cos 6;| <
178 0.98. The dominant background after the recoil mass cut will clearly be the Higgsstrahlung
1079 process with H — ZZ* — qquv. After the recoil mass cut, the SM background cross
ws0 section is 0.063 fb. The dijet invariant mass (m;;) distribution and the two-dimensional
ws1  differential distribution of m;; versus Er of the SM background after the recoil mass cut
1082 are shown in the left panel of Fig. 24. There is a clear valley in the distribution between 35
1083 to 75 GeV, in which none of the Z bosons from the SM-like Higgs boson decay are on-shell
184 and thus the H — gy is doubly suppressed.

1085 We use the likelihood function of the myz-Fr distribution to derive the exclusive limit.
10ss 'The results are shown in the right panel of Fig. 24 in the plane of X, mass m1, and the
1087 mass splitting between X and Xi, mg —my for h — jj + 7. The exclusion limits on the
10ss  branching fraction in the bulk region of the parameter space reach 3 x 1074 ~ 8 x 10™* for

w80 h — jj+Er.

fCorrections from beamstrahlung effect [? | and ISR effect [? | need to be carefully taken into account
for certain processes relying a precise reconstruction of the recoil mass.
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Table 15. The current and projected limits on selected Higgs exotic decay modes for the (HL-)LHC
and CEPC with 5 ab™! integrated luminosity, based upon results from Ref. [92]. The projections
for the HL-LHC are collected in the third column, where the limits for 100 fb~* and 300 fb~* alone
are shown in parentheses and square brackets respectively.

Decay 95% C.L. limit on Br
Mode LHC HL-LHC CEPC
B 0.23 0.056 0.014
(bb) +Er - [0.2] %107
(43) + ¥~ - - 4x10~*
(Tt ) +Er — 1] 8x107°
bb +Er - [0.2] 2x10~%
Ji+Er - - 5x10~%
™ + Py - - 8x107°
(bb) (bb) 1.7 (0.2) 6x10
(c)(ce) - (0.2) 8x10~*
(15)(53) - [0.1] 2x1073
(bb) (7T 77) [0.1] [0.15] 4x107*
(rtr ) (et [1.2] (0.2 ~ 0.4] 2x107*
(43)(vy) - [0.01] 1x107*
() () [7x1073] 4x10~4 8x107°

From the exclusion limits shown in the right panel of Fig. 24, we find that when the
mass splitting ms — my is around 80 GeV, the future lepton colliders have the strongest
sensitivities on these Higgs exotic channels, reaching around 3.1 x 1074 for H — jj + Fr.
When X is light and mg — m; is large, the energy is shared by the two jets and the Xj.
Consequently, when the mass splitting mg — mq is around 80 GeV, the dijet invariant mass
will be around 40~60 GeV, falling in the “valley” of low SM background as shown in the left
panel of Fig. 24. For heavier X, the MET will be lower due to less momentum available
for the LSP. The optimal limits will be reached for an even smaller mass splitting.

Summary and outlook on Higgs exotic decays at CEPC

We summarize the set of Higgs exotic decays in Table 15, including current and projected
LHC constraints, and limits from our study for the CEPC with 5 ab™! integrated luminos-
ity. For the LHC constraints, we tabulate both the current limits and projected limits on
these exotic decay channels from various references. We choose to focus on comparison for
particular benchmark points, which is sufficient to demonstrate the qualitative difference
between the LHC and CEPC.

In the summary in Table 15 and the corresponding Fig. 25, the exotic Higgs decay
channels are selected such that they are hard to be constrained at the LHC. The improve-
ments on the limits of the Higgs exotic decay branching fractions vary from one to four
orders of magnitude for these channels. The lepton colliders can improve the limits on the
Higgs invisible decays beyond the HL-LHC projection by one order of magnitude, reaching
the SM invisible decay branching fraction of 0.12% from H — ZZ* — vovw [24]. After
subtraction of the SM contribution to the Higgs to invisible decays, a 95% C.L. upper limit
can be placed on BSM Higgs For the Higgs exotic decays into hadronic particle plus miss-
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Figure 25. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at
HL-LHC, ILC and CEPC, based on Ref [92]. The benchmark parameter choices are the same as in
Table 15. We put several vertical lines in this figure to divide different types of Higgs exotic decays.

ing energy, bb + Fr, jj +Fr and 777~ + P, the future lepton colliders improve on the
HL-LHC sensitivity for these channels by roughly three to four orders of magnitude. This
great advantage benefits a lot from low QCD background and the Higgs tagging from recoil
mass technique at future lepton colliders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three orders of magnitude, except for the
one order of magnitude improvement for the (y7)(y7y) channel. Being able to reconstruct
the Higgs mass from the final state particles at the LHC does provide additional signal-
background discrimination power and hence the improvement from CEPC on Higgs exotic
decays without missing energy is less impressive than for those with missing energy. Fur-
thermore, as discussed earlier, leptons and photons are relatively clean objects at the LHC
and the sensitivity at the LHC on these channels will be very good. CEPC complements
the HL-LHC for hadronic channels and channels with missing energy.

7 Constraining anomalous HV'V interactions at the CEPC collider

7.1 Introduction to HVV anomalous couplings

In this section, we study the extent to which CP parity of a Higgs boson, and more generally
its anomalous couplings to gauge bosons, can be measured at the CEPC collider based on
the dominant Higgs production and decay process ete™(— Z*) — ZH — pp~bb. Full
description of this analysis can be found in Ref. [94]. In this process, one of the Z-boson is
offshell where ¢ is equal to the collision energy. This feature, as detailed in Ref. [94], plays
an important role in comparing the sensitivities with the LHC experiments.

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterisations
of scattering amplitudes. Such parameterisations contain all possible tensor structures
consistent with assumed symmetries and Lorentz invariance. We follow the notation of
Refs. [94-96] and write the general scattering amplitude that describes interactions of a

spin-zero boson with the gauge bosons, such as ZZ,
1 * % * * v * £k v
AXj=0 = VV) = (917”%/6162 +g2fp,1(/1)f @ 94f,u(/1)f @).n ) : (7.1)

v
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In Eq. (7.1), @ — el'ql — /¢! is the field strength tensor of a gauge boson with mo-
mentum ¢; and polarisation vector €;; f @ = 1 /2eHveB fap is the conjugate field strength
tensor. Parity-conserving interactions of a scalar (pseudo-scalar) are parameterised by
the couplings g; 5(g4), respectively. In the Standard Model (SM), the only non-vanishing
H — ZZ coupling is at tree-level is gy = 2i, while g, is generated through radiative
corrections. In this study, we focus on the determination of anomalous couplings of the
predominantly J° = 0t Higgs-like boson to SM gauge bosons since existing experi-
mental data already disfavours other exotic spin-parity assignments [3, 4, 97, 97-101]. We
therefore assume that the coupling constants satisfy a hierarchical relation g; > g24 and
that non-standard couplings always provide small modifications of the SM contributions.

It is convenient to express the results of the measurement of the anomalous couplings
in terms of physical quantities. Five independent numbers are needed to parameterise the
couplings since one overall complex phase is not measurable. We take one of these numbers
to be the H — V'V interaction rate; the remaining four real numbers parameterise ratios
of couplings and their relative phases. We find it convenient to use effective fractions of
events defined as

|gi’20'i
= , 7.2
Joi = 14 o1 ¥ 19,20 + 1930 (7.2)

to parameterise coupling ratios. The phases are defined as ¢4; = arg (g;/g1). The advantage
of introducing fractions fg; is that, for fixed tensorial structure of the HVV vertex, they are
invariant under independent re-scalings of all couplings. The parameter fy4 is particularly
of interest as it is the fraction of a CP-odd contribution to the total production cross section
of a Higgs boson with the assumption go = 0. For the ease of comparison with CMS studies,
we will use fu2 and f,3 instead of fy2 and fy4, respectively. To compare with the sensitivities
in other experiments with different mQZ*, such as the H — ZZ — 4f decay in the LHC
experiments where mz- is significantly less than the value in the Z* — ZH at the CEPC
dec dec

collider, we also define f55¢ and fi5¢ values correspond to cross sections defined in decay
H—=VV.

7.2 Kinematics in the ete™ — Z* — ZH process

At the eTe™ collider, three types of observables can be used to measure tensor couplings of
the Higgs bosons.

1. Cross sections, especially their dependences on virtualities of weak bosons [102-104],
as shown in Figure 26 for the eTe™ — Z* — ZH process. The threshold behaviour for
Vs < 250 GeV of the cross sections ete™ — Z* — X Z has been suggested as a useful
observable to determine the spin of the new boson [105]. Similarly, in a mixed CP-
case, the dependence of eTe™ — ZH cross section on the energy of the collision will

JEP = 01+ case as seen in Figure 26. Therefore, a measurement

differ from a pure
of the cross section at several different energies will give us useful information about
anomalous HV'V couplings. However this feature is not included in this study as we
assume a single value of the collision energy for the Higgs boson productions at the

CEPC collider.
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Figure 26. Left: Cross sections for eTe™ — Z* — ZX process as a function of /s for three
models: SM Higgs boson (07, solid), scalar with higher-dimension operators (0;, short-dashed), and
pseudoscalar (07, long-dashed). All cross sections are normalised to SM value at /s = 250 GeV.
Right: Higgs production and decay at the e*e™ or pp collider with ete™(qq) — Z* — ZH — (+{~bb
as shown in the parton collision frame. Right:

2. Angular distributions for the angles defined in Figure 26. Examples of such distri-
butions with different H — V'V couplings are shown in Figure 27, where numeric
simulation is compared with analytical predictions as in Ref [94].

3. Angular distributions or other observables that are sensitive to interference between
CP-even and CP-odd couplings. Examples include forward-backward asymmetry with
respect to cos )y or cosfy and non-trivial phase in the ® distributions shown in Fig-
ure 27. Such asymmetries require undefined CP to appear; as the result, CP violation
would follow as an unambiguous interpretation e.g. once the forward-backward asym-
metry is observed.

To get the most optimal sensitivity, it is important to employ all available observables
described above and not limit oneself to CP-specific ones, such as inferences.

7.3 Expected signal and backgrounds

Productions and decays of the Higgs bosons at the CEPC collider are simulated with the
JHU generator [95, 96|, a dedicated Monte Carlo program, that incorporates all the anoma-
lous couplings, spin correlations, interference of all contributing amplitudes.

The number of signal events are calculated using SM Higgs boson cross sections and
branching fractions from Ref. [24]. We assume only small contributions of anomalous cou-
plings which would not change this number significantly. The cross section ratios for
the g2 and g4 terms where g1 = 0,g402) = 1 compared to the SM contribution where
g1 = 0,92 = g4 = 0 are calculated with the JHU generator to be oy(9)/sigma; = 8.07(34.1).
We apply simple acceptance selections on the two muons pr(u) > 5 GeV, n(u) < 2.4. As
the angular variables do not rely on the Higgs boson decay products, there is no selection
on the b jets. After acceptance selections, the number of signal events is estimated to be
8 events per fb~!. The effective number of background events is estimated to be 10% of
the number of signal events and is modelled with the ete™ — ZZ — ¢T¢~bb process in
Madgraph.
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Figure 27. Distributions of the observables in the eTe™ — ZH — ({7¢7)H analysis at /s =
250 GeV, from left to right: cosf;, cosfy, and ®. Points show simulated events and lines show
projections of analytical distributions. Four scenarios are shown: SM scalar (0T, red open circles),
pseudoscalar (07, blue diamonds), and two mixed states corresponding to f,3 = 0.5 with ¢u3 = 0
(green squares) and 7/2 (magenta points). In all cases we choose fq,2 = 0.

7.4 Analysis methods

The H — ZZ anomalous couplings can be measured by performing a multi-dimensional fit
to match observed kinematic distributions in various processes to theory predictions. Theo-
retical input to the fit involves real parameters such as for example E = {fa2s a2, fa3s Pa3s -}
in Eq. (7.2) which, once known, can be used to derive the couplings. To set up a fit process,
we follow Ref. |95] and introduce the likelihood function for N candidate events

N
L = exp (—ngig — moig) [ | (nsig X Pig (&5 €) + Nbig ¥ Pbkg(fz')> ; (7.3)
(2
where ngjg is the number of signal events, npye is the number of background events, and
P(Zs; E ) is the probability density function for signal or background. Each candidate event
i is characterised by a set of kinematic observables such as Z; = {€2}; as defined in Fig. 26 or
matrix element likelihood ratios Dy- and Dep as in Ref [94]. The number of observables and
free parameters can be extended or reduced, depending on the desired fit. In this analysis
we explore the full three-dimensional fit based on the analytical predictions that have been
validated using simulation. The background probability density function is modelled from
simulation.
The non-uniform reconstruction efficiency are modelled with the acceptance function
G which enters the Pgi; characterisation and is given by the step-function

G(ma,m2, ) = [T 0(nmax| — lme(ma, ma, D)),
l

where 7, = Incot(0y/2) is the pseudorapidity of a lepton and |ngmnax| is the maximal pseu-
dorapidity in reconstruction. We also assume that the detection efficiency does not change
within the detector acceptance, otherwise G is multiplied by the non-uniform function.
Several thousand statistically-independent experiments are generated and fitted to es-
timate the sensitivity to f,2 and f,3, defined as the smallest values that can be measured
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dec

with 30 away from 0. We then convert these values in terms of the parameters fg5¢

3 to
compare with the sensitivities from other experiments. Figure 28 shows precision on f,5 and
fa3 obtained with generated experiments. As can be seen there, the expected sensitivity
for f,3 is 0.007, which translates to very different constraints on f¢ of 1.3 x 1074, This is
because the m2Z* in the Z* — ZH process at the CEPC collider is much higher than the
value in H — ZZ* decays, leading to much larger cross-section ratio o4/0;. And therefore
measuring a similar fraction of events caused by the pseudoscalar anomalous couplings at
higher m2z* value means a sensitivity to a smaller value of g4. Similarly the expected sen-
sitivity for fuo is 0.018, which translates to very different sensitivity for fgfc of 2 x 107
for the same consideration as in the f,3. We also confirm that precision on f,3 does not
change significantly if ¢,3 is either floated or kept fixed provided that the measured value
of fu3 is at least 30 away from zero. A simultaneous fit of f,2 and f,3 can also performed

with the 68% and 95% confidence level contours shown in Figure 28.

7.5 Summary and Conclusions

The expected sensitivity to the anomalous couplings in the Z* — ZH process has been
estimated the CEPC collider, assuming 5ab™" at Vs =250 GeV. The fggc parameter, also
refereed to as fcop, is defined as the CP-odd cross section fraction in the H — ZZ decays
is of particular interest. In the presence of new physics continuations from pseudoscalars,
values as small as fop ~ 1.3 x 1074 in can be discovered at 3o level at the CEPC collider,
a factor of 3 smaller compared to the ultimate sensitivity from HL-LHC experiments as
shown in Ref [94]. Higher order corrections or in the presence of new physics contributions,
dec

values as small as f3¢ ~ 2 x 107 can be measured at 30 level, a factor of 300 better than
the current best estimate using the H — ZZ — 4{ decays in the HL-LHC experiments.
Note that in this analysis, signal kinematics can be reconstructed inclusively by tagging
Z — (70~ decay and using energy-momentum constraints. The H — bb decays are only
used to estimate the number of signal and background events. Further improvements can
be achieved by exploring kinematics in the H — bb decays, considering other Z decay
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final states, and combining with the overall cross-section dependence of the signal with a
threshold scan in 4/s.

8 Implications

In this section, we briefly discuss the most important physics implications of the Higgs
measurements at the CEPC. The measurements of the Higgs boson properties are essential
to the understanding of the nature of electroweak symmetry breaking, which remains to be
a central and open question in the Standard Model. In the SM, it is parameterized by the
so-called “Mexican Hat” Higgs potential,

1 A
V(H) = —5u?[H + JIHI, (5.1)

with the vacuum expectation value (VEV) of the Higgs field spontaneously breaking the
SU(2)., x U(1)y gauge symmetry down to U(1)em, and generating masses for the W and
Z bosons. With the measurements of the Fermi constant (from muon decay) and the Higgs
boson mass, the two parameters in Eq. 8.1, 42 and A, are determined to very good precisions,
and thus the SM Higgs potential is fully determined. However, we would like to emphasize
that this simplicity is somewhat misleading, as our knowledge of the electroweak symmetry
breaking is far from complete. First of all, even though the values of these parameters
can be fixed by the experimental measurement, the SM does not contain an explanation
of their sizes, and in particular why the electroweak scale appears to be many orders of
magnitude smaller than the Planck scale. Further more, the Mexican Hat potential as well
as the SM itself are model assumptions which needs to be explicitly tested by experiments
before they are established to be correct. In this section, we will focus on the potential of
using precision measurement of Higgs properties at the CEPC to address these important
questions.

8.1 Naturalness of the electroweak scale

An important question associated with the electroweak symmetry breaking is naturalness.
It arises from the need to explain the presence of the weak scale Ayeax ~ 102 GeV in terms
of a more fundamental theory. New physics is necessarily involved in such a theory, as the
SM itself could not answer this question. There are many new physics models which can
potentially answer this question. However, a key question for any model of electroweak
symmetry breaking, regardless of the model details, is what the scale of new physics is.
For instance, if the new physics is the quantum gravity scale, Mpianac = 101 GeV, then an
immediate question is how to explain the 17 orders of magnitude difference between it and
the electroweak scale. This is often denoted as the naturalness/hierarchy/fine-tuning prob-
lem. More generally, the weak scale in any such model can be expressed using dimensional
analysis as

A2

weak

~ 61M12 + C2M22 + ..., (82)

where M; ~ Myp are the scale of new physics. They are typically the masses of the new
physics particles. The ¢; are numerical coefficients that depend on the details of the model.
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However, we do note expect them to be very different from order one. Therefore, a large
and precise cancellation is needed if Myp > Agw, with the level of tuning proportional
to MI%P. The discovery of the spin-zero Higgs boson deepens this mystery. While it is
possible to generate a large cancellation by imposing symmetries instead of tuning — one
well-known example is the chiral symmetry which protects the masses of the light fermions
from receiving large quantum corrections — there is no obvious symmetry that protects the
mass of the Higgs boson if it is an elementary scalar particle. To avoid an excessive amount
of fine tuning in the theory, the new physics cannot be too heavy, and should preferably be
below the TeV scale. This is the main argument for TeV new physics based on naturalness.
Searching for new physics which leads to a natural electroweak symmetry breaking has
been and will continue to be a main part of the physics program at the LHC. Looking for
signals from the direct production of the new physics particles, the LHC will probe the
new physics scale up to a few TeV. At the same time, as we will show below, the precision
measurements at the CEPC can provide competitive reaches, and has the potential of
probing significant higher new physics scales for many scenarios. In addition, the reach of
the LHC searches has a strong dependence on the production and decay modes of the new
physics particles. The measurements at the CEPC thus provides crucial complementary
information and can cover some scenarios that the LHC has difficulties to probe. Indeed,
the precision measurement of the Higgs couplings offers a very robust way of probing new
physics related to electroweak symmetry breaking. Any such new physics would necessarily
contain particles with sizable couplings to the Higgs boson, which leave their imprints in
the Higgs couplings. Such a model independent handle is of crucial importance, given the
possibility that the new physics could simply be missed by the LHC searches designed based
on our wrong expectations of it.
In the following, we demonstrate the potential of probing new physics in several broad
classes of models which can address the naturalness of the electroweak symmetry breaking.
One obvious idea is that the Higgs boson is a composite particle instead of an elementary
one. After all, many composite light scalars already exist in nature, such as the QCD
mesons. The composite Higgs can thus be regarded as a close analogy of the QCD mesons.
A light Higgs boson can be naturally obtained if it is implemented as a pseudo-Nambu-
Goldstone boson with new dynamics at scale f. Its physics can be described be a chiral
Lagrangian similar to that of the low energy QCD. The explicit breaking comes from the
couplings which are responsible for the SM fermion masses, and the SM gauge couplings.
In this case, the Higgs boson would not unitarize the WW scattering amplitude completely,
and its coupling to W and Z will be shifted by (only true in minimal models?)
02
Rw, Rz = 1-— P (83)
Therefore, the measurement of k7 provides a strong and robust constraint on f. Taking the
results of the 10-parameter fit in Table 10, a precision of 0.21% on kz implies that values
of f below 2.7GeV are excluded at 95% CL. For specific models, an even stronger bound
on f, up to around 57TeV, can be obtained by exploiting also its contributions to other
Higgs couplings [107|. The masses of the composite resonances are given by m, ~ gpf,
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Figure 29. Limits on the composite Higgs model from both direct searches at the LHC and
precision measurement at the CEPC. Is this reproduced from Ref. [106]7 (needs to be updated)

where g, is the coupling of the new strong interaction, with a size typically much larger
than one. This indicates that the CEPC has the potential to probe composite resonance
scales much above 10 TeV, which is far beyond the reach of the LHC direct searches. The
Higgs measurements at the CEPC thus provides a strong and robust test of the idea of
naturalness in the composite Higgs models.

Due to the large Higgs boson coupling to the top quark, arguably the most important
particle in addressing the naturalness problem is the top partner. For example, in super-
symmetric models (SUSY), the particle mainly responsible for stabilizing the electroweak
scale is the scalar top, . The presence of stop will modify the Higgs couplings via a loop
contribution, which is most notable for the Hgg and H~~y couplings since they are also
generated at one-loop order in the SM. The dominant effect is on the Hgg coupling,

kg — 1~ —. (8.4)

The measurement of x4 at the CEPC, up to 1% accuracy, will allow us to probe stop mass
up to 900 GeV [108, 109]. The situation is also very similar for non-SUSY models with
fermionic top partners, with the bounds on the top partner mass being even stronger than
the stop one [109]. The more detailed exclusion region in the top partner parameter space
is presented in Fig. 30 for both scenarios. This gives us another important handle to test
the idea of naturalness. We note that, in favorable cases, the search of stop at the LHC
run 2 can set a stronger limit on the stop mass. However, this limit depends strongly on
the assumption of the mass spectrum of the other superpartners, as well as the relevant
decay modes of the stop. As a result, there will still be significant gaps remaining in the
parameter space after the upcoming runs of the LHC, and even very light stops cannot be
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Figure 31. Left: The fractional deviation of oz, at the Higgs factory in the scalar singlet
top partner model with the HTH qﬁi ¢ interaction, reproduced from Ref. [110]. Right: Projected
constraints in the folded stop mass plane from the H~~v coupling measurements at HL-LHC and
CEPC, reproduced from Ref. [108]. The dot-dashed red contours indicates the fine-tuning in the
Higgs mass from the quadratic sensitivity to stop soft terms.

completely excluded. On the other hand, the measurement of the Hgg coupling offers a
complementary way of probing the stop that is independent of the decay modes of the stop.

It is also possible that the top partner does not have the same SM gauge quantum
numbers as the top quark. A particularly interesting possibility is that the top partner is a
SM singlet. In such scenarios, it is very difficult to search for the top partner at the LHC. It
is nontrivial to construct models with SM-singlet top partners that resolve the fine-tuning
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Figure 32. A schematic drawing illustrating the question of the nature of the electroweak phase
transition. Left: Our current knowledge of the Higgs potential. Right: Based on our current
knowledge, we could not distinguish the SM Mexican Hat potential from an alternative one with

more wiggles.

problem of the electroweak scale [111, 112]. Nevertheless, they offer an extreme example
that new physics with a scale of a few hundred GeVs could still be alive after the current and
future LHC runs. However, as mentioned earlier, any model that addresses the electroweak
naturalness problem would inevitably contain sizable couplings to the Higgs boson. The
Higgs coupling measurements at the CEPC thus offer an ideal way of testing this type of
models, which is very important for making robust arguments on the naturalness problem.
As an example, we consider a scalar top partner ¢; with its only interaction to the SM fields
given by HTH QSI ¢¢ [110, 113]. This interaction contributes to the Higgs propagator at one-
loop level, and induces a universal shift to all Higgs couplings. The precise measurement
of the inclusive HZ cross section imposes a strong constraint on xz and provides the best
reach on the mass of the top partner, mg. As we can see from the left panel of Fig. 31,
the CEPC will be able to probe mg up to around 700 GeV, giving an non-trivial test of
naturalness even in this very difficult scenario. A more concrete model is the so-called
“folded SUSY”, in which the top partners are scalars analogous to the stops in SUSY. The
projected constraints in the folded stop mass plane is shown on in the right panel of Fig. 31,
which are at least around 350 GeV for both stops.

8.2 Electroweak phase transition

The measurement of the properties of the Higgs boson at the LHC has been consistent with
the SM so far. At the same time, the nature of the electroweak phase transition remains
unknown. While we have a very good knowledge of the sizes of the electroweak VEV and
the Higgs mass, they only allows us to uncover a small region of the Higgs potential near
the vacuum, and the global picture of the Higgs potential is largely undetermined. This
is shown schematically in Fig 32. The remaining region of the Higgs potential is difficult
to probe, even with an upgraded LHC. Meanwhile, it has important consequences on the
early universe cosmology and the understanding of our observable world. For example, it is
crucial in determining whether the electroweak phase transition is of first order or second
one. The nature of the electroweak phase transition can also be relevant for the matter
anti-matter asymmetry in the Universe, as a large class of models of baryogenesis rely on a
first order electroweak phase transition. The CEPC has the capability of probing many of
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Figure 33. The deviation in the Higgs boson self-coupling in a generic singlet model that could
produce first order electroweak phase transition, reproduced from Ref. [114]. Black dots are points
where the phase transition is of first order. gi11 is the triple Higgs boson coupling.

these models and potentially revealing the nature of the electroweak phase transition and
the origin of baryogenesis.

It is well known that, under the assumption of a minimal Higgs potential and the
Higgs sector of the SM, the electroweak phase transition is of second order. New physics
with sizable couplings to the Higgs boson are needed to make the phase transition a first
order one. The measurement of the triple Higgs coupling offers an ideal testing ground for
these new physics models. Being the third derivative, it carries more information about
the global shape of the Higgs potential than the mass. It can also be determined to a
reasonable precision at the future colliders, unlike the quartic Higgs coupling. Indeed, most
models with first order electroweak phase transition predict a triple Higgs coupling with
large deviations from the SM prediction. This is demonstrated with a simple example in
Fig 33, which shows the deviation in the Higgs boson self-coupling for a generic singlet
model. For the model points that produces a first order phase transition, the value of triple
Higgs coupling indeed covers a wide range and can be different from the SM prediction by
up to 100%.

The CEPC could probe the triple Higgs coupling via its loop contributions to single
Higgs processes. As pointed out in Section 6.3, it will have a limited reach in the most
general scenario where all Higgs couplings are allowed to deviate from SM values. An
additional run at 350 GeV helps improve the reach, while a direct measurement using the
double-Higgs processes would have to wait for a future proton proton collider, or a lepton
collider running at much higher energies. However, it should be noted that the model inde-
pendent approach in Section 6.3 makes no assumption on any possible connection between
the triple Higgs coupling and other couplings. In practice, to induce large deviation in triple
Higgs coupling requires the new physics to be close to the weak scale, while the presence of
such new physics will most likely induce deviations in other Higgs couplings as well, such
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as the couplings to the electroweak gauge bosons. Without some symmetry or fine tuning,
both deviations are expected to come in at the order of v?/MZp. Such deviations can be
probed very well at lepton colliders.
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Figure 34. (a) Induced |H|% couplings after integrating out the singlet. (b) Induced wavefunction
renormalization of the Higgs, |[HTOH|?.

We will now demonstrate this in the context of models. Instead of a comprehensive
survey, we will focus here on some of the simplest possibilities which are also difficult to
probe. The minimal model that has been well studied in this class introduces an additional
singlet scalar which couples to the Higgs boson [114-119]. The general potential of the
Higgs boson and the new scalar S is

1 A -
V(H,S) = §u2|H|2 + Z|H|4 +m252 + aS|H > + kS H|? + bS53 + \gS™. (8.5)

After integrating out the singlet, it will generate an |H|% interaction (shown in panel (a) in
Fig. 34), which, after electroweak symmetry breaking, leads to a modification of the triple
Higgs coupling on the order of v?/ m% At the same time, it will also generate the operator
|HTOH|?. This leads to a wave function renormalization, which gives rises to universal
shift of the Higgs couplings. In particular, the modification of the HZZ coupling is also
of order ~ v? /m% We thus expect xz, which is constrained within 0.25% even with the
inclusive HZ measurement alone, to provide the best constraining power on this model.
This is explicitly verified with a scan in the model parameter space, shown in Fig. 35. The
model points with a first order phase transition are projected on the plane of the HZZ
and triple Higgs couplings. Indeed, for model points with a large deviation in the triple
Higgs coupling, a sizable deviation in the HZZ coupling is also present. In this model,
constraining power of the HZZ coupling measurement at CEPC is almost the same as the
triple Higgs coupling measurement at a future 100 TeV hadron collider. A more detailed
view of the parameter space of the real singlet model is presented in Fig. 36. In addition to
the deviations in o(HZ) at CEPC, the sensitivities of the current and future electroweak
precision tests are also presented [? |. The o(H Z) measurement, with a projected precision
of 0.5%, indeed provides the best sensitivity in this scenario. We thus conclude that CEPC
has an excellent coverage in the full model space that gives a first order electroweak phase
transition.
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Figure 36. The parameter sapce compatible with a strong first order phase transition (green region)
and the deviations in o(H Z) (dashed red contours) in the real singlet scalar model, reproduced from
Ref. [? ]. The solid blue region is excluded by current EW and Higgs data, and the region with
dashed blue lines can be probed by the CEPC Z-pole run.

A more restricted scenario, in which a discrete Zy symmetry is imposed on the singlet,
has also been considered [115, 119]. It is significantly more difficult to achieve a first order
electroweak phase transition in this scenario, since the singlet could only modify the Higgs
potential at loop levels. To produce the same level of deviation in the Higgs potential, a
much stronger coupling between the Higgs boson and the singlet is required, which often
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Figure 37. Deviations in the triple Higgs, o (H Z) and H~~ couplings in models with Z; symmetry.
In each plot, the dashed orange lines are contours of constant deviations in the corresponding quan-
tity, the solid black lines are contours of constant electroweak phase transition strength parameter
¢ (not defined in the text...), and the shaded region is excluded for producing a color-breaking
vacuum. The figures are reproduced from Ref. [115]. T checked with the original paper and the 2nd
plot is indeed o(H Z), not £z. The plot label is very confusing...

exceeds the limits imposed by the requirement of perturbativity. For the same reason, the
expected loop induced deviation in the triple Higgs coupling is also generically smaller in
this case, and is about 10 —15%, as shown in Fig. 37(a). Even in this difficult case, we see in
Fig. 37(b) that the expected deviation of the cross section o(H Z) is about 0.6%. Therefore,
the CEPC will see the first evidence of new physics even in this very difficult case. In the
more general classes of models, the new physics which modifies the Higgs boson coupling
could carry other SM gauge quantum numbers, such as electric charge and/or color. In
such cases, there will be significant modifications to the Hgg and H~~ couplings. One such
example is shown in Fig. 37(c), with a 6% deviation in the H~v coupling expected in order
to obtain a first order phase transition. As shown in Table 10, the combination of CEPC
and HL-LHC measurements could constrain . to a precision of 1.7%, and would test this
scenario with a sensitivity of more than three standard deviations.

In general, the newly discovered Higgs particle could serve as a gateway to new physics.
One generic form of the Higgs boson coupling to new physics is the so-called Higgs portal,
HTHOyp, where Onp is an operator composed out of new physics fields. Since HH is
the lowest dimensional operator that is consistent with all the symmetries in the Standard
Model, it is easy to construct scenarios in which such Higgs portal couplings are the most
relevant ones for the low energy phenomenology of new physics. The singlet extended Higgs
sector and the scalar top partner, discussed earlier, are special examples of this scenario.
In general, the Higgs portal interactions will shift the Higgs boson couplings, and can be
thoroughly tested at the CEPC. Moreover, if the new physics is lighter than my /2, the
Higgs portal coupling will lead to new Higgs decay channels. We have already seen in
Section 6.5 that the CEPC has an excellent capability of probing such exotic decays, and
could cover a vast range of decay signals.
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9 Conclusion

The Higgs boson is responsible for the electroweak symmetry breaking. It is the only
fundamental scalar particle in the Standard Model observed so far. The discovery of such a
particle at the LHC is a major breakthrough on both theoretical and experimental fronts.
However, the Standard Model is likely only an effective theory at the electroweak scale.
To explore potential new physics at the electroweak scale and beyond, complementary
approaches of direct searches at the energy frontier as well as precision measurements will
be needed. The current LHC and the planned HL-LHC have the potential to significantly
extend its new physics reach and to measure many of the Higgs boson couplings with
precision of a few percents.

However, many new physics models predict Higgs boson coupling deviations at the sub-
percent level, beyond those achievable at the LHC. The CEPC complements the LHC and
will be able to study the properties of the Higgs boson in great details with unprecedented
precision. Therefore it is capable of unveiling the true nature of this particle. At the CEPC,
most Higgs boson couplings can be measured with precision at a sub-percent level. More
importantly, the CEPC will able to measure many of the key Higgs boson properties such
as the total width and decay branching ratios model independently, greatly enhancing the
coverage of new physics searches. Furthermore, the clean event environment of the CEPC
will allow the detailed study of known decay modes and the identification of potential
unknown decay modes that are impractical to test at the LHC.

This paper provides a snapshot of the current studies, many of them are ongoing
and more analyses are needed to fully understand the physics potential of the CEPC.
Nevertheless, the results presented here have already built a strong case for the CEPC as a
Higgs factory. The CEPC has the potential to “undress” the Higgs boson as what the LEP
has done to the Z boson, and shed light on new physics.
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