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Abstract: 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, lepton collider based Higgs factories have been proposed as a pos-

sible next step beyond the LHC, with its main goal to precisely measure the properties of the Higgs boson and probe

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 e'e circular collider proposed by and to be hosted in China. Located

in a tunnel of approximately 100 km in circumference, it will operate at a center-of-mass energy of 240 GeV as the

Higgs factory. In this paper, we present the first estimates on the precision of the Higgs boson property measure-

ments achievable at the CEPC and discuss implications of these measurements.

Keywords: CEPC, Higgs boson, Higgs boson properties, Higgs boson couplings, Higgs factory, effective field the-

ory, EFT
PACS: 13.66.Fg

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 [3-9]. While the SM
has been remarkably successful in describing experiment-
al phenomena, it is important to recognize that it is not a
complete theory. In particular, it does not predict the
parameters in the Higgs potential, such as the Higgs bo-
son 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 bo-
son, 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
(BSM). Therefore, the Higgs boson discovery marks the
beginning of a new era of theoretical and experimental
explorations.

DOI: 10.1088/1674-1137/43/4/043002

A physics program of the precision measurements of
the Higgs boson properties will be a critical component of
any road map for high energy physics in the coming dec-
ades. 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

V2

o=c——, 1

"y v
where v and Myp are the vacuum expectation value of the
Higgs field and the typical mass scale of new physics, re-
spectively. The size of the proportionality constant ¢ de-
pends on the model, but it should not be much larger than
O(1). The high-luminosity LHC (HL-LHC) will measure
the Higgs boson couplings to about 5% [10,11]. At the
same time, the LHC will directly search for new physics
from a few hundreds of GeV to at least one TeV. Eq. (1)
implies that probing new physics significantly beyond the
LHC reach would require the measurements of the Higgs
boson couplings at least at percent level accuracy. To
achieve such precision will need new facilities, a lepton
collider operating as a Higgs factory is a natural next step.
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The Circular Electron-Positron Collider (CEPC) [12],
proposed by the Chinese particle physics community, is
one of such possible facilities. The CEPC will be placed
in a tunnel with a circumference of approximately 100 km
and will operate at a center-of-mass energy of +/s ~ 240
GeV, near the maximum of the Higgs boson production
cross section through the e*e™ — ZH process. At the
CEPC, in contrast to the LHC, Higgs boson candidates
can be identified through a technique known as the recoil
mass method without tagging its decays. Therefore, the
Higgs boson production can be disentangled from its de-
cay in a model independent way. Moreover, the cleaner
environment at a lepton collider allows much better ex-
clusive measurements of Higgs boson decay channels.
All of these give the CEPC an impressive reach in prob-
ing Higgs boson properties. With the expected integrated
luminosity of 5.6ab™!, 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%, more than a factor of 10 better than
the HL-LHC [10,11]. Such a precise measurement gives
the CEPC unprecedented reach into interesting new phys-
ics scenarios which are difficult to probe at the LHC. The
CEPC also has strong capability in detecting Higgs bo-
son invisible decay. It is sensitive to the invisible decay
branching ratio down to 0.3%. In addition, it is expected
to have good sensitivities to exotic decay channels which
are swamped by backgrounds at the LHC. It is also im-
portant to stress that an e*e~ Higgs factory can perform
model independent measurement of the Higgs boson
width. This unique feature in turn allows for the 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 organ-
ized as follows: Section 2 briefly summarizes the collider
and detector performance parameters assumed for the
studies. Section 3 gives an overview of relevant e*e™ col-
lision processes and Monte Carlo simulations. Sections 4
and 5 describe inclusive and exclusive Higgs boson
measurements. Section 6 discusses the combined analys-
is to extract Higgs boson production and decay proper-
ties. Section 7 interprets the results in the coupling and
effective theory frameworks. Section 8 estimates the
reaches in the test of Higgs boson spin/CP properties and
in constraining the exotic decays of the Higgs boson
based on previously published phenomenological studies.
Finally the implications of all these measurements are
discussed in Section 9.

2 CEPC detector concept

2.1 The CEPC operating scenarios
The CEPC is designed to operate as a Higgs factory at

Vs =240 GeV and as a Z factory at v/s =91.2 GeV. It will
also perform WW threshold scans around /s = 160 GeV.
Table 1 shows potential CEPC operating scenarios and
the expected numbers of H, W and Z bosons produced in
these scenarios.

Table 1. CEPC operating scenarios and the numbers of Higgs, W and
Z bosons produced. The integrated luminosity and the event yields
assume two interaction points. The ranges of luminosities and the Z
yield of the Z factory operation correspond to detector solenoid field
of 3 and 2 Tesla.

operation mode Z factory ~ WW threshold Higgs factory

Vs/GeV 91.2 160 240
run time/y 2 1 7
lumin(;;listtya/r(lie(l)r;i?rlrsrz ¢y 1632 10 3
integrated luminosity/(ab™") 8-16 2.6 5.6
Higgs boson yield - - 10°
W boson yield - 10’ 10°
Z boson yield 10'-102 10° 10°

The CEPC operation as a Higgs factory will run for 7
years and produce a total of 1 million Higgs bosons with two
interaction points. Meanwhile, approximately 100 milli-
on W bosons and 1 billion Z bosons will also be produced
in this operation. These large samples of W and Z bosons
will allow for in-situ detector characterization as well as
for the precise measurements of electroweak parameters.

Running at the WW threshold around +/s = 160 GeV,
107 W bosons will be produced in one year. Similarly run-
ning at the Z pole around +/s = 91.2 GeV (the Z factory),
CEPC will produce 10''-10'2 Z bosons. These large
samples will enable high precision measurements of the
electroweak observables such as A%B, Ry, the Z boson
line-shape parameters, the mass and width of the W bo-
son. An order of magnitude or more improvement in the
precision of these observables are foreseen.

2.2 Conceptual detector design

The primary physics objective of the CEPC is the pre-
cise determination of the Higgs boson properties. There-
fore CEPC detectors must be able to reconstruct and
identify all key physics objects that the Higgs bosons are
produced with or decay into with high efficiency, purity
and accuracy. These objects include charged leptons,
photons, jets, missing energy and missing momentum.
Moreover, the flavor tagging of jets, such as those from b,
¢ and light quarks or gluons, are crucial for identifying
the hadronic decays of the Higgs bosons. The detector re-
quirements for the electroweak and flavor physics are
similar. One notable additional requirement is the identi-
fication of charged particles such as 7* and g* for the fla-
vor physics program.
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Using the International Large Detector (ILD) [13,14]
as a reference, a particle flow oriented conceptual detect-
or design, CEPC-v1 (see Fig. 1), has been developed for
the CEPC. A detailed description of the CEPC-v1 detect-
or can be found in Ref. [15]. Originally developed for the
LEP experiments [16,17], particle flow is a proven
concept for event reconstruction [18-21], based on the
principle of reconstructing all visible final-state particles
in the most sensitive detector subsystem. Specifically, a
particle-flow algorithm reconstructs charged particles in
the tracking system, measures photons in the electromag-
netic calorimeter and neutral hadrons in both electromag-
netic and hadronic calorimeters. Physics objects are then
identified or reconstructed from this list of final state
particles. Particle flow reconstruction provides a coher-
ent interpretation of an entire physics event and, there-
fore, is particularly well suited for the identification of
composite physics objects such as the 7 leptons and jets.

Fig. 1. (color online) Conceptual CEPC detector, CEPC-v1,
implemented in MOKKA [22] and GEANT 4 [23]. It is
comprised of a silicon vertexing and tracking system of
both pixel and strips geometry, a Time-Projection-Cham-
ber tracker, a high granularity calorimeter system, a solen-
oid of 3.5 Tesla magnetic field, and a muon detector em-
bedded in a magnetic field return yoke.

The particle-flow algorithm requires good spatial sep-
arations of calorimeter showers induced by different fi-
nal state particles for their reconstruction. It is imperative
to minimize the amount of material before the calorimet-
er to reduce the uncertainty induced by the nuclear inter-
actions and Bremsstrahlung radiations. Therefore, a high
granularity calorimeter system and low material tracking
system are implemented in the CEPC-vl detector
concept. The tracking system consists of silicon vertex-
ing and tracking detectors as well as a Time Projection
Chamber (TPC). The calorimetry system is based on the

sampling technology with absorber/active-medium com-
bination of Tungsten-Silicon for the electromagnetic
calorimeter (ECAL) and Iron-Resistive Plate Chamber
(RPC) for the hadronic calorimeter (HCAL). The calori-
meters are segmented at about 1 channel/cm’, three or-
ders of magnitude finer than those of the LHC detectors.
Both the tracking and the calorimeter system are housed
inside a solenoid of 3.5 Tesla magnetic field. The CEPC-
vl detector has a sophisticated machine-detector inter-
face with an 1.5-meter L” (the distance between the inter-
action point and the final focusing quadrupole magnet) to
accommodate the high design luminosity. Table 2 shows
the geometric parameters and the benchmark detector
subsystem performance of the CEPC-vl detector. A
schematic of the detector is shown in Fig. 2.

Table 2. Basic parameters and performance of the CEPC-v1 detector.
The radiation length (Xo) and the nuclear interaction length (1) are
measured at the normal incidence. The cell sizes are for transverse
readout sensors and the layer numbers are for longitudinal active
readouts. The 6 is the track polar angle.

tracking system
vertex detector 6 pixel layers

Silicon tracker 3 barrel layers, 6 forward disks on each side

time projection chamber 220 radial readouts
calorimetry
ECAL W/Si,24X0,5%5 mm’cell with 30 layers
HCAL Fe/RPC,64,10x10 mm’ cell with 40 layers
performance

track momentum resolution A(1/ pr) ~2x1073(1/GeV)
impact parameter resolution 5um@® 10um/[(p/GeV) (sin6)3/3]

ECAL energy resolution  AE/E ~16%/VE/GeV®1%
HCAL energy resolution  AE/E ~60%/VE/GeV®1%

T 7240 mm
Yoke/Muon

| Yoke/Muon| HCal QDO . CalIP
6983 mm 4143 mm 2350 mm

Fig. 2. (color online) The layout of one quarter of the CEPC-
v1 detector concept.

1) Unless otherwise noted, leptons refer to electrons and muons or their antiparticles thereafter, i.e. £ = e, u.
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2.3 Object reconstruction and identification

A dedicated particle flow reconstruction toolkit, AR-
BOR [19], has been developed for the CEPC-v1 detector.
Inspired by the tree structure of particle showers, AR-
BOR attempts to reconstruct every visible final state
particle. Figure 3 illustrates a simulated e*e™ —» ZH —
qgbb event as reconstructed by the ARBOR algorithm.
The algorithm's performance for leptons, photons and jets
are briefly summarized here. More details can be found in
Refs. [24,25].

DRUID, RunNum = 0, EventNum = 5401

:,ﬂ'?zth :"“ =N
. ?y "H: S
; » X Illﬂ S H R
I o
JI 'l t b H{?
n . /*«ﬁt

Fig. 3. (color online) A simulated e*e™ — ZH — gg bb event
reconstructed with the ARBOR algorithm. Different types
of reconstructed final state particles are represented in dif-
ferent colors.

0.08 — —
| CEPC2018 1
- wH, Houu 4
> —CEPC Simulation
© 0.06 |- —
w)
g L |
= L i
.g | ]
0.04 (— -
B |
=
<
< - i
0.02 — —
T 1 | L —_—
122 123 124 125 126 127
M, (GeV)
(a)

Fig. 4.
e*e” — ZH process with the Z — vv decay. The M+,

2.3.1 Leptons and Photons

Leptons (¢) are fundamental for the measurements of
the Higgs boson properties at the CEPC. About 7% of the
Higgs bosons are produced in association with a pair of
leptons through the e*e™ — ZH — £*¢~ H process. These
events allow for the identifications of Higgs bosons us-
ing the recoil mass information and therefore enable the
measurement of the ZH production cross section and the
Higgs boson mass. Moreover, a significant fraction of
Higgs bosons decay into final states with leptons indir-
ectly through the leptonic decays of the W or Z bosons as
well as the 7 leptons. These leptons serve as signatures
for identifying different Higgs boson decay modes.

A lepton identification algorithm, LICH [26], has
been developed and integrated into ARBOR. Efficiencies
close to 99.9% for identifying electrons and muons with
energies above 2 GeV have been achieved while the mis-
identification probabilities from hadrons are limited to be
less than 1%. The CEPC-vl tracking system provides an
excellent momentum resolution that is about ten times
better than those of the LEP and LHC detectors. The
good resolution is illustrated in the narrow invariant mass
distribution of the muon pairs from the H — u*u~ decays
as shown in Fig. 4(a).

Photons are essential for the studies of H — yy and
H — Zy decays. They are also important for the recon-
struction and measurements of 7 leptons and jets. The
H — yy decay is an ideal process to characterize the
photon performance of the CEPC-vl1. Figure 4(b) shows
the invariant mass distribution of the photon pairs from
the H — yy decays.

CEPC 2018
0.10 wH, H—yy
—CEPC Simulation

0.05

Arbitrary Units/0.8 GeV

L ol T A | I L

70 80 90 100 110 120 130 140 150
M, (GeV)

(b)

Simulated invariant mass distributions of (a) muon pairs from H — p*u~ and (b) photon pairs from H — yy, both from the
- distribution is fit with a Gaussian core plus a small low-mass tail from the

Bremsstrahlung radiation. The Gaussian has a width of 0.2 GeV, corresponding to a relative mass resolution of 0.16%. The M,, dis-

tribution is described well by a Crystal Ball function with a width of 3.1 GeV, corresponding to a relative mass resolution of 2.5%.
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2.3.2 Jets

Approximately 70% of Higgs bosons decay directly
into jets (bb,c¢,gg) and an additional 22% decay indir-
ectly into final states with jets through the H - WW*,ZZ*
cascades. Therefore, efficient jet reconstruction and pre-
cise measurements of their momenta are pre-requisite for
a precision Higgs physics program. In ARBOR, jets are
reconstructed using the Durham algorithm [27]. As a
demonstration of the CEPC-v1 jet performance, Fig. 5
shows the reconstructed dijet invariant mass distributions
of the W — ¢g, Z— qg and H — bb/ct/gg decays from
the ZZ — vvqq, WW — tvqg and ZH — vv(bb/ct/gg) pro-
cesses, respectively. Compared with W — ¢g, the Z — g
and H — bb/ct/gg distributions have long low-mass tails,
resulting from the heavy-flavor jets in these decays. The
jet energy resolution is expected to be between 3—5% for
the jet energy range relevant at the CEPC. This resolu-
tion is approximately 2—4 times better than those of the
LHC experiments [28,29]. The dijet mass resolution for
the W and Z bosons is approximately 4.4%, which allows
for an average separation of 20 or better of the the had-
ronically decaying W and Z bosons.

L T T T
L CEPC 2018 D 27vag
| CEPC —vl
0.015F r WWolvgq

% |: ZH—-viqq
3
3 I
S 0.010 .
2 [
)
2
£
£
< 0.005 <

60 80 100 140 160
M; (GeV)

Fig. 5. (color online) Distributions of the reconstructed dijet
invariant mass for the W — ¢g, Z — gg and H — bb/cc/gg de-
cays from, respectively, the WW — ¢vqg, ZZ — vvqg and
ZH — vw(bb/c¢/gg) processes. All distributions are normal-

ized to unit area.

Jets originating from heavy flavors (b- or c-quarks)
are tagged using the LCFIPlus algorithm [30]. The al-
gorithm combines information from the secondary vertex,
jet mass, number of leptons etc to construct b-jet and c-jet
discriminating variables. The tagging performance char-
acterized using the Z — ¢g decays from the Z factory op-

eration is shown in Fig. 6. For an inclusive Z — ¢g
sample, b-jets can be tagged with an efficiency of 80% and
a purity of 90% while the corresponding efficiency and
purity for tagging c-jets are 60% and 60%, respectively.

—_—,————————————r
1.0 |- =
0.8 - =

20.6 =
w
045 CEPC 2018
L CEPC - vl
= ¢ background
0.2 . = qbackground
PR E—— " !

0.4 0.5 0.6 0.7 0.8 0.9 1.0

€,
sig

Fig. 6. (color online) Efficiency for tagging b-jets vs rejec-
tion for light-jet background (blue) and c-jet background
(red), determined from an inclusive Z — ¢g sample from the
Z factory operation.

2.4 Ongoing optimization

The CEPC-v1 detector design is used as the reference
detector for the studies summarized in this paper. A series
of optimizations have been performed meanwhile, aim-
ing to reduce power consumption and construction cost
and to improve the machine-detector interface while min-
imizing the impact on Higgs boson physics. An updated
detector concept, CEPC-v4, has thus been developed. The
CEPC-v4 has a smaller solenoidal field of 3 Tesla” and a
reduced calorimeter dimensions along with fewer readout
channels. In particular, the ECAL readout senor size is
changed from 5x5 mm’ to 10x 10 mm’. A new Time-of-
Flight measurement capability is added to improve the
flavor physics potential.

The weaker magnetic field degrades momentum res-
olution for charged particles by 14%, which translates
directly into a degraded muon momentum resolution. The
impact on other physics objects such as electrons,
photons and jets are estimated to be small as the track
momentum resolution is not a dominant factor for their
performance. In parallel with the detector optimization,
the accelerator design has chosen 240 GeV as the nomin-
al center-of-mass energy for the Higgs factory. However,
the simulation of CEPC-v1 assumes +/s = 250 GeV. The

1) For the Z factory operation, the magnetic field may be reduced further to 2 Tesla to reduce the beam-field coupling and therefore achieve higher instantaneous lu-

minosity.
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estimated precision of Higgs boson property measure-
ments for CEPC-v1 operating at 250 GeV are therefore
extrapolated to obtain those for CEPC-v4 at +/s =240
GeV, as discussed Section 6.2.

3 Theory and Monte Carlo samples

3.1 Higgs boson production and decay

Production processes for a 125 GeV SM Higgs boson
at the CEPC operating at +/s~240-250 GeV are
ete” - ZH (ZH associate production or Higgsstrahlung),
ete” - v, v, H (W fusion) and e*e™ — e*e”H (Z fusion) as
illustrated in Fig. 7. In the following, the W and Z fusion

(®)
Feynman diagrams of the Higgs boson production processes at the CEPC: (a) ete” — ZH, (b) ete” — v, 7.H and (c)

Fig. 7.

ete” > ete H.

30—
i | — fo  CEPC2018
L | — ZH
250 — WW fusion
[ 77 fusion
200 |- ]
i Total
£ 150 |-
S L
100 [
50 e'e—vvH (WW fusion)

300 350 400
VS (GeV)

Fig. 8. (color online) Production cross sections of
ete” — ZH and ete” —(ete”/vv)H as functions of +/s for a
125 GeV SM Higgs boson. The vertical indicates +/s =250
GeV, the energy assumed for most of the studies summar-
ized in this paper.

200 250

processes are collectively referred to as vector-boson fu-
sion (VBF) production.

The SM Higgs boson production cross sections as
functions of center-of-mass energy are shown in Fig. &,
assuming that the mass of the Higgs boson is 125 GeV.
Similarly, the Higgs boson decay branching ratios and
total width are shown in Table 3. As an s-channel pro-
cess, the cross section of the e*e™ — ZH process reaches
its maximum at +/s~250 GeV, and then decreases
asymptotically as 1/s. The VBF process proceeds through
t-channel exchange of vector bosons and its cross section
increases logarithmically as lnz(s/M%,). Because of the
small neutral-current Zee coupling, the VBF cross sec-
tion is dominated by the ¥ fusion process.

Table 3.  Standard model predictions of the decay branching ratios
and total width of a 125 GeV Higgs boson [31-33]. The quoted un-
certainties include contributions from both theoretical and paramet-

ric sources.

decay mode branching ratio relative uncertainty
H — bb 57.7% +3.2%, —3.3%
H—cc 2.91% +12%, —12%
H—- 1t 6.32% +5.7%, =5.7%
H— utu 2.19x10" +6.0%, —5.9%
H— Ww* 21.5% +4.3%, —4.2%
H—Z77" 2.64% +4.3%, —4.2%
H—yy 2.28x10° +5.0%, —4.9%
H—Zy 1.53x10° +9.0%, —8.8%
H— gg 8.57% +10%, —10%
'y 4.07 MeV +4.0%, —4.0%

Numerical values of these cross sections at /s = 250
GeV are listed in Table 4. Because of the interference ef-
fectsbetweenete™ —» ZHandete™ — v.v.H forthe Z — v, v,
decay and between ete” — ZH and ete” — e*e H for the
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Table 4. Cross sections of the Higgs boson production and other SM
processes at /s =250 GeV and numbers of events expected in 5.6
ab”. Note that there are interferences between the same final states
from different processes after the 7 or Z boson decays, see text.
With the exception of the Bhabha process, the cross sections are cal-
culated using the Whizard program [34]. The Bhabha cross section
is calculated using the BABAYAGA event generator [35] requiring
final-state particles to have |cos6| < 0.99. Photons, if any, are re-
quired to have £y > 0.1 GeV and |cos 6+, | < 0.99.

. . E
process cross section  events in 5.6 ab

Higgs boson production, cross section in fb

ete” - ZH 204.7 1.15x 106
ete” - v, v.H 6.85 3.84%x 104
ete” > ete H 0.63 3.53%10°
total 212.1 1.19x 106
background processes, cross section in pb
e*e” — e*e” (y)(Bhabha) 850 4.5%10°
ete” - qq(y) 50.2 2.8x108
ete” = ptu (lorrtt ()] 4.40 2.5%107
etem > WW 15.4 8.6% 107
ete” > 72 1.03 5.8x 109
ete” —»ete Z 4.73 2.7x107
ete” - etvyW Je yWT 5.14 2.9%107

Z — e*e” decay, the cross sections of these processes can-
not be separated. The breakdowns in Fig. 8 and Table 4
are for illustration only. The e*e™ — ZH cross section
shown is from Fig. 7(a) only whereas the ete™ — v, 7. H
and e*e” — eTe”H cross sections include contributions
from their interferences with the e*e™ — ZH process.

The CEPC as a Higgs boson factory is designed to de-
liver a combined integrated luminosity of 5.6ab™! to two
detectors in 7 years. Over 10° Higgs boson events will be
produced during this period. The large statistics, well-
defined event kinematics and clean collision environ-
ment will enable the CEPC to measure the 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. In contrast to had-
ron collisions, e*e™ collisions are unaffected by underly-
ing events and pile-up effects. Theoretical calculations
are less dependent on higher order QCD radiative correc-
tions. Therefore, more precise tests of theoretical predic-
tions can be performed at the CEPC. The tagging of
e"e” — ZH events using the recoil mass method (see Sec-
tion 4), independent of the Higgs boson decay, is unique
to lepton colliders. It provides a powerful tool to perform
model-independent measurements of the inclusive
e*e” — ZH production cross section, o(ZH), and of the
Higgs boson decay branching ratios. Combinations of

these measurements will allow for the determination of
the total Higgs boson decay width and the extraction of
the Higgs boson couplings to fermions and vector bosons.
These measurements will provide sensitive probes to po-
tential new physics beyond the SM.

3.2 Background processes

Apart from the Higgs boson production, other SM
processes include e*e” — e*e” (Bhabha scattering),
e*e” — Zy (initial-state radiation return), ete™ - WW/ZZ
(diboson) as well as the single boson production of
ete wete Zand ete” — etvW~ /e vW. Their cross sec-
tions and expected numbers of events for an integrated lu-
minosity of 5.6ab™! at /s = 250 GeV are shown in Table 4
as well. The energy dependence of the cross sections for
these and the Higgs boson production processes are
shown in Fig. 9. Note that many of these processes can
lead to identical final states and thus can interfere. For ex-
ample, efe” - ety W™ - e*v,e v, and efe” s ete™Z >
ete v,v, have the same final state after the decays of the
W or Z bosons. Unless otherwise noted, these processes
are simulated together to take into account interference
effects for the studies presented in this paper. The break-
downs shown in the table and figure assume stable # and
Z bosons, and thus are, therefore, for illustration only.

Along with 1.2 x 10° Higgs boson events, 5.8 x 10° ZZ,

: lO]I
107
: 1010
10°
- 10° 2
-~ F o
£t 8
© 103? é
i 106 2
i 10¢
107!
100 200 300 400
\5 (GeV)
Fig. 9. (color online) Cross sections of main SM processes

of e*e™ collisions as functions of center-of-mass energy +s
obtained from the Whizard program [34]. The calculations
include initial-state radiation (ISR). The W and Z fusion
processes refer to e*e™ — viH and e*e™ — e*e” H production,
respectively. Their numerical values at /s = 250 GeV can be
found in Table 4.
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8.6x 107 WIW and 2.8 x 10® gg(y) events will be produced.
Though these events are backgrounds to Higgs boson
events, they are important for the calibration and charac-
terization of the detector performance and for the meas-
urements of electroweak parameters.

3.3 Event generation and simulation

The following software tools have been used to gen-
erate events, simulate detector responses and reconstruct
simulated events. A full set of SM samples, including
both the Higgs boson signal and SM background events,
are generated with WHIZARD [34]. The generated
events are then processed with MokkaC [22], the official
CEPC simulation software based on the framework used
for ILC studies [36]. Limited by computing resources,
background samples are often pre-selected with loose
generator-level requirements or processed with fast simu-
lation tools.

All Higgs boson signal samples and part of the lead-
ing background samples are processed with Geant4 [23]
based full detector simulation and reconstruction. The
rest of backgrounds are simulated with a dedicated fast
simulation tool, where the detector acceptance, effi-
ciency, intrinsic resolution for different physics objects
are parametrized. Samples simulated for ILC studies [37]
are used for cross checks of some studies.

4 Higgs boson tagging using recoil mass

Perhaps the most striking difference between hadron-
hadron and e*e” collisions is that electrons are funda-
mental particles whereas hadrons are composite. Con-
sequently the energy of e*e™ collisions is known. There-
fore through conservation laws, the energy and mo-
mentum of a Higgs boson can be inferred from other
particles in an event without examining the Higgs boson
itself. For a Higgsstrahlung event where the Z boson de-
cays to a pair of visible fermions (ff), the mass of the sys-
tem 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:

Mieeon = (V5= Egp)! = plp = s =2 Ns+miy. (2)

Here, E¢¢, psr and myy are, respectively, the total energy,
momentum and invariant mass of the fermion pair. The
M.econ distribution should show a peak at the Higgs bo-
son mass my for e*e” —» ZH and e*e” — e*e”H pro-
cesses, 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 M.,y 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 if the Higgs
boson width is only 4.07 MeV as predicted in the SM.
The best precision of the mass measurement can be
achieved from the leptonic Z — £+¢~ (£ = e, ) decays. The
height of the resonance is proportional to the Higgs bo-
son production cross section o-(ZH )'). By fitting the Miecoil
spectrum, the e*e™ - ZH event yield, and therefore
o0(ZH), can be extracted, independent of the Higgs boson
decays. The Higgs boson branching ratios can then be de-
termined by studying Higgs boson decays in selected
e*e” —» ZH candidates. The recoil mass spectrum has
been investigated for both leptonic and hadronic Z boson
decays as presented below.

41 Z- <

The leptonic Z boson decay is ideal for studying the
recoil mass spectrum of the e*e™ — ZX events. The de-
cay is easily identifiable and the lepton momenta can be
precisely measured. Figure 10 shows the reconstructed
recoil mass spectra of e"e” — ZX candidates for the
Z -yt~ and Z — e*e” decay modes. 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 es-
sential for the measurement of the inclusive e*e™ — ZH
production cross section and the model-independent de-
termination of the Higgs boson branching ratios. The SM
processes with at least 2 leptons in their final states are
considered as backgrounds.

The event selection of the Z — u*u~ decay mode
starts with the requirement of a pair of identified muons
with opposite charges. Events must have the dimuon in-
variant mass in the range of 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 opening angle smaller than 175°. A Boosted
Decision Tree (BDT) technique is employed to enhance
the separation between signal and background events.
The BDT is trained using the invariant mass, transverse
momentum, polar angle and acollinearity of the dimuon
system. Leading background contributions after the selec-
tion are from ZZ, WW and Zy events. As shown in Fig.
10(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"u~ decay, the

1) For the Z — e* e~ decay, there will be a small contribution from the e*e~ — e*e™ H production.
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(color online) The inclusive recoil mass spectra of ete™ — ZX candidates for (a) Z — pu*u~ and (b) Z — e*e™. No attempt to

identify X is made. The markers and their uncertainties (too small to be visible) represent expectations from a CEPC dataset of
5.6ab~!, whereas the solid blue curves are the fit results. The dashed curves are the signal and background components.

analysis of the Z — eTe™ decay suffers from additional
and large background contributions from Bhabha scatter-
ing and single boson production. A cut based event selec-
tion is performed for the Z — e*e™ decay. The electron-
positron pair is required to have its invariant mass in the
range of 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 system, the
polar angles and the energies of the selected electron and
positron, are applied. Events from e*e™ —ete (y),
e vyW™ (e vW), ete”Z production are the dominant back-
grounds after the selection. The recoil mass distribution
of the selected events is shown in Fig. 10(b).

While event selections independent of the Higgs bo-
son decays are essential for the model-independent meas-
urement of o(ZH), additional selection criteria using the
Higgs boson decay information can, however, be applied
to improve the Higgs boson mass measurement. This will
be particularly effective in suppressing the large back-
grounds from Bhabha scattering and single W or Z boson
production for the analysis of the Z — e*e™ decay. These
improvements are not implemented in the current study.

4.2 Z-—>qq

The recoil mass technique can also be applied to the
hadronic Z boson decays (Z — ¢g) of the ete™ — ZX can-
didates. This analysis benefits from a larger Z — ¢g de-
cay branching ratio, but suffers from the fact that jet en-
ergy resolution is worse than the track momentum and
electromagnetic energy resolutions. In addition, ambigu-
ity in selecting jets from the Z — ¢g decay, particularly in
events with hadronic decays of the Higgs boson, can de-

grade the analysis performance and also introduce model-
dependence to the analysis. Therefore, the measurement
is highly dependent on the performance of the particle-
flow reconstruction and the jet clustering algorithm.

Following the same approach as the ILC study [38],
an analysis based on the fast simulation has been per-
formed. After the event selection, main backgrounds arise
from Zy and WW production. Compared with the lepton-
ic decays, the signal-to-background ratio is considerably
worse and the recoil mass resolution is significantly
poorer.

4.3 Measurements of o(ZH) and my

Both the inclusive e*e™ — ZH production cross sec-
tion o(ZH) and the Higgs boson mass my can be extrac-
ted from fits to the recoil mass distributions of the
efe” > Z+X - "¢ /qq+ X candidates. For the leptonic
Z — {*{~ decays, the recoil mass distribution of the sig-
nal process e*e~™ — ZH (and e*e™ — e*e” H in case of the
Z — e*e” decay) is modeled with a Crystal Ball function
[39] whereas the total background is modeled with a
polynomial function. As noted above, the recoil mass dis-
tribution is insensitive to the intrinsic Higgs boson width
should it be 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*u~ and Z — e*e” decay
modes, respectively. After combining all channels, an un-
certainty of 5.9 MeV can be achieved.

The process ee” - Z+X — gg+X contributes little
to the precision of the my measurement due to the poor
Z — qg mass resolution, but dominates the sensitivity of
the e"e™ — ZH cross section measurement because of the
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large statistics. A simple event counting analysis shows
that the expected relative precision on o-(ZH) is 0.61%. In
comparison, the corresponding relative precision from the
Z —e*e” and Z — utu~ decays is estimated to be 1.4%
and 0.9%, respectively. The combined relative precision
of the three measurements is 0.5%. Table 5 summarizes
the expected precision on my and o(ZH) from a CEPC
dataset of 5.6 ab .

Table 5. Estimated measurement precision for the Higgs boson mass
mpy and the ete™ — ZH production cross section o(ZH) from a
CEPC dataset of 5.6 ab™.

Z decay mode Ampy/MeV Ao(ZH)/o(ZH)
ete” 14 1.4%
wtu 6.5 0.9%

qq - 0.6%
combination 5.9 0.5%

5 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 e*e™ — ZH production process in particular, the can-
didate events can be tagged from the visible decays of the
Z bosons, the Higgs boson decays can then be probed by
studying the rest of the events. Simulation studies of the
CEPC baseline conceptual detector have been performed
for the Higgs boson decay modes of H — bb/c¢/gg,
H->WW* H—77*, H>Zy, H->t't, H—- u*u and
Higgs boson to invisible particles (H — inv). The large
number of the decay modes of the H, W and Z boson as
well as the r-lepton leads to a very rich variety of event
topologies. This complexity makes it impractical to in-
vestigate the full list of final states stemming from the
Higgs boson decays. Instead, a limited number of final
states of individual Higgs boson decay modes have been
considered. For some decay modes, the chosen final
states may not be the most sensitive ones, but are never-
theless representatives of the decay mode. In most cases,
the dominant backgrounds come from the SM diboson
production and the single Z production with the initial
and final state radiation.

The studies are optimized for the dominant ZH pro-
cess, however, the e*e™ — v.v,H and ete™ — e¢*e”H pro-
cesses are included whenever applicable. The production
cross sections of the individual decay modes, o(ZH) X BR,
are extracted. These measurements combined with the in-
clusive o(ZH) measurement discussed in Section 4, will
allow the determination of the Higgs boson decay branch-
ing ratios in a model-independent way.

In this section, the results of the current CEPC simu-

lation studies of different Higgs boson decay modes are
summarized. The studies are based on the CEPC-vl de-
tector concept and e*e” collisions at /s =250 GeV. The
expected relative precision from a CEPC dataset of 5.6
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 fea-
tures are presented. For the study of a specific Higgs bo-
son decay mode, the other decay modes of the Higgs bo-
son often contribute as well. Those contributions are
fixed to their SM expectations and are included as back-
grounds unless otherwise noted. However, for the com-
bination of all the decay modes under study, they are al-
lowed to vary within the constraints of the measurements
of those decays, see Section 6.

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

51 H —bb/cc/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%).
While the H — bb decay has recently been observed at
the LHC [40,41], the H — ¢¢ and H — gg decays are dif-
ficult, if not impossible, to be identified there due to large
backgrounds. In comparison, all these three decays can be
isolated and studied at the CEPC. The H — c¢ decay is
likely the only process for studying Higgs boson coup-
ling to the second-generation quarks at collider experi-
ments. The identification of H — bb/c¢/gg decays poses
critical challenges to the CEPC detector performance,
particularly the ability to tag b- and c-quark jets against
light-flavored jets (u,d,s,g). Thus they are good bench-
marks for the design and optimization of the jet flavor
tagging performance of the CEPC detector.

Studies are performed in detail for e*e™ — ZH pro-
duction with the leptonic decays of the Z bosons. The
contribution from the Z-fusion process of ete™ — e*e™H
is included in the e*e™ — ZH — e*e” H study. The analys-
is is based on full simulation for the Higgs boson signal
samples and fast simulation for the (*¢~¢g background
samples. After selecting two leading leptons with oppos-
ite 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 invari-
ant mass is required to be within 70—-110 GeV for the
e*e” channel and 81 -101 GeV for the p*u~ channel.
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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 require-
ment on the polar angle of the Higgs boson candidate,
|cosOy| < 0.8, is applied.

In order to identify the flavors of the two jets of the
Higgs boson candidate, variables Lg and L¢ are construc-
ted using information such as those from LCFIPlus jet
flavor tagging algorithm. The values of Lg (L¢) are close
to one if both jets are originated from b (c) quarks and are
close to zero if both have light-quark or gluon origins. An
unbinned maximum likelihood fit to the M ecoit, Lp and L¢
distributions of candidate events is used to extract the in-
dividual 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 M.y PDFs are modeled by Crystal
Ball functions [39] with small exponential tails. The
background PDF is taken as a sum of two components: a
background from Higgs boson decays to other final states
such as WW and ZZ, and a combinatorial background
from other sources, dominated by the e*e™ - ZZ — €£qg
production. The background from other Higgs boson de-
cay channels has the same M.,y PDF as the signals. The
Miecon distribution of the combinatorial background is
modeled by a second order polynomial. The PDFs of the
signal Lp and L¢ distributions are described by two di-
mensional histograms, taken from the MC simulated
events. The Lg and L distributions of both background
components are modeled by 2-dimensional histogram
PDFs based on the MC simulation. The dilepton recoil
mass distributions of the simulated data and the fit res-
ults are shown in Fig. 11(a,b). The estimated relative stat-
istical precision of the measurements of o(ZH)XxBR
(H — bb/cc/gg) are listed in Table 6.

Table 6 also includes the results of the Z — vv and
Z — qq decays. For the Z — gg 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 — c¢¢ and H — gg decays.
As for the Z — vv 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 statistic-
ally 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. 11(c,d)
forZ — ggand Z — vv.

Combining all Z boson decay modes studied, a relat-
ive statistical precision for o(ZH)xBR of 0.3%, 3.3%
and 1.3% can be achieved for the H — bb, c¢ and gg de-
cays, respectively.

52 H-ww*

For a 125 GeV SM Higgs boson, the H —» WW* de-
cay has the second largest branching ratio of 21.5% [33].
The sensitivity of the o(ZH)xBR(H —» WW*) measure-
ment is estimated by combining results from the studies
of a few selected final states (Table 7) of the H » WW*
decay of ZH production. SM diboson production is the
main background source in all cases.

For Z — ¢*¢~, the H—> WW* decay final states stud-
ied are ¢v¢’v and ¢vqq. The ZH candidate events are selec-
ted by requiring the dilepton invariant mass in the range
of 80—100 GeV and their recoil mass in 120—-150 GeV.
For Z — vy, the ¢vqq and qgqq final states are considered
for the H - WW* decay. The presence of neutrinos in the
event results in large missing mass, which is required to
be in the range of 75-140 (75-150) GeV for the ¢vgg
(9gqq) final state. The total visible mass of the event must
be in the range of 100—150 GeV for both ¢vqg and ¢gqq
final states. In addition, the total transverse momentum of
the visible particles must be in the range of 20—-80 GeV.
Additional requirements are applied to improve the sig-
nal-background separations. For Z —gg, the H —
WW* - qgqq decay is studied. Candidate events are re-
constructed into 6 jets. Jets from Z — gg, W — gg and
H— WW* - ¢gqq decays are selected by minimizing the
x? of their mass differences to the masses of Z, W and H
boson. Figure 12 shows the visible and missing mass dis-
tributions after the selection of the Z— vy and
H — WW* — ggqq final state.

The relative precision on o(ZH) X BR(H —» WW*) from
the decay final states studied is summarized in Table 7.

The combination of these decay final states leads to a
precision of 0.9%. This is likely a conservative estimate
as many of the final states of the H —» WW* decay remain
to be explored. Including these missing final states will
no doubt improve the precision.

53 H-Z77*

The H — ZZz* decay has a branching ratio 2.64% [33]
for a 125 GeV Higgs boson in the SM. Events from
ee” —» ZH production with the H — Zz* decay have
three Z bosons in their final states with one of them be-
ing off-shell. Z bosons can decay to all lepton and quark
flavors, with the exception of the top quark. Con-
sequently, the e*e™ — ZH — ZZZ"* process has a very rich
variety of topologies.

Studies are performed for a few selected ZH final
states: Z—ou*u~ and H—>ZZ* —>vvgg, Z—vv and
H — ZZ* — ("¢ qq. The W and Z boson fusion processes,
ete” > ete"H and ete” — vvH, are included in the
Z(e*e™)H and Z(vv)H studies assuming their SM values
for the production rates. For the final states studied, the
SM ZZ production is the main background. For Z — u*u~
and H — ZZ* — vvqq, the muon pairs must have their in-
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(color online) ZH production with H — bb/cc/gg: the recoil mass distributions of (a) Z — e*e™ and (b) Z — p*u~; the dijet mass

distributions of Higgs boson candidates for (c) Z — ¢g and (d)Z — vv. The markers and their uncertainties represent expectations from

a CEPC dataset of 5.6ab~! whereas the solid blue curves are the fit results. The dashed curves are the signal and background compon-

ents. Contributions from other decays of the Higgs boson are included in the background.

Table 6. Expected relative precision on o(ZH)xBR for the
H — bb, c¢ and gg decays from a CEPC dataset of 5.6ab™".

Table 7. Expected relative precision on the o(ZH) x BR(H —» WW*)
measurement from a CEPC dataset of 5.6ab™.

Z decay mode H — bb H—cc H— gg ZH final state precision
Z—>ete” 1.3% 12.8% 6.8% Z—ete H— WW* = tvl'v, tvqq 2.6%
Z->utu 1.0% 9.4% 4.9% Z->putu H— WW* — tvl'v, tvqq 2.4%

Z—qq 0.5% 10.6% 3.5% Z—-vy H— WW* —= {vqq,9G9q 1.5%
Z vy 0.4% 3.7% 1.4% Z—qq H— WW* - qgqq 1.7%
combination 0.3% 3.1% 1.2% combination 0.9%

variant masses between 80 —100 GeV, recoil masses
between 120-160 GeV and transverse momenta larger
than 10 GeV. The jet pairs of the Z* — ¢gg decay candid-

ates are required to have their invariant masses in the
range of 10-38 GeV. Figure 13(a) shows the recoil mass
distribution of Z — u*u~ after the selection. The back-
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(color online) ZH production with Z — v¥ and H - WW* — ggqg: distributions of (a) the visible mass and (b) the missing mass

of selected events. The markers and their uncertainties represent the expected number of events in a CEPC dataset of 5.6ab™!, where-
as the solid blue curves are the fit results. The dashed curves are the signal and background components. Contributions from other

decays of the Higgs boson are included in the background.
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(color online) ZH production with 7 — zz*: a) the recoil mass distributio