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Abstract: This paper presents the prospects of measuring o(e*e™ — ZH) X Br(H — vyy) in three Z decay channels
Z — qq/u*u” /vy using the baseline detector with /s = 240GeV at the Circular Electron Positron Collider (CEPC).
Simulated Monte Carlo events were generated and scaled to an integrated luminosity of 5.6 ab ' to mimic the data.

Extrapolated results to 20 ab ' are also reported. The expected statistical precision of these measurements after com-

bining three channels of Z boson decay was 7.7%. With some preliminary estimation on the systematical uncertain-

ties, the total precision is 7.9%. The performance of the CEPC electro-magnetic calorimeter (ECAL) was studied by

smearing the photon energy resolution in simulated events in the ete™ — ZH — ggyy channel. In the present ECAL

design, the stochastic term in resolution plays the dominant role in the precision of Higgs measurements in the

H — vy channel. The impact of the resolution on the measured precision of 0(ZH) X Br(ZH — qgyy) as well as the

optimization of the ECAL constant and stochastic terms were studied for further detector design.
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I. INTRODUCTION

In 2012, the ATLAS and CMS collaboration an-
nounced the discovery of the Higgs Boson at the Large
Hadron Collider (LHC) [1, 2]. In the following years,
precise measurements of Higgs properties became one of
the main goals in particle physics, aiming to answer the
remaining basic questions in nature and find new physics.
For this purpose, hadron colliders such as the LHC may
not be the best choice owing to the large amount of back-
ground processes and corresponding lower ratio between
the signals and backgrounds. Instead, a lepton collider
can provide a cleaner experiment environment and well-
known initial states, which is crucial for high precision
studies to find hints of new physics. Thus, several future
lepton collider experiments have been proposed, includ-
ing the International Linear Collider (ILC) [3], Circular
Electron Positron Collider (CEPC) [4], Future Circular
Collider e*e~ (FCC-ee) [5], and Compact Linear Col-
lider (CLIC) [6].

The CEPC was designed to be a circular lepton col-
lider hosted in a tunnel with a circumference of 100 km

and operate at a center of mass energy +/s =240 GeV as a
Higgs factory. After a 10 year running period, the CEPC
will collect 5.6 ab ' data, corresponding to more than one
million Higgs bosons. With this clean and large Higgs
sample, the precision of the measurements of Higgs prop-
erties is expected to be enhanced by one order of mag-
nitude with respect to the LHC precision [7].

The Higgs boson interacts with a photon through the
top quark and massive boson loops. This mechanism im-
plies a low H — yy branching ratio in the Standard Mod-
el (SM) but also makes it a good channel to test new
physics beyond the SM. Besides, high energy photons
from the Higgs boson decay can be identified and meas-
ured well experimentally. Thus, this channel also serves
as a good benchmark for the performance of the electro-
magnetic calorimeter (ECAL) study. Current measure-
ments of the inclusive Higgs boson signal strength in the
diphoton channel in the LHC are 1.047%10 in ATLAS [8]

-0.09

and 1.03*)48 in CMS [9], according to the pp collision
data collected by ATLAS and CMS from 2015 to 2018.
These results are consistent with the SM prediction and

present precision. In the HL-LHC period, the ATLAS is

Received 13 September 2022; Accepted 9 December 2022; Published online 10 December 2022
* Supported by the IHEP Innovative Project on Sciences and Technologies (E2545AU210)

" E-mail: guofangyi@ihep.ac.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP’ and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

043002-1


http://orcid.org/0000-0002-3864-9257
http://orcid.org/0000-0001-8630-6585

Fangyi Guo, Yaquan Fang, Gang Li et al.

Chin. Phys. C 47, 043002 (2023)

expected to collect 3 ab ' data. The projected precision of
the H — yy measurements ranges from 6% to 4% de-
pending on different considerations concerning systemat-
ic uncertainties S1 or S2 reported in [10]. Combined with
CMS, a precision of 2.5% can be reached in the optimist-
ic systematic scenario S2.

A previous analysis studied the expected Higgs preci-
sion in various Higgs decay channels [7] including
H — yy. A precision of 6.8% is expected for the meas-
urement of o(ZH)xBr(H — yy) with the CEPC-v4 con-
ceptual detector. However, this result is based on fast
simulation of Monte Carlo samples and cut-based analys-
is method. In a recent study [11], the CEPC accelerator
study group updated the radiation power, resulting in an
increase of the instantaneous luminosity of 66%. Based
on this update, a new nominal data-taking scenario was
proposed. It aims at ten years of data collected at +/s =
240 GeV with two interaction points (IPs), accumulating
an integrated luminosity of 20 ab' Higgs data [12].
Moreover, a new conceptual detector design is also ongo-
ing. A homogeneous ECAL is considered to replace the
previous silicon-tungsten sampling calorimeter [12—14].
Thus, it is worth revisiting the H — yy process with the
latest benchmark and investigating the impact from lar-
ger statistics and the new detector.

This paper is organized as follows. Section II briefly
introduces the CEPC detector and simulated Monte-Carlo
samples used in this analysis. Section III presents the ob-
ject reconstructions and event selections. Section IV de-
scribes the MVA method developed in this study. Sec-
tion V analyzes the signal and background models. The
results are summarized in Sec. VI. In Sec. VII, we invest-
igate how these results can be influenced by the CEPC
ECAL resolution, which can provide guidelines for de-
tector optimization. The conclusions are drawn in Sec.
IX.

II. CEPC DETECTOR AND MONTE-CARLO
SIMULATION

The CEPC detector was designed to accomplish the
physics goal that all final states can be identified and re-
constructed with high resolution. The baseline detector
concept is based on the particle flow approach (PFA) idea
[15]. It comprises a precise vertex detector, a Time Pro-
jection Chamber (TPC), a silicon tracker, a high granular-
ity Silicon-Tungsten sampling ECAL, and a GRPC-based
high granularity hadronic calorimeter (HCAL). The
whole system is embedded in a 3 Tesla magnetic field.
The outermost part of the detector is a muon chamber.
Further details can be found in Ref. [4].

The Higgs production mechanisms at the CEPC are
Higgs-strahlung e*e™ — ZH, W/Z fusion e*e” — vwH,
and e*e” — eTe H, as illustrated in Fig. 1. In this analys-
is, Higgs production via ZH process decaying to di-

photon final state ete™ — ZH — ffyy at /s =240 GeV
is considered the dominant signal. It is further divided in-
to three sub-channels, depending on Z decaying to ¢g,
utu~, and vv. The Z — e*e™ channel is dismissed owing
to the well-known extremely large Bhabha background.
Likewise, the Z — "7~ channel is dismissed because of
the complexity of r identification. The W/Z fusion pro-
cess is considered in the ZH, Z — vv sub-channel. The
only considered background process is the 2-fermion
background e*e” — ff in CEPC with at least two
photons from the initial and final state radiations. The
Higgs resonant background, 4-fermion processes, and
possible reducible background in the experiments are ex-
pected to be negligible. These SM physical processes are
generated with Whizard [16] at leading order (LO) inter-
faced with Pythia 6 [17] for parton showering and had-
ronization, and parameters based on Large Electron
Positron Collider (LEP) [18] data. Initial state radiation
(ISR) and final state radiation (FSR) effects are taken in-
to account. The total energy spread caused by beam-
strahlung and synchrotron radiation was studied through
Monte-Carlo simulation and determined to be 0.1629% at
CEPC [19]. Table 1 lists the cross sections of physical
processes and MC sample statistics used in the analysis.

(b)
Feynman diagrams of the Higgs boson production

Fig. 1.
processes at the CEPC: (a) ete™

ete” - ete H.

—ZH, (b) e*e” — vvH, and (c)

Table 1. Cross sections and simulated MC sample statistics.
In the ggyy and u*u~yy channels, ZH is the only process con-
sidered, and in the v#yy channel, both ZH Z — inv. and W/Z fu-
sion processes are considered.

Process o statistics

qqyy sub-channel
0.31 fb 100 k
54.1 pb 20 M

ete” - ZH — qqyy
efe” —qq
1t~ yy sub-channel
0.15 fb 100 k
5.3 pb 20M

efe” = ZH — ptpyy
ete” - utu”
yvyy sub-channel
ete” > ZH — vy
7 0.11 fb 100 k
ete” — vwH — vvyy

54.1 pb 20M

ete” - vy
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Event yields were normalized to 5.6 ab . Details on the
configurations can be found in Ref. [20].

The simulations of the detector configuration and re-
sponse were conducted with MokkaPlus [21], a GEANT4
[22] based framework. The full detector simulation was
performed for signal processing only. The background
processes were simulated by smearing the truth particles
with the parameterized detector resolution and efficiency
to save computing resources.

III. OBJECT RECONSTRUCTION AND EVENT
SELECTION

The CEPC follows the PFA scheme for event recon-
struction, with a dedicated tookit ARBOR [23, 24]. The
tracks are first reconstructed with the hits in the tracking
detector by the Clupatra module [25]. Then, ARBOR col-
lects the tracks from Clupatra and hits in the calorimeter,
and composes the Particle Flow Objects (PFOs) using
clustering and matching modules. These PFOs are identi-
fied as charged particles, photons, neutral hadrons, and
unassociated fragments. With this approach, a photon is
identified in ARBOR with the shower shape variables ob-
tained from the high granularity calorimeter, without any
matched tracks. Converted photons are not considered
yet; they amount to 5%—10% in the central region and
25% in the forward region [4]. The lepton (e*,u*) is
defined by a track-matched particle. A likelihood-based
algorithm, namely LICH [26], is implemented in AR-
BOR to separate electrons, muons, and hadrons. Jets are
formed from the particles reconstructed by ARBOR with
the Durham clustering algorithm [27] after excluding the
particles of interest. The jet energy is currently calibrated
using MC simulation, but it is foreseen to be re-calib-
rated with physical events such as W — ¢g and/or Z — ¢g
in CEPC. No flavor tagging approach was used in this
analysis for simplicity.

The event selections are applied to improve the sig-
nal significance and background modeling. Individual
strategies are considered in the three sub-channels de-
pending on the topology of the physical process. In the
ZH — vvyy channel, two photons are required inclus-
ively in the final state. In the ZH — u*u~yy channel, the
two leading photons and two muons are exclusively se-
lected, requiring a veto of other particles, with the miss-
ing energy Emissing and missing mass Mpigsing l€ss than 10
GeV and the invariant mass of the muon pair close to the
Z boson mass.

In the ZH — ggyy channel, two leading photons are
first selected, and other particles are reconstructed into
two jets using the Durham algorithm. Some dedicated
cuts are applied on the kinematic variables of these final
state objects as listed in Tables 2, 3, 4, along with the fi-
nal efficiency and expected event yields.

Table 2.
the ggyy channel. y1(y2) is defined as the photon with lower

Selection criteria and corresponding efficiencies in

(higher) energy, cosf,,(cos6;;) is the polar angle of the di-
photon (di-jet) system, and min|cos6, ;| is the minimum cos6 of
the photon-jet pairs.

Selections Higgs signal qgyy background
Exclusive 2 jets and 2 photons 85.56% 69.57%
E, > 25GeV 100.00% 235%
E,» €[35,95] GeV 98.37% 35.33%
cos By, >—0.95 95.20% 68.01%
cosf;; >-0.95 90.86% 85.54%
pTy1 >20 GeV 93.42% 56.94%
pTy2 >30 GeV 93.25% 54.54%
my, €[110,140] GeV 97.50% 21.14%
E,y > 120 GeV 99.47% 98.41%
min|cosf,;| < 0.9 71.67% 48.05%
Total eff 44.08% 0.01%
Yields in 5.6 ab " 766.64 26849.38

Table 3. Selection criteria and corresponding efficiencies in
the p*p~yy channel. y1(y2) is defined as the photon with lower
(higher) energy; M is the recoil mass of the di-photon sys-
tem in CEPC v5=240GeV: (M)’ = (V5-Ey) - p2, =
§—2E,, \s+ miy.

Selections Higgs signal ;= yy background
Exclusive 2 muons and 2 photons 70.18% 5.18%
E, >35GeV 99.21% 8.39%
[cos6,] < 0.9 83.79% 38.14%
pT,1 €[10,70] GeV 99.84% 86.30%
pTy2 €130,100] GeV 99.96% 95.59%
ny, €[110,140] GeV 98.08% 37.62%
M;eycoil € [85,105] GeV 80.12% 21.29%
E,, €[125,145] GeV 99.88% 95.86%
Total eff 45.69% 0.01%
Yields in 5.6 ab ' 39.32 2662.77

IV. MVA-BASED ANALYSIS

The Multi-Variate Analysis (MVA) method is em-
ployed to further suppress the background. It exploits ma-
chine learning (ML) techniques to combine the separa-
tion power from several variables into a unique variable.
In this study, we chose the Gradient Boosted Decision
Tree (BDTG) method and TMVA toolkit [28]. For each
sub-channel, the ZH and two fermion processes were con-
sidered as the signal and background for the BDTG. All
events from MC were separated into two sets for 2-fold
validation [29] to avoid the risk of overtraining. The fol-
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Table 4. Selection criteria and corresponding efficiencies in
the vvyy channel. Mpigine is the missing mass calculated from
the total visible objects.

Selections Higgs signal vyy background
Inclusive 2 photons 85.51% 0.34%
Eyy > 30 GeV 99.81% 20.13%
[cos6,| < 0.8 70.48% 11.56%
pTy > GeV 99.97% 99.26%
Mpissing > 60 GeV 98.17% 99.71%
my, €[110,140] GeV 97.51% 22.86%
E,, €[120,150] GeV 99.16% 99.58%
Total eff 57.08% 0.002%
Yields in 5.6 ab ' 335.89 3640.20

lowing principles were considered while constructing the
input variables for BDTG:

e The basic information is the Lorentz vector of the
final state particles. This includes the momentum (P),
transverse momentum (py), energy (F), polar angle
(cos®), and recoil mass for photons, fermions, and sys-
tems; AP, AE, AD, Acos6, AR for two objects or systems;
and the missing mass Mp;ssing -

® The separation <52> defined in Eq. (1) is used to

e To ensure the application of the 2D model de-
scribed in Sec. V, which requires an assumption of inde-
pendence between the BDTG response and m,,, the con-
structed variable should have a low linear correlation
with my,: |Corr,_,, | <30%.

e To reduce the training redundance, the linear correl-
ation between any two variables should be small:
|Corr,;_,»| < 40%. The one with lower separation power is
removed.

Tables 5-7 lists the selected variables along with their
definition and (S2) for BDTG. Their distributions can be
found in Appendix A (Figs. Al, A3, AS5). The ROC
curves and distributions of the trained BDTG are also
shown in Appendix A (Figs. A2, A4, A6).

V. SIGNAL AND BACKGROUND MODELS

The Higgs signal is extracted by fitting m,, and the
shape of the BDTG responses. The resonant peak above a
smooth m,, distribution for the background at around the
Higgs mass (125 GeV) can be reconstructed through the
excellent calorimeter energy resolution in CEPC. The sig-
nal m,, distribution is fitted with a Double Side Crystal
Ball (DSCB) function:

) L ) e /2, if —aiow <1< anig
quantify the discrimination power between signal and L
. . _'70 low
background of a given variable, where y represents the e if 1< —a
. . . . N ~ > ow
discriminating variable, and $5(y) and $,(y) are the corres- 1 R N N n
ponding probability distribution function of the variable /() =NX || R = low ™ Tlow
for signal and background samples, respectively. e 2% .
, 1if 1> apy
1 Tlhign high
2 R Qhigh +1
f Gs0) =) ;o ) [ Rogn ( high — Qhigh )
Vs +In(y)
Table 5. Input variables for BDTG in theggyy channel.
Variable Definition Separation
pTy1 Transverse momentum of the sub-leading photon 0.209
cos by Polar angle of the leading photon 0.197
Ad,, Azimuthal angle between two photons 0.147
minARy ; Minimum AR between one of the two photons and one of the jets 0.054
Ej Energy of the sub-leading jet 0.041
AD,yy ;i Azimuthal angle between the diphoton and dijet system 0.033
pTp Transverse momentum of the leading jet 0.032
cosfj Polar angle of the sub-leading jet 0.032
08By, jj Polar angle difference between diphoton and dijet system, cos(6y, —6;;) 0.024
cosfylji Polar angle difference between sub-leading photon and sub-leading jet,cos (971 -6 j]) 0.023
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Table 6. Input variables for BDTG in theu*u~yy channel.
Variable Definition Separation
minARy , Minimum AR between one of the two photons and one of the muons 0.335
Eu Energy of the di-muon system 0.259
cos By u1 Polar angle difference between the sub-leading photon and sub-leading muon 0.189
Ey Leading photon energy 0.160
AD,, Azimuthal angle between two photons 0.090
cos Polar angle of the leading photon 0.072
AD,yy Azimuthal angle between the diphoton and dimuon system 0.034
cos b, Polar angle of the sub-leading muon 0.014
Table 7. Input variables for BDTG in thevyyy channel.
Variable Definition Separation
pTy Transverse momentum of the sub-leading photon 0.089
cos by Polar angle of the leading photon 0.079
AD,, Azimuthal angle between two photons 0.054
pTty, Diphoton p7 projected perpendicular to the diphoton thrust axis 0.042
pTyp Transverse momentum of the leading photon 0.037
where N is a normalization factor and t=(m,,— Table 8. Decided background model in the three channels.

ucs)/ocg. Figure 2 shows the fitted m,, signal shape in
three channels. They are well described by the DSCB
function. The resolution is estimated to be 2.81 / 2.68 /
2.74 GeV in the ggyy/u*tu yy/vvyy channels, respect-
ively.

Several smooth functions (Cheybyshev polynomials,
and exponential and polynomial families) were tested for
background modeling, and the one with the smallest
x*/Ndof value was finally selected. The results are listed
in Table 8 and shown in Fig. 3. Details on the fitting con-
ditions for all functions are provided in Appendix A
(Table Al and Fig. A7).

The histograms from the MC of signal and back-
ground were used to build the binned Probability Density
Function (PDF), which was in turn used as the model of
BDTG distributions.

The strategies employed for constructing BDTG en-
sured the reasonable independence between the BDTG
response and m,, . Therefore, a 2-dimensional model res-
ulting from the multiplication of m,, and BDT models
was applied to describe the signal and background. A
high correlation can introduce improper modeling of the
signal and/or background process. The linear correlation
coefficients between m,,and BDT are —3.45%, —11.6%,
8.33% for the signals in the qgyy, utu~yy, and vvyy
channels, respectively. The corresponding correlation
coefficients for the background are 11.6%, 28.2%, and
28.4%, respectively.

Tested functions include the exponential, 2nd order exponen-
tial polynomial, 1st and 2nd order polynomials, and 1st and
2nd order Chebyshev polynomials.

Channel Selected function x2/Ndof
qqyy 2nd order Chebyshev 0.60

wrTyy 2nd order Chebyshev 1.79
voyy 1st order Chebyshev 3.32

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties relevant to the targeted
measurement can be caused by several sources. However,
at this stage, most of them have not been specifically
studied yet for the CEPC. Therefore, in this paper, we
only present a methodology for analyzing the systematic
CEPC uncertainties and taking the leading terms into ac-
count. Further quantified analysis requires updates on
theoretical calculations, a more comprehensive detector
performance optimization, and real data.

Based on the strategy of event modeling presented in
Sec. V, the systematic uncertainties can be categorized
into two types: uncertainties in the expected signal yields
in each channel and uncertainties in the modeling of the
signal m,, distribution. The background yields and
m,, model parameters are floated to consider the effect of
improper background modeling and contributions from
model-dependent background process cross section calcu-
lations. The uncertainty of BDT modeling for both signal
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Fig. 2. (color online) Signal MC and fitted DSCB model in
the three channels.

and background is contained by an envelope, which is in-
cluded into the signal event yield uncertainty.

These systematic terms are incorporated into the like-
lihood model as nuisance parameters. For each of such
nuisance parameters, a Gaussian or log-normal constraint
PDF is included in the likelihood function, as well as for
symmetric terms such as the m,, shape peak position or
non-negative terms such as the event yield. The construc-
tion of likelihood with these nuisance parameters is
presented in Sec. VII.

A. Theoretical uncertainties

In contrast to hadron colliders, only few theoretical
uncertainties can affect the measurements in lepton colli-
sion experiments such as CEPC. The theoretical calcula-
tions are less dependent on higher order QCD radiative

L B B B B
2500

CEPC Simulation
Vs = 240GeV, 5.6 ab'
Zl

H-agyy —— 2nd Cheybychev

Background MC
2000

Events / 1 GeV

1500

1000

500

P S SR AR R
‘P1O 115 120 125 130 135 140

(a) qqyy background

220 T T T T

200E- CEPC Simulation
180F Vs =240GeV, 5.6 ab'

16 &
14
120
100
80
60
4
2

Background MC

T
N
I
4

=

=
=

— 2nd Chebyshev

o

Events / 1 GeV

o

——
4
-+
+

iR

(= =)
T[T T

Q
o
oy
[$)]
N
o
N
(S8
w
o
al
(518
=
o

(b) u*u-yy background

400“"\““\““\““\““\““

CEPC Simulation
Is = 240GeV, 5.6 ab'
ZH->vVyy

+

Background MC

300 — Chebyshev

Events / 1 GeV

TR T

250

taty

200
150

10

(=)

5

o

115 120 1256 130 135 140
m, / GeV

=
o

(c) vvyy background
Fig. 3.
in the three channels.

(color online) Background MC and fitted m,, models

correction. Moreover, there is no influence from the Par-
ton Distribution Functions or «as. In this o x Br measure-
ment, the observed event yields are directly obtained
from fitting, so the uncertainties from signal cross sec-
tion calculation and Br(H — yy) can be eliminated. The
only remaining uncertainty is the parton shower uncer-
tainty in the ¢gyy channel. It can be described by the MC
sample difference from a set of generators, which is as-
sumed to be negligible. For completeness, a 0.5% theoret-
ical uncertainty is assumed on the signal yield in the ¢gyy
channel.

B. Experimental uncertainties
The experimental systematic uncertainties affecting

this measurement can include integrated luminosity, de-
tector acceptance, trigger efficiency, object reconstruc-
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tion and identification efficiency, and object energy scale
and resolution. In CEPC, the luminosity can be mon-
itored by the Lumi-Cal with the highly statistical BhaBha
process. Thus, a relative accuracy of 0.1% is expected
[4]. Pile-up effects and underlying events should be negli-
gible. A well-described detector geometry in the simula-
tion is able to provide a precise model of the detector ac-
ceptance and response. Possible modeling deviation can
be fixed with some data-driven methods. As a result, the
uncertainties should be very small. The photon recon-
struction, identification, and energy calibration rely on
dedicated algorithms and real data. In CEPC CDR, these
uncertainties are studied to be controlled with sub-per-
cent level. Furthermore, known physical processes can be
used as standard candles for calibration, e.g., Z —
ete"+y and n° — yy. Similarly, electrons, muons, and
jets can be described well, in principle. In this di-photon
channel study, the photon related uncertainties should be
dominant. Thus, we assume a 1% uncertainty on the
photon efficiency and 0.05% uncertainties on the photon
energy scale (PES) and resolution (PER). Other terms re-
main to be added with better understanding about the ex-
periments.

The signal yield is affected by the luminosity, photon
efficiency, and impact of the photon energy scale and res-
olution uncertainties on the selection efficiency. A set of
alternative simulation samples are generated, randomly
rejecting 1% photons, scaling the energy up/down by
0.05%, or smearing the photon energy with 0.05%. The
expected signal yields are counted after all the selections,

. . ol —ninl
and a relative variation 6n' = —2—" s used to repres-

ent the influence from each termnfmThis photon efficiency
is approximately 2%, and the photon energy scale and
resolution are approximately 0.01%. They are considered
as symmetric uncertainties on the signal yield.

The signal m,, distribution is described with the
double-side crystal ball function. The photon energy scale
uncertainty is propagated to the peak position of the sig-
nal peak, whereas the photon energy resolution uncer-
tainty is propagated to the signal width. They are estim-
ated by refitting the signal shape in the variation samples
and comparing with the nominal one: ducs =

MCB,var — HCB,nom O CB,var — O CB,nom

, 60Ccp = . The impact

MCB,nom U CB,nom
from PES to the signal peak ranges from 0.04% to 0.10%
for the different channels, and the impact from PER to the
signal width ranges from 0.004% to 0.02%. A 5.9 MeV
Higgs mass measurement uncertainty is also considered
based on CEPC estimation [7].

The influence from these aforementioned uncertain-
ties on BDT modeling is studied by comparing the BDT
distribution bin by bin between the nominal and variation
MC samples. The maximum variation value &n=
[Pvar = Mnoml| .

in all BDT bins and systematic terms is ap-
Nnom

plied on the signal yield as the uncertainty from BDT, ex-
cept for the bin with low statistics (bin content less than
5% of total yield). The uncertainty from BDT itself is as-
sumed to be included in this envelope value. This term
ranges from 0.5% to 0.7% for the three channels.

VII. RESULTS

The number of expected signal events was extracted
by combining the fitting in the three channels with the
unbinned maximum likelihood fitting method. The likeli-
hood function was built using the models presented in
Sec. V and the constraints derived from the systematic
uncertainties presented in Sec. VI:

L(,0;(my,, BDT) = [ | Pois(rnelNe(u1,0)):
[ [:onyy. BDTY:0)- [ [GOp, 3
i J

where

e . is the signal strength expressed as u=
N (e*e —>ZH—>ffyy)
Nsm (e*e"—ZH— [ fyy)
terest (POI) in the fitting;

, which is the parameter of in-

® 0 denotes nuisance parameters defined for system-
atic terms;

e 1. is the observed event number in the channel ¢
from the data;

® Nc(u, 0) = ,US SM,c(eyield) +B.. SSM,C(oyield) is the ex-
pected signal yield in the channel, including the relevant
nuisance parameters. B, is the background yield;

® f.((my,,BDT);) is the probability density function
built with the signal and background models presented in
Sec. V:

. 1 .
Jel(imyy BDT)':0) =~ X[ 1S s (Byicta) fesi((my. BDTY':0)

+ Be fubkg((my,, BDT): 6)).
4)

e The signal yield Sgm., shape peak ucp, and width
ocpare affected by systematic uncertainties with a re-
sponse function:

0, \In(1+5°
S smc(Byietd) = S smc l—le yVIn(+o),
J
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MCB (apeak) = ﬂg%m 1—[(1 + 6j01)’
J
ocB(Owidn) = T¢p 1_[ el Vin(l+)) Q)
J

® G(9))is the unitary Gaussian constraint PDF for
nuisance parameter j with mean 0 and width 1.

For the fitting, the signal model parameters were
fixed to the values resulting from fitting the signal MC.
The background yields, model parameters, and all nuis-
ance parameters were floated, as mentioned in Sec. VL.

In order to mimic real data and avoid statistical fluc-
tuations of the MC samples, a set of Asimov data [30]
were generated from the signal + background models and
simultaneously fitted to obtain the expected precision and
significance. Figure 4 shows the m,, and BDTG distribu-
tions of the Asimov data and the models in the three
channels. A final precision of 7.7% (stat.)+ 2.1% (syst.)
for the o x Br measurement can be reached in the H — yy
channel of the CEPC with 5.6 ab ' data. With the 20 ab '

3 2000 T T T T T

e Asimov Data

© 1800F- CEPC Simutation
g 1600F- 15 =240GeV, 56 b’ - :iagc'r'r "
2 F zH-aary grou
§ 1400 — S+ Bfit
% 1200
1000F
800F
600F
400F
200F

E L i 1 N | 3
POt ""T0 T 130 13 140
m,, / GeV

(2) qqry m,, model

2 200: T T T T T

O 180F CEPC Simulation o Asimov Data

~ 160 E_ Vs =240GeV, 5.6 ab' Signal

£ E ZHowwyy — Background

§ 140F — S +Bfit

w

120F-

1 1 1 1 1
TI5 120 125 130 135 140
m,,/ GeV

=)
P A R LAk L =

(¢) u*u~yy m,, model

3 T T T T T
350F ] 3
F CEPC Simulation . A§lmov Data
300F- 5 =240GeV, 5.6 ab' Signal 3
F zH-voyy — Background

E — s+Bfit

Events / 1 GeV

C 1 1 1 1 1 3
Po~="T15 — 20 25 130 135 140
m,, / GeV

(e) vvyy m,, model
Fig. 4.

data of the updated CEPC operation period, the expected
precision is 4.0% (stat.)+ 2.1% (syst.). Table 9 lists the
contributions from each systematic term. The contribu-
tion from background modeling was decoupled from fix-
ing and floating the background parameters in the fitting,
and it was included into the statistical precision. Com-
bined results are summarized in Table 10. According to
our preliminary assumption, this measurement is still stat-
istically dominant in the CEPC.

VIII. DEPENDENCE OF Br(H — yy) MEASURE-
MENT PRECISION ON ECAL ENERGY
RESOLUTION

Concerning the fitting of the m,, shape, the width of
the signal peak is a direct connection between the meas-
urement precision in the H — yy channel and the ECAL
resolution. Currently, a new detector design for CEPC is
under development [12—14] in which the present Si-W
sampling ECAL will be replaced by a homogeneous crys-

T T T T T T T T T
o AsimovData

oF
FCEPC Simulation o
E V5=240GeV, 56 ab' ignal
000 — Background
— s +Bfit

Events /0.2
(=2} ~

F ZH-aqdyy

C: 1 1 1 L L L 1 i 1 3
-1 -08-06-04-02 0 02 04 06 08 1
BDTG

(b) ggyy BDT model

1800t T T T T T T T T

1600 CEPC Simulation s
F V5=240GeV, 5.6 ab' Signal E
— Background
— s +Bfit

e Asimov Data

Events /0.2

1400F 7615 oy y
1200F
1000F
800
600F
400F

E 1 1 1 1 1 1 1 L L E
-1 -08-06-04-02 0 02 04 06 08 1
BDTG

(d) u*u"yy BDT model

1200f- CEPC Simulation o AsimovData ]

[ Vs =240GeV, 56 ab’ Signal
— Background
— s+Bfit

Events /0.2

1000 ZH-VTYY
800F

600F

400F

200F

1 I 4 1 { 1 1 I
-08-06-04-02 0 02 04 06 08 1
BDTG

(f) vvyy BDT model

%

(color online) Combined fitting to the Asimov data in the three channels.
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Table 9.
atic uncertainties of the (o-xBr)/(o-xBr)syy measurement in the

Decoupled contributions from considered system-

three channels. The 0.5% theoretical uncertainty was only
considered in theggyy channel.

qqyy HTyy viyy

Theo 0.5% 0.005 - -
Lumi 0.1% 0.001 0.001 0.001
photon eff 1% 0.019 0.020 0.020
PES 0.05% 0.001 <0.001 0.001
PER 0.05% <0.001 <0.001 <0.001
mH 5.9 MeV <0.001 <0.001 <0.001
BDT 0.006 0.006 0.007
Bkg. modeling 0.029 0.062 0.006

Table 10. Expected precisions on o(ZH)x Br(H — yy) from

Asimov data fitting in the three channels and their combina-
tion. Results in 20 ab ' were obtained by re-fitting the work-
space with the scaled signal and background yields. The stat-
istical precision includes the contribution from background
modeling.

5.6ab ' 20ab
Ail’)t Astat AIOt ASIZH
(cXBr)sm (0 xBr)sm (cXBr)sm (0 xBr)sm
aqvy 0.101 0.098 0.056 0.052
Ly 0373 0371 0.202 0.200
vyy 0.130 0.127 0.071 0.067
Combined 0.079 0.077 0.046 0.040

tal ECAL. This new ECAL is expected to have an energy
resolution of og/E = 3%/ VE, which is almost five times
higher than the sampling Si-W ECAL og/E =16%/
VE®1% [4]. This can facilitate photon detection and
neutral meson (n°) reconstruction, and further contribute
to the Higgs study in the H — yy channel and flavor
physics in the 7° — yy final state, e.g., B?X) — n%7% [31].
The jet energy resolution may not be significantly im-
proved from this ECAL, given that the detector granular-
ity is the dominant factor in PFA-based jet reconstruction.
We performed a rough estimation in the ggyy chan-
nel according to the strategy followed in this work: to
study the ECAL resolution impact on the H — yy meas-
urement. In the estimation, the selected photon was re-
placed by the truth photon with a smearing in its energy.
Normally, the ECAL energy is approximated as:

OE B C
—Z=AD—0—, 6
£ @\/EGBE (6)

where A4 is the constant term, e.g., the energy leakage and
readout threshold; B represents the stochastic term from

photoelectron statistics and depends on the sensitive ma-
terial; and C comes from the electronic noise. Presently,
the noise term C is expected to be 0, and the constant
term A is expected to be at the level of 1%. The photon
energy is smeared with the stochastic term B varying
from 1% to 35%. Figure 5 shows a comparison between
the m,, shape from the full simulation and two smearing
points, i.e., 3% and 16%. The jet performance is main-
tained consistent with the baseline Si-W sampling ECAL,
assuming there is no impact from the new detector. The
same selection criteria as in Sec. III were applied; the
BDT was not employed in this simplified study to focus
on the photon detection only, which is expected to
present a 30% decrease, approximately, compared with
the results in Sec. VII. A Gaussian function was used to
describe the signal model from energy smearing. The 2-
dimensional model was replaced with a 1-dimension m,,
model, and a similar unbinned maximum likelihood fit-
ting was performed to extract the signal strength preci-
sion éu/u without systematic uncertainties. Considering
that m,, and BDT are independent, this simplification
was expected to have little impact on the relative im-
provement. Figure 6 shows the relationship between en-
ergy resolution B and fitted precision &u/u. These points
can be fitted with the following function:

0,
7’“‘ = po®(p1 X B), 7

where po and p; x B represent the contributions from the
constant and stochastic terms, respectively. According to
this relation, the homogeneous ECAL achieves a 28% im-
provement in the statistical precision of signal strength
measurement. Moreover, a "critical point" can be defined:
the two components in resolution equally contribute to
ou/u, i.e., po=p1xB. When the constant term A4 was
fixed to 1%, the critical point for B, within this definition,
was 14%. This indicates that the constant term in resolu-
tion would become the dominant contribution at the new
ECAL design point with B = 3%. The scanning of a series

220 L e M

200
180
160
140
120
100
80
60
40
20

P

CEPC Simulation
Vs = 240GeV, 5.6 ab'
ZH-qgyy

— Full sim.

— 3% smear

Events / 0.5 GeV

16% smear

AN

L L L cleslas
115 120 125 1300 135 1
m,, / GeV

o
I m

0

Fig.5. (coloronline) Signal shape for the full simulated H# — yy
sample (blue) and for two samples with smeared photon en-
ergy (3% in red and 16% in green). The fitted signal widths
were 2.81 GeV, 0.94 GeV, and 1.96 GeV respectively.
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= 03T
> L ]
T 025i CEPC Simulation E
1;: UL {5=240GeV, 56 ab' ]
% 0_2? ZH-qqyy 7;
0.15F 3
0.1 3
0.05 3
0: \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\:

0 0.05 0.1 015 02 025 03 035

ECAL resolution stochastic term
Fig. 6.
sion in the ZH — ggyy channel as a function of the stochastic

(color online) Signal strength measurement preci-

term in ECAL resolution from a fast analysis. The points were
fitted using Eq. (7).

of constant terms and the corresponding balanced
stochastic terms are shown in Fig. 7.

IX. CONCLUSIONS

This paper reports on the expected precision for the
measurement of the cross section times branching ratio in
the CEPC via ZH — qgyy, ZH — u*u~yy, and ZH —
vvyy channels. The physical events are reconstructed
through CEPC-v4 detector simulation and selected ac-
cording to a set of criteria. A BDTG was developed for
further signal/background separation and used along with
myyas discriminating variables in the maximum likeli-
hood fitting when extracting the signal strength. We built
a preliminary framework for systematic uncertainty ana-
lysis in the CEPC using nuisance parameters, and took
several leading terms into account. With the scheduled in-

T T T T T T T T T
0.12]~ CEPC Simulation

[ V5=240GeV, 56 ab'
0.1 ZH—adry

Signal

Events

—— 2f background —:

0.08F 3

0.06f
0.04f

0.02f

ok

0

Events
o
=

L L 1 L 1 Il 1 ]
10 20 30 40 50 60 70 80 90 100

P,/ GeV
(a) pTyl

CEPC Simulation Signal E
[ {s=240GeV, 5.6 ab' ]
ZH-qqyy

—— 2f background

N
&

-
N
T T[T [ O[T T [T IO T [T T 1T

CEPC Simulation

Balanced stochastic term (%)

P AN BN S I
12 14 16 18 2

o I B B I
02 04 06 08 1

Ecal resolution constant term (%)

Fig. 7. (color online) Balanced ECAL stochastic resolution
points with different configurations of the constant term.

tegrated luminosity of 5.6 ab ', a precision of 7.9% (7.7%
stat.) is expected to be achieved at the CEPC. With 20
ab ' data, this precision can be 4.6% (4.0% stat.). More
mature results require further development of this frame-
work and better knowledge of systematic terms in the
CEPC. Meanwhile, the ECAL performance was studied
by smearing photon energy resolution in theggyychannel.
A direct relationship between the ECAL resolution and
o x Br precision is foreseen.
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Table Al. The y? /Ndof values for 6 considered models in the background modeling in 3 channels, including the first and second or-
der exponential, polynomial and Chebyshev functions.
9qyy wyy viyy
1st order Exp. 0.941 5.423 3.786
2nd order Exp. 0.610 2.035 3.435
1st order Poly. 0.644 4.321 7.399
2nd order Poly. 0.600 3.758 3.439
1st order Chebyshev 0.644 4.321 3.320
2nd order Chebyshev 0.596 1.789 3411
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Fig. A6. (color online) The ROC curve (left) and output BDTG distribution (right) in v#yy channel.
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