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Abstract: As a Higgs factory, the CEPC (Circular Electron-Positron Collider) project aims at precision measure-
ments of the Higgs boson properties. A baseline detector concept, APODIS (A-PFA Oriented Detector for the HIggS
factory), has been proposed for the CEPC CDR (Conceptual Design Report) study. We explore the Higgs signatures

for this baseline design with v Higgs events. The detector performance for reconstructing charged particles, photons

and jets is quantified with H — uu,yy and jet final states, respectively. The resolutions of reconstructed Higgs boson

mass are comparable for the different decay modes with jets in the final states. We also analyze the H - WW* and

Z7Z* decay modes, where a clear separation between different decay cascades is observed.
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1 Introduction

After the Higgs boson discovery [1,2] at the' LHC
(Large Hadron Collider), precision measurements of the
Higgs boson properties are of particular importance. The
CEPC, a future high energy collider project based on a
100 km circumference main ring [3], is therefore pro-
posed. Operating at 240 GeV center-of-mass energy, the
CEPC is designed for an instantaneous luminosity of
~3x10*cm2s~! and could deliver 10° Higgs bosons (5 ab '
integrated luminosity) in about 10 years [4]. The abso-
lute Higgs boson couplings can be measured to a relative
accuracy of 0.1% - 1% at the CEPC, roughly one order of
magnitude superior to the Higgs signal strength at the
HL-LHC [5,6].

At the CEPC, the Standard Model (SM) Higgs bo-
sons are produced mainly through the Higgsstrahlung
process ( ete” — ZH) , and the vector boson fusion pro-
cesses (the Z fusion process e*e™ — e*e”H, and the W fu-
sion process e*e” — vvH ), see Fig. 1. The corresponding
cross sections with the 125 GeV SM Higgs boson using
non-polarized beam at different center-of-mass energies
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are shown in Fig. 2 [7]. At the CEPC, roughly a quarter
of Higgs bosons are produced in association with a pair
of neutrinos (vvH), including both the W fusion events
and the ZH events with Z decays to vv. The Higgs decay
products are responsible for almost all the detector sig-
nals of these vvH events, providing benchmark samples
for the CEPC detector performance study.

Fig. 1. Feynman diagrams of the Higgs production mechan-
isms at the CEPC: the Higgsstrahlung, WW fusion, and ZZ
fusion processes.

This paper presents a performance analysis of the
CEPC baseline detector geometry APODIS (also known
as the CEPC_v4) [8]. Using fully simulated vvH samples,
we analyze a set of Higgs distributions that cover all the
major SM Higgs decay modes. In Section 2, we intro-
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duce the baseline detector and the software tools. Section 3
discusses the reconstruction results of the Higgs signals.
A conclusion is given in Section 4.
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Fig. 2. (color online) Production cross sections of the
Higgsstrahlung, WW fusion and ZZ fusion processes as
function of center-of-mass energy, shown as colored lines.
The dashed line (black) refers to the possible operating en-
ergy of the CEPC (+/s = 240 GeV) .
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2 Baseline detector and CEPC software chain

APODIS (CEPC v4), is optimized from the
CEPC v1 conceptual detector, which is the reference de-
tector design for the CEPC Preliminary Conceptual
Design Report (CEPC PreCDR, published in 2015) [3].
Both conceptual detectors consist of a silicon pixel ver-

~ Whizard

Fig. 3.

tex detector, a tracking system composed of a time pro-
jection chamber (TPC) and several silicon detectors, and
a high granularity calorimetry system including an elec-
tromagnetic calorimeter and a hadronic calorimeter. More
information on the geometry of CEPC_v1 can be found in
Ref. [3], and the performance study results can be found
in Ref. [9]. Compared to CEPC _v1, APODIS maintains
the same level of performance for Higgs signals (lepton
identification and reconstruction of photon and jets). As a
result of a series of optimization studies, the number of
calorimeter readout channels, the total weight and the
solenoid B-field of APODIS have been significantly re-
duced. The ECAL transverse cell size is now enlarged,
from 5 mm by 5 mm to 10 mm by 10 mm [10]. The HC-
AL is shorter, 40 layers instead of 48 layers [11]. The
solenoid B-field is reduced from 3.5 T to 3 T due to the
requirements- of the MDI design [12]. A time-of-flight
(ToF) detector-is proposed which significantly enhances
the performance for the charged Kaon identification [13].
More information on the geometry and simulation results
can be found in Ref. [8].

A complete simulation-reconstruction toolkit has been
established and optimized for the APODIS geometry. The
information flow consists of three basic modules: Genera-
tion, Simulation, and Reconstruction [14]. For Genera-
tion, Whizard [15] and Pythia [16] are used to generate fi-
nal state particles for physics processes. The samples are
then fully simulated using the Geant4 based simulation
framework MokkaPlus [17, 18], and reconstructed using
Arbor [19] for the core Particle Flow [20] reconstruction.
Figure 3 shows the information flow and major processes
of the software chain.

High-leve
econstructio

(color online) Information flow and major processes of the CEPC software chain. For Generation, Whizard and Pythia are

used to generate final state particles for physics processes. MokkaPlus is used for Simulation. The simulated detector hits are digit-
ized and then used by reconstruction algorithms to get physics objects, which are further analyzed for physics parameters.
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3 Benchmark distributions of the Higgs signals
using vvH events

We simulate and reconstruct the vwH, H — yy, uu,
gg, bb, cc, WW*, ZZ* samples, each with ~50000 events.
Most of the Standard Model Higgs boson decay modes
are included except H — 77, which was extensively stud-
ied in Ref [11]. For the H— yy and H— pu events, the
decay products can be directly identified from the recon-
structed particles, and the reconstruction performance is
related to the performance of the tracking system or the
ECAL. For the other decay events (H — bb, cc, gg, WW*,
Z7%), we compute the total invariant mass of the events
using all reconstructed particles. In these fully reconstruc-
ted events, the total invariant mass distributions are not
only related to the detector performance but are also af-
fected by other physics effects, notably:

e The ISR (initial state radiation) photons.

e The neutrinos generated by the Higgs boson decay
products.

e The direction of jets from the Higgs to a pair of jet
events, due to the acceptance of the detector.

Figure 4 shows the correlation between the computed
Higgs boson mass using all reconstructed particles and
these effects, for the H — gg events. The calculation of
these effects is based on Monte Carlo truth information.
Prigsr is calculated by summing the transverse mo-
mentum of all ISR photons. Ptyeyuino 1S the sum of the
transverse momentum of the neutrinos generated by
Higgs boson decay products. |cosfj| is the minimum
angle between the beam pipe and the quarks generated by
Higgs bosons. Clearly, a strong correlation is observed
when these effects are significant. In order to disentangle
these effects from the detector performance for jet recon-
struction, Monte Carlo truth level event selection is ap-
plied to the events with jets in the final states. The clean-
ing procedure uses Ptisg < 1 GeV, Ptyeynino < 1 GeV and
|cos Byl < 0.85, with selection efficiencies shown in Ta-
ble 1. The cut values used for event cleaning are shown
with red lines in Fig. 4.
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Fig. 4. (color online) Correlation between the reconstructed Higgs boson mass and the sum of the transverse momentum of the ISR

photons (Prisr) (left); the sum of the transverse momentum of the neutrinos generated by the Higgs bosons decay products (Pryeutrino)
(center); and the minimum angle between jets and the beam pipe (|cos8ye|) (right). These plots are based on the H — gg events, and
similar conclusions are obtained with H — bb and cc events. The red lines in the plots are the cut values used for event cleaning.

Table 1. Event cumulative efficiency for Higgs boson exclusive de-
cay at the CEPC with /s = 240 GeV.

gg(%) bb(%) cc(%) WW*(%)  ZZ* (%)
Ptigr <1 GeV 95.15 9537 9530 95.16 95.24

Ptycuming < 1 GeV 89.33 39.04 66.36 37.46 41.39

[Cos (O] < 0.85 67.30 28.65 49.31 - -

3.1 H- uu

The Higgs boson decay into u*u~ is a rare process
with a branching ratio of 0.022% for the 125 GeV SM
Higgs boson [21]. From the reconstructed particles, we

select a pair of muons with opposite charge and with en-
ergies greater than 20 GeV. The invariant mass of this
pair of muons is reconstructed as the Higgs boson mass.
The distribution fitted by a Crystal Ball function [22, 23]
is shown in Fig. 5. The long tail on the left of the peak
is induced by the radiation effects (ISR, FSR,
bremsstrahlung, etc), while the beamstrahlung effect is
negligible in the CEPC. The tracking performance is
characterized by the sigma/mean of the fitted results,
which is 0.20% for this benchmark channel.

3.2 H-vyy

The performance of the ECAL (electromagnetic
calorimeter) is characterized by the reconstruction of the
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Fig. 5. (color online) Distribution of the reconstructed Higgs

boson mass for H — uu events fitted by a Crystal Ball func-
tion.

H— yy events. We select two most energetic photons
with energies higher than 10 GeV and calculate their in-
variant mass, see Fig. 6. The tail on the left is caused by
the geometry defects and the material upstream of the
calorimeter. The width of the distribution is parametrized
by the half-width of the narrowest interval containing
68.3% of the distribution, ot [24]. The mean value of
the interval events is calibrated to 125 GeV. o of the
distribution is 3.24 GeV and the resolution (sigma/mean)
is 2.59%. The resolution is limited by the absence of ad-
equate geometry-based corrections and fine-tuned calib-
rations. The reconstructed Higgs boson mass resolution is
1.64% when using a simplified electromagnetic calori-
meter geometry [10]. This simplified geometry has no
geometry defects and no materials before ECAL, and
uses similar ECAL geometry parameters as APODIS.
Compared to the resolution with the simplified geometry,
APODIS is 58% worse. Further geometry-based correc-
tions and calibrations are under development.
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Fig. 6.
boson mass for H — yy events, parametrized with the half-

(color online) Distribution of the reconstructed Higgs

width of the narrowest interval containing 68.3% of the dis-
tribution (0efr). The mean value of the interval events is
calibrated to 125 GeV.

Roughly 70% of the 125 GeV SM Higgs bosons de-
cay into a pair of jets (bb, cc, and gg). For these events,
we collect all reconstructed particles and calculate their
invariant mass. The distributions of reconstructed Higgs
boson mass before event selection are shown in Fig. 7.
Figure 8 shows the results after applying the event selec-
tion described above. After cleaning, the resolutions of
Higgs boson mass for different decay channels of Higgs
to a pair of jets are almost identical, 3.63% (bb), 3.82%
(cc) and 3.75% (gg). These resolutions can be used to
characterize the performance for jet reconstruction.

34 H->WW*

The 125 GeV SM Higgs boson has a probability of
21.4% to decay into a pair of W bosons. Limited by the
Higgs boson mass, one of the W bosons is off-shell (#*).
The reconstructed total visible invariant mass distribu-
tion is shown in Fig. 9. Depending on the decay modes of
W and W* (leptonic or hadronic), the total invariant mass
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Fig. 7.

(color online) Distributions of the reconstructed total visible invariant mass for H — bb,cc, gg events before event cleaning.
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(color online) Distributions of the reconstructed total visible invariant mass for'H — bb,cc,gg events after event cleaning and

fitted by Gaussian functions. The resolutions (sigma/mean) of the fitted results are 3.63% (bb), 3.82% (cc), and 3.75% (gg).
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Fig. 9.
ted total visible invariant mass for H — WW * events. De-

(color online) Cumulative distribution of reconstruc-

pending on the decay modes of W and W* (WW* — qqqgq,
WW* — gqlv and WW* — Ivlv), the total invariant mass dis-
tribution is decomposed into three sub-distributions.

distribution is decomposed into different sub-distribu-
tions. The main peak at 125 GeV corresponds to events
where both W and W* decay into two quarks. The other
two signals correspond to events where W or W* decay
into a lepton and a neutrino.

The event selection procedure is also applied. After
event cleaning, the events for which W or W* decay into
leptons and neutrinos are excluded, as shown in Fig. 10.
The cleaned invariant mass distribution is fitted by a Gau-
ssian function with a 0=4.77 GeV. The fit result is com-
parable with the Higgs decay into two jet events.

35 H- 277

About 2.6% of the 125 GeV SM Higgs bosons decay
into ZZ*. Similar to the H — WW?* channel, one of the Z
bosons is off-shell. The Z bosons then decay into ¢g
(~70%), Il (~10%) or vv (~20%).

Figure 11 shows the reconstructed total invariant
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Fig. 10.  (color online) Distribution of reconstructed total

visible invariant mass for H > WW* events after event
cleaning, fitted by a Gaussian function. These events are se-
lected from WIW* — gqqq events.

mass. With Monte Carlo truth information, the events are
classified depending on the decay modes of Z and Z*
(visible or invisible). There are four peaks in the distribu-
tion. The peak at zero invariant mass corresponds to the
events where both Z and Z* decay into neutrinos, which
is about 4% of all events. The main peak at the expected
Higgs boson mass (~125 GeV) corresponds to events
where all final state particles are visible. The other two
peaks correspond to conjugate cases where Z — visible ,
Z* — invisible and Z* — visible , Z— invisible

Wheneventselectionprocedureisused, the events where
Z or Z* decay into neutrinos are excluded, as shown in
Fig. 12. Depending on the Z decay modes, most of the re-
maining events contain 2 or 4 quarks as final state
particles. The cleaned invariant mass distribution is fitted
by a Gaussian function with a 0=4.68 GeV. The resolu-
tion is also comparable with the Higgs decay into two jet
events.
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Fig. 12.  (color online) Distribution of reconstructed total

visible invariant mass for g —s ZZ* events after event selec-
tion, fitted by a Gaussian function. In these events, both Z
and Z* decay to visible products.

4 Conclusion

Based on the APODIS detector design, we character-
ize the Higgs signatures for e*e™ — vvH events with
Higgs decays into yy, uu, gg, bb, cc, WW* and ZZ*. With
the Higgs to uu, yy and jet final state events, we assess
the detector performance by quantifying the resolution of
the Higgs invariant mass for various channels, as shown
in Table 2. Compared to the corresponding resolutions at
the LHC, the resolution for H— uu events is one mag-
nitude superior. For the Higgs to a pair of jet events, with

Monte Carlo truth information for event selection, the ac-
curacy is three times better, as shown in Table 2. This su-
periority is due to better performance for track and jet re-
construction. On the other hand, the resolution for the A
— yy events in APODIS is roughly 73% worse than in
the LHC detectors. This is due to the fact that the LHC
ECALs have a better intrinsic photon resolution than
APODIS. Furthemore, the resolution of APODIS is also
limited by the absence of geometry-based corrections and
fine-tuned calibrations. Compared to the resolution
(1.64%) when using a simplified geometry with the same
ECAL geometry parameters [10], APODIS is still 58%
worse.

Table 2.

Higgs boson mass compared to the LHC results.

Benchmark resolutions (sigma/Mean) of reconstructed

H — uu H—vyy H —bb

2.59%'
~1.5% [27, 28]

0.20%
~2% [25, 26]

3.63%
~10% [29, 30]

CEPC (APODIS)
LHC (QMS, ATLAS)

lpreliminary result without adequate geometry based corrections and fine-
tuned calibrations.

In order to improve jet reconstruction performance,
an event cleaning procedure has been developed. After
event cleaning, the resolution of the reconstructed Higgs
boson mass for different Higgs decay modes with jets as
final state particles are comparable, as shown in Table 3.

Table 3.
cay modes with jets as final state particles, after event cleaning.

Higgs boson mass resolution (sigma/Mean) for different de-

H —bb
3.63%

H— gg
3.75%

H— WW*
3.81%

H—Z7Z*
3.74%

H — cc

3.82%

For H » WW* and ZZ* decay modes, the total invari-
ant mass distribution is composed of multiple compon-
ents depending on the decay modes of W and Z bosons.
For the WW* events, the classification is based on the
leptonic or hadronic decay mode of W and W* . For the
ZZ* events, the reconstruction result is sensitive to the
visible or invisible decay mode of Z and Z* . The distri-
bution of H — 7zZz* is clearly separated with four peaks
corresponding to the Z and Z* decay modes. The stand-
ard cleaning procedure could efficiently veto the events
with significant neutrinos generated from the Higgs bo-
son cascade decay. After event cleaning, the Higgs boson
mass resolution (sigma/Mean) for the H - WW* and ZZ*
events is comparable with the Higgs to a pair of jet
events, see Table 3.

We would like to thank Gang Li and Xin Mo for the
physics event generator files.
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