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Abstract:

The discovery of a 125 GeV Higgs boson at the LHC marked a breakthrough in particle physics. The

relative lightness of the new particle has inspired consideration of a high-luminosity Circular Electron Positron

Collider (CEPC) as a Higgs Factory to study the particle’s properties in an extremely clean environment. Given

the high luminosity and high energy of the CEPC, beamstrahlung is one of the most important sources of beam-

induced background that might degrade the detector performance. It can introduce even more background to the

detector through the consequent electron-positron pair production and hadronic event generation. In this paper,

beamstrahlung-induced backgrounds are estimated with both analytical methods and Monte Carlo simulation. Hit

density due to detector backgrounds at the first vertex detector layer is found to be ~0.2 hits/cm2 per bunch

crossing, resulting in a low detector occupancy below 0.5%. Non-ionizing energy loss (NIEL) and total ionizing dose
(TID), representing the radiation damage effects, are estimated to be ~10™ 1 MeV neq/cm?/yr and ~300 kRad/yr,

respectively.
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1 Introduction

Since the Higgs boson was discovered by the AT-
LAS and CMS experiments [1, 2] at the CERN Large
Hadron Collider (LHC), it has become a matter of ur-
gency to measure the particle properties with high pre-
cision, which is even beyond the ultimate reach of the
LHC [3, 4]. This goal is generally believed to be only
achievable at future lepton colliders (so-called “Higgs
Factories”), e.g. the Circular Electron Positron Col-
lider (CEPC) [5] proposed by the Chinese high energy
physics community. The CEPC machine will primar-
ily operate at the center-of-mass energy of 240-250 GeV
(near the ZH production threshold) with an instanta-
neous luminosity of 2x 103! cm~2-s~! at two interaction
points (IP). To achieve such high luminosity, both elec-
tron and positron beams must be heavily squeezed to
very small section sizes right before collision. As a con-
sequence, the trajectories of the electrons/positrons in
each bunch will be bent significantly by the electromag-
netic field that is formed by the beam particles of the
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opposite charge inside the crossing bunch. During this
process, a particular kind of synchrotron radiation, called
“beamstrahlung” [6], will be emitted. Consequent pro-
cesses including electron-positron pair production and
hadronic event generation [7], both of which involve the
energetic beamstrahlung photons, are considered among
the most important detector backgrounds at the CEPC
and their impact must be carefully evaluated.

2 Analytical estimation of the beam-
strahlung backgrounds

Beamstrahlung can be characterised by the parame-
ter T :
2w,
3 E

r (1)

3
where hw, = §h730/ p denotes the critical energy of syn-

chrotron radiation, p the bending radius of the charged
particle trajectory, v the Lorentz factor of the beam
particles, and E the beam particle energy before radia-
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tion. The higher the 7", the more beamstrahlung photons
with higher energies will be emitted. Assuming Gaussian
charge distributions inside the two colliding beams, the
average 1" can be estimated with the following formula:

5  Nriy
(2)

6 a(o,+0,)0-
where r, is the classical electron radius, « the fine struc-
ture constant, o, /o, the transverse size of the bunch and
0. the bunch length [8].

1. ~

With the machine parameters of LEP2 [9], CEPC [5],
FCC-ee [10] and ILC [11], as listed in Table 1, the aver-
age beamstrahlung parameters YT,, of these colliders are
calculated with Eq. 2. The bunch sizes (o, ,,.) of CEPC,
FCC-ee and ILC are expected to be significantly smaller
than those of LEP2, leading to non-negligible beam-
strahlung effects. Nevertheless the bunch sizes of CEPC
and FCC-ee are much larger than those of ILC and the
beamstrahlung effects will be accordingly smaller.

Table 1. Machine parameters of LEP2, CEPC, FCC-ee and ILC and their average beamstrahlung parameters 7,y
calculated with Eq. (2).
parameters symbol LEP2 CEPC FCC-ee ILC250
center of mass energy Ecm/GeV 209 240 240 250
bunch population N/x1010 58 37.1 37 2
horizontal beam size at IP 0z/nm 270000 73700 61000 729
vertical beam size at IP oy /nm 3500 160 120 7.7
bunch length o /um 16000 2260 2110 300
horizontal beta function at IP Bz /mm 1500 800 500 13
vertical beta function at IP By/mm 50 1.2 1 0.41
normalized horizontal emittance at IP ~ez /(mm-mrad) 9.81 1594.5 1761.3 10
normalized vertical emittance at IP ey /(mm-mrad) 0.051 4.79 3.52 0.035
luminosity L/(10%* cm~2.s71) 0.013 1.8 5.08 0.75
beamstrahlung parameter Yav [><10’4} 0.25 4.7 6.1 200
relative average energy loss per BX due to beamstrahlung dav [%0] 0.0001 0.005 0.0075 1.0
2.1 Beamstrahlung photons | with
Assuming Gaussian charge distributions in the two
couiding bunches, the average gumber of photons Ty (7/128)exp(—16/(37)) (T <1)
emitted by each beam particle in one bunch crossing =)= . (4)

(BX) can be approximated with:

ao,

o (3)

1
~2.59 Te)——
™ ( ) (141222

where ), is the electron Compton wavelength [8].
Given the CEPC beam parameters, there would be
merely ~0.22 photons emitted by each individual elec-
tron/positron. However the total number of photons
per bunch crossing can become significant because of the
large bunch population of 3.71 x 10**.

2.2 Pair production

There are two kinds of processes for pair creation
in beam-beam interactions, namely coherent and inco-
herent pair production. In coherent pair production, a
real photon converts into an electron-positron pair in the
strong macroscopic electromagnetic field formed by the
crossing bunch. The total number of coherent pairs in
each bunch crossing can be estimated with:

3
o
X
7 N
o}
N
g%
N———
V)
84
3

0.2057-/3(InT —2.488) (Y >>1)

Equation 4 suggests that coherent pair production
with small 7" will be exponentially suppressed [§8]. With
Y. =4.7x107* for CEPC, the number of coherent pairs
produced in each bunch crossing is very close to zero
and has a negligible contribution to the detector back-
grounds.

In incoherent pair production, an electron-positron
pair is produced via the interaction between two incom-
ing photons, which can be real and/or virtual. There are
three incoherent processes, including: the Breit-Wheeler
process Yy — eTe™, in which both photons are real; the
Bethe-Heitler process ey —eete™, in which one photon
is real and the other is virtual; and the Landau-Lifshitz
process ee — eeeTe™, in which both photons are virtual.
The approximate cross sections of the three processes
can be calculated with the formulae in Refs. [8, 12, 13].
In each bunch crossing at CEPC, there will be roughly
44, 327 and 1322 electron-positron pairs produced from
the Breit-Wheeler process, the Bethe-Heitler process and
the Landau-Lifshitz process, respectively.
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2.3 Hadronic backgrounds

In addition to electron-positron pairs, two colliding
photons can also produce hadrons. The cross section of
the hadronic process, in units of nb, can be parameterised
as [14]:

GH:211(#)0.08084—297(#)704&5 5)

where s is the square of the center-of-mass energy of the
two colliding photons. The number of hadronic events
produced in each bunch crossing at CEPC will be very
small. A small fraction of the events could contain fi-
nal state particles of high transverse momenta and have
a potential impact on the calorimeter detector perfor-
mance.

To summarize, the analytical estimation suggests
that there will be a significant number of beamstrahlung
photons produced in each bunch crossing at CEPC. The
consequent incoherent electron-positron pair production
represents an important source of detector background,
while coherent pair production and hadronic events could
be negligible. Nevertheless, to fully assess their impact
on the CEPC detector, studies based on Monte Carlo
simulation are performed below.

3 Simulation studies of the beam-

strahlung backgrounds

Beam-beam interactions at CEPC have been simu-
lated with Guinea-Pig++ (Generator of Unwanted In-
teractions for Numerical Experiment Analysis Program
Interfaced to GEANT) [15], which allows detailed stud-
ies of the emission of beamstrahlung photons, incoherent
pair production and hadronic events. In the Guinea-
Pig++ simulation, the bunches are cut into slices in the
longitudinal direction. Because the beam particles are
ultra-relativistic, the electromagnetic field of both slices

001‘

0S

i silicon tracker

wo jrun
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is flattened to a plane perpendicular to the beam direc-
tion. Thus, each slice interacts consecutively with each
slice in the other bunch and interactions between two
slices can be simplified as a two dimensional problem.
Each slice is further cut into cells forming a grid in the
transverse direction and the potentials on the grid points
can be calculated according to the distribution of charge.
The forces on beam particles can be derived from the
potentials. In addition, the charge distributions in both
colliding bunches are assumed to be Gaussian. The rel-
evant configuration parameters are listed in Table 1. In
order to reduce the simulation time, electron-positron
pairs with energies less than 5 MeV are not tracked as
they can be safely confined in the beam pipe with the
solenoid magnetic field.

Background events generated with Guinea-Pig++
are interfaced to Mokka [16]/GEANT4 [17] for full detec-
tor simulation. Besides the direct contributions from the
primary background particles, backgrounds from the sec-
ondary particles that are formed from the interactions of
the primary background particles with detector materials
should also be taken into account. The exact level of this
background strongly depends on the detector layout and
material distribution and will be extracted with detec-
tor simulation. Figure 1 shows the current design of the
interaction region layout. The tracking system is com-
posed of the vertex detector (VIX), the silicon tracker
and the time projection chamber (TPC). The VTX con-
sists of 6 layers of pixel detectors, which are assembled on
both sides of 3 layers of mechanical support structures.
An electromagnetic calorimeter (LumiCal) is designed to
precisely measure the luminosity by counting the radia-
tive Bhabha events. The final focusing magnets QDO are
placed at a short focal length of L* =1.5 m, i.e. the dis-
tance between the final quadrupole QDO and the IP, to
achieve high luminosity. Hit density and radiation dam-
age, which are crucial parameters for detector design, are
extracted based on this interaction region layout.

shielding

LumiCsal
pump
. .I i L

unit: cm 50 100 150
Fig. 1.
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(color online) A possible layout of the CEPC interaction region.
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4 Simulation results

4.1 Beamstrahlung photons

Figure 2 shows the transverse momentum distribu-
tion versus the polar angle of the beamstrahlung photons
originating from the beam-beam interactions. The pho-
tons are confined within a small angle of |#] < 1 mrad,
so most of them will leave the interaction region without
interacting with the beam pipe and will be negligible for
the detector backgrounds.
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Fig. 2. (color online) p, versus 6 distribution of
the beamstrahlung photons at the CEPC.

4.2 Incoherent electron-positron pairs

Unlike beamstrahlung photons, electrons and
positrons from incoherent pair production are usually
produced with large polar angle and high transverse
momentum. They can contribute to the detector back-
grounds in both direct and indirect ways:

1) If the primary particles are produced with large
polar angles, they will hit the detector directly;

2) If the primary particles are produced with small
polar angles, they might hit the beampipe or the detector
components in the very forward region and produce sec-
ondary particles. Those particles can be back-scattered
into the central region of the detector.

Figure 3 shows the pt versus 6 distribution of the
electrons and positrons from incoherent pair production.
The empty region at the bottom-right corner is formed
because electrons/positrons with energy below 5 MeV
are not tracked in the Guinea-Pig++ simulation. In
Fig. 3, most of the electrons and positrons are concen-
trated in the area under an envelope (the so-called “kine-
matic edge”), which can be fitted to the following em-
pirical formulas:

pr =0.0202 p%>” (6)

Assuming perfect helical trajectories in a solenoidal
magnetic field of 3.5 T, the charged particles along the

envelope can develop a trajectory profile as shown in
Fig. 4. The beam pipe (shown by the polyline) and any
detector components must be kept sufficiently far away
from the kinematic edge to avoid drastic particle show-
ering.
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Fig. 3. (color online) pr versus @ distribution of

the electrons and positrons from incoherent pair
production.
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(color online) The helical trajectories of
electrons/positrons from pair production in a
solenoidal magnetic field of 3.5 T. The polyline
indicates the position of the beam pipe in the cur-
rent design.

Fig. 4.

4.3 Hit density

Although most of the particles originating from
beamstrahlung and consequent pair production will leave
the interaction region without hitting the beam pipe, a
small fraction of them will enter the detector directly,
or hit the beam pipe and/or detector components in the
forward region, which can introduce back-scattered par-
ticles. The resulting detector background will increase
detector occupancy and cause radiation damage to sili-
con devices close to the interaction point.

The estimated hit densities at the 6 layers of the ver-
tex detector (VIX) are shown together in Fig. 5. At the
innermost VTX layer positioned at » = 1.6 cm, the hit
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density is ~0.2 hits/cm?/BX. With a bunch spacing of
~ 3.6 ps for the current CEPC single-ring design, the
resulting detector occupancy will be well below 0.5% for
the first VTX layer, assuming a pixel pitch size of 20 wm
and readout time of 20 us.
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Fig. 5. (color online) Hit density of pairs and

hadronic backgrounds at 6 layers of the VIX de-
tector with radii 16 mm, 18 mm, 37 mm, 39 mm,
58 mm and 60 mm.

4.4 Radiation damage

Although the estimated hit density per bunch cross-
ing is rather low, the potential detector radiation damage
can be considerable given the high repetition frequency
of the CEPC machine, i.e. ~ 2.8 x 10° bunch crossings
per second in the current design. The radiation damage
to the CEPC sub-detectors, in particular the vertex de-
tector close to the interaction point, should be carefully
evaluated. The effects of radiation damage on the silicon
detector can be roughly characterized as non-ionizing en-
ergy loss (NIEL) and total ionizing dose (TID).

NIEL can lead to crystal defects by displacing the
silicon atoms out of their lattice sites (so-called “bulk
damage”) [18]. The effects induced by any particle with a
given energy can be normalized to the equivalent damage
caused by 1 MeV neutrons and denoted as n.,. In this
study, the electron flux at a given point is obtained by
tracking all the particles with the assumption of perfect
helices. The total NIEL per year is calculated with the
same method used in Ref. [19], assuming machine opera-
tion for 107 seconds (referred to as a “Snowmass Year”).
In addition, a safety factor of 10 is used in the calculation
to account for imperfect knowledge and uncertain issues
of the machine design at its early stage. Figure 6 shows
the NIEL distribution in the CEPC vertex detector. At
the first vertex detector layer, the annual value for NIEL
is about 10" 1 MeV n.,/cm?.

TID can introduce ionization at the Si-SiO, interface,
leading to performance degration of silicon devices [20].
TID can be determined with:

inc. pairs, pr>5 MeV: NIEL, 1-MeV-neutron equlv. flux/cm?/yr
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(color online) NIEL distribution in the
CEPC vertex detector. The white polyline and
horizontal line segments indicate the positions of
the beam pipe and the 6 VTX detector layers,
respectively.

Fig. 6.
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where Eqp, is the energy deposited in the matter, and
m, p and V are the mass, the density and the volume
of the matter, respectively. These input parameters are
extracted from the full detector simulation. In the TID
calculation, a safety factor of 10 is also taken into ac-
count. The annual TID values at the 6 VITX detector
layers are shown in Fig. 7 and the highest annual TID is
found to be ~300 kRad at the first vertex detector layer.
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Fig. 7. TID at the vertex detector layers.

The potential radiation damage due to beam-
strahlung and consequent pair production is found to be
tolerable for most silicon detectors used in high energy
physics experiments, but there are other backgrounds
at circular electron-positron colliders, e.g. radiative
Bhabha scattering and synchrotron radiation. Further
investigations into these background sources are neces-
sary to thoroughly understand the radiation tolerance
requirements.
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5 Conclusion

The backgrounds induced by beamstrahlung have
been studied with both analytical and simulation meth-
ods. The average energy loss per bunch crossing due
to beamstrahlung is small at the circular collider, thus
its influence on physics analysis can be neglected. The
hit density at the first vertex detector layer is only ~0.2
hits/cm?/BX and makes the detector occupancy well
below 0.5%. The annual values for NIEL and TID,
representing the levels of radiation damage in the sili-
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