
CHAPTER 1

PRECISION LUMINOSITY MEASUREMENT

1.0.1 Introduction

The accelerator machine detector interface (MDI) region has a racetrack beam-pipe opti-
mized for closing up to interaction point and less electromagnetic heating by higher-order-
modes of beam propagation with a 33 mRad beam crossing angle at the Interaction Point
(IP). The luminometer is instrumented for detecting Bhabha elastic scattering of e+e−

collisions in the forward region with the Luminosity Calorimeter (LumiCal) implemented
in low θ angle region with optimized upstream beam-pipe material and precision detector
configuration.

The CEPC is designed with instant luminosity of 8.3×1034/cm2s and 1.9×1036/cm2s
at the HZ and Z-pole operation modes (50MW plan), at center of mass energies of

√
s =

240 GeV and 91 GeV, respectively. The expected yield with two IPs are 4 million HZ and
4 trillion Z boson events. With such a high event statistics, the precision on measuring
Standard Model processes require a precision on luminosity of better than 10−4 at Z-pole.

The cross section of Bhabha interaction is calculated to next-to-leading order correction
for the process of e+e− → e+e−γ. The BHLUMI event generator [1] developed at LEP for
small angle Bhabha cross section has being improved to 0.037% systematic precision [2].
A recent developed event generator call ReneSANCe [3] has reported consistency with
BHLUMI and potential acceptance deviation at the 0.1% level due to radiative Bhabha
events with electrons scattered with high θ angles. The high order corrections to Bhabha
interaction are being motivated for future e+e− collider projects toward 0.01% precision.

At CEPC, Bhabha events are characterized with a pair of electron and position back-to-
back in direction, each with momentum of beam energy. The LumiCal consists of two sets
of calorimeters surrounding the beam-pipe on on each sides of the IP. Illustrated in Fig. 1.1
are the LumiCal sections in the MDI region. before the beam-pipe flanges on each z-sides

.
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Figure 1.1 The LumiCal in the MDI region is illustrated with the beam-pipe and detectors in a) within
the flanges; and b) with crystals in front of the quadruple magnets in yz-view along the beam-pipe.

are two layers of Si-wafers in front of 2 X0 scintillation crystals, for detecting electron
impact positions and for e±/γ identification. Behind the flanges and bellows are 20 X0 of
crystals mounted in front of the quadrupole magnets.

At the leading order of Bhabha interaction, the cross section integrated over an angular
coverage of (θmin < θ < θmax) is,

σ =
16πα2
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)
. (1.1)

The integrated luminosity (L) with Nacc detected is,
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where ϵ is the detection efficiency to be evaluated. The systematic uncertainties are at-
tributed mostly by the error on θmin, mainly due to mechanical alignment and the detector
resolution. The error propagates to the luminosity is twice higher.

Assuming that the θmin acceptance for detecting Bhabha can be set to 20 mRad, the
corresponding deviation ∆θ causing 10−4 error in luminosity is 1 µRad. At a distance of
|z| = 1 m from the IP, the tolerance is 1µm. The precision on measuring fiducial edges
for Bhabha detection is approaching the instrumentation limit.

The location of luminometer is favorable for lower θmin to increase Bhabha cross sec-
tion with a 1/θ2 dependence. The LumiCal front Si-wafer is located at |s| = 560 mm.
The race-track beam pipe has an inner radius of 10 mm. Assuming the detector acceptance
edge is 12 mm from the beam pipe center, the corresponding θmin is 21.4 mRad. Illus-
trated in Fig. 1.2.a is the drawing of the beam pipe volume before the flange, and Fig. 1.2.b
the LumiCal including the LYSO crystal sector in front of the quadrupole magnet located
between |z| = 900 to 1100 mm.

The x-y projected LumiCal is plotted in Fig. 1.3.a, with the trace-track beam-pipe ex-
panding from the IP ring of 10 mm diameter to 3 mm thick dual copper pipes. The Lumi-
Cal components are separated in modules above and below the beam pipe, the dimension
of components before the flange are illustrated in b) for the second layer of Si-wafer and
the 2 X0 LYSO bars.
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Figure 1.2 The LumiCal volume before the flange is shown in a), where two Si-wafers are positioned
before 2 X0 LYSO bars. Inside the flanges in each side, four Beam Position Monitors are installed. b) the
LumiCal is shown with a 50 GeV electron shower illustrated. Before the flange, the Si-wafers with short
LYSO crystals provide electron θ position with e/γ veto. The long LYSO behind the bellow provide beam
electron identification by energy deposits.

Figure 1.3 The projection of LumiCal design is illustrated in a), with the racetrack beam pipe from IP
to quadrupole. The design of the second Si-wafer at |z| = 640 mm and the 2 X0 of LYSO bars mounted
on the flanges are plotted in b). The front LYSO bars dimension is 3 × 3 × 23 mm3. The 17.4 X0 LYSO
modules in front of quadrupole magnet are segmented in 10× 10× 200 mm3. The fast monitoring diamond
detectors in c) are positioned between the long LYSO modules on the sides of electron boosted direction,
where the Bhabha electron rate is the highest.

The fast luminosity monitor is planned for beam-stealing with Bhabha events at the
lowest θ region, on the sides of beam-pipe of the beam boosting direction, between the
long LYSO modules. This corner has the highest event rates within the whole CEPC
detector volume with scattered Bhabha electrons well described by the QED theory.

In Section 1.0.2 we first discuss the fast luminosity monitor, for beam steering on the
counting rate of Bhabha electrons, and as a on-line Luminometer. The detector option is
discussed for a fine pitch diamond strip detector that can endure the strong radiation field.
The prototyping with strip implantation and the response to MIP traversing are discussed.

The Bhabha acceptance in the MDI volume is investigate with the BHLUMI which is
discussed in Section 1.0.3, for the LumiCal coverage corresponding to r = 25 mRad,
|y| > 25 mm at |z| = 1000 mm. With both scattered electrons of Bhabha events detected,
the cross section (78 nb) at Z-pole is about twice of the Z → qq̄ channel (41 nb) for Z
line-shape study.

The BHLUMI generator is developed and employed at LEP for Bhabha events based
on the YSF exponentiation algorithm, and the latest refined version reached 0.03 % sys-
tematic uncertainty. Bhabha calculation on Feynman diagrams are approaching 0.01 %
precision. Measurement of radiative Bhabha with initial or final state radiations shall be
conducted to confirm the theoretical NLO description. In Section 1.0.4 the radiative pho-
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tons of BHLUMI and the ReneSANCe programs are compared and the measurement with
e, γ of radiative Bhabha are estimated.

The LumiCal design has evolved with the beam pipe design, from the original 30 mm
round pipe, to the latest race-track design. The earliest detector technology has assumed
a Si-W sandwiched assembly, reported in CDR. To accommodate the limited space in the
forward MDI region, the latest assembly with Si-Wafers and LYSO crystals is discussed
in Section 1.0.5.

The systematic errors occur on the edge of fiducial acceptance for Bhabha event count-
ing. The 10−4 precision corresponds to 1 mRad at θ = 20 mRad. During the detector as-
sembly, the Si-wafer edges can be located by industrial survey equipments to sub-micron
precision. However, once installed on the MDI, the position monitoring shall be instru-
mented. The electron beam position is monitored by several sets of Beam Position moni-
tors inserted inside the MDI flanges, and before quadrupole magnets. The position offsets
of MDI components shall be considered for vibrations and thermal expansion, etc, can be
significant. The survey precision derived to luminosity measurement error is discussed in
Section ??.

1.0.2 Fast Luminosity Monitor

The fast luminosity monitor is consider for instant feedback of beam collisions for steering
of beam position with external detectors. We propose for detecting scattering of small
angle Bhabha electrons in the detector volume. The location is by the beam pipe before
the quadrupole magnet, where the polar angle corresponds to θ ∼ 10 mRad. This corner
has the highest e+e− collisions events, in part due to the beam-cross of 33 mRad to boost
small angle Bhabha electrons out of beam pipe.

Illustrated in Fig. 1.4.a is a shower event of a 50 GeV electron traversing the 3 mm
copper beam pipe at 10 mRad. In Fig. 1.4.b the Bhabha electrons of BHLUMI are plotted
surrounding the beam-pipe between |z| = 900 to 1110 mm, where the LYSO crystals are
located before the quadrupole magnet. The blue bar indicate the location of fast luminosity
monitor. At this position, the radiation field is the highest at CEPC. The most radiation

Figure 1.4 a) an event display of GEANT simulation for a 50 GeV electron at 10 mRad to the outgoing
beam line, traversing 3 mm thick copper beam pipe; b) x-y distribution of electrons entering LYSO between
|z| = 900 to 1100 mm.
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Figure 1.5 Electron shower profiles are shown a) the y-z counters with CMS θ from 9 to 12 mRad, being
boosted (+16.5 mRad), at y = 0/ The dE/dx deposition in z is shown in b). The sensitivity to IP offsets are
plotted in c).

Figure 1.6 a) the contours of y-z shower profiles of both z-sides are shown for various dz offsets of IP;
the corresponding dE/dx profiles in z plotted in b).

tolerant detector to be considered is a diamond slab segmented in strips to detect electron
showers generated in the copper beam pipe.

The electron shower profiles generated in the 3 mm copper beam pipe is investigated
with GEANT, with tubes positioned parallel to z-axis at center |x| = 13mm and 0.4 mm
thick diamond slab at x = −27 mm, with the height of y = ±12 and length |z| = 855
to 1110 mm. Electrons were generated at around 10 mRad at y = 0 to the diamond. The
beam-crossing of 33 mRad corresponds to boost of 16.5 mRad to the electrons. Fig. 1.5.a
show the y-z contours of 50 GeV electron showers are theta angles from 9 to 12 mRad,
showing a offsets of wide distributions with RMS of 30 mm (Fig. 1.5.b). The shower
profiles are compared for offsets of the IP, that may help beam steering. The deviation on
x position can be sensitive to 0.1 mm level, and z position deviation of around 10 mm.

The fast luminosity monitors assist beam steering by observing scattering of electrons
on both z-sides. The electrons shower profiles are observed event by event. The integrated
events rates along the z-positions can help monitoring the z-position of IP. Illustrated in
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Figure 1.7 Fabrication process of CVD diamond detector module.

Fig. 1.6.a are the contours of both z-sides with dz offsets of IP. The corresponding dE/dx
beam profiles are plotted in Fig. 1.6.b.

The diamond detector has the most profound radiation hardness, that can be instru-
mented as strip detectors. Illustrated in Fig. 1.7 are examples instrumenting diamond
detectors. We have started practice implementation of 1 mm pitch strips on a 10 × 10
sample diamond wafers. The uniformity of strips and signals will be examined to provide
options on assembly of a large area slab of around 20×300 mm2 large diamond monitors.

The beam steering devices around the IP include the BPMs positioned inside flanges on
both z-sides, and on dual pipes before the quadrupole magnets. Illustrated in Fig. 1.8.a is
the beam-pipe locations of button-type BPMs. In Fig. 1.8.b to d are the BES II measure-
ment of BPM pulses with single positron beam in 4-pole and dual beams in 8-pole BPMs.
The pulse heights correlates the beam positions, which are calibrated to measure the true
x-y position of the beam currents.

In Fig. 1.9 the BPM field and the iteration for the true beam position is shown. The
resolution at CEPC is designed for 1 µm, and the accuracy is estimated for ∼ 50 µm.

The IP position at CEPC can be measured with the BPMs, by improving survey of the
BPM positions, and by steering the beam with timing precision. The BPMs in the flange

Figure 1.8 The beam position monitors (BPMs) inside flanges will have detect beam bunches that can
steer the IP z position. The BPMs single beam pipes before the quadrupole magnets can be precise to 1 µm
on the beam x,y positions.
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Figure 1.9 The beam position monitors (BPMs) inside flanges will have detect beam bunches that can
steer the IP z position. The BPMs single beam pipes before the quadrupole magnets can be precise to 1 µm
on the beam x,y positions.

can be measured with fine-tune to ideal positions, so as to minimize distortion of the field
map.

The x-y positions of each BPM set can have rather precise resolution of 1µm, the accu-
racy requires external references may not be easily calibrated

1.0.3 LumiCal acceptance

The LumiCal detector acceptance is optimized for elastic scattering of Bhabha events,
with electrons boosted toward outgoing beam pipe direction. A lower θ fiducial angle to
the beam center yield larger acceptance. The distribution of scattered electrons is sim-
ulated with the BHLUMI. Illustrated in Fig. 1.10.a are the θ distributions of scattered
electrons at CMS frame and being boosted for the 33 mRad beam crossing in Lab frame.
The back-to-back angles are also plotted in Fig. 1.10.b.

The event selection for the BHLUMI generated Bhabha electrons has applied parame-
ters previously employed in LEP applications. The Acc0 requires 10 < θ80 mRad in CMS
frame, and the Acc1 for s′/s > 0.5 with s′ the invariant mass of scattered e+, e−. The
boosted distributions in Fig. 1.10 are selected for the detector acceptance with r > 25 mm
to the beam centers at |z| = 1000 mm, corresponding to θ > 25 mRad, and |y| > 25mm
with a flat edges parallel to the race-track beam-pipe surfaces.

In Fig. 1.11 are the distributions of event selections a) with one electron in fiducial
region, and b) both electrons in fiducial region. The cross sections are derived for the
BHLUMI calculation and the acceptance in fiducial region, which are listed in Table 1.1,
the cross sections of generated to the selected, with one or both electrons detected are
listed, for the lower θ cuts of 20 and 25 mRad. The slight lower angle has the near twice
the cross section. The boost effect push events along the x-axis into the beam-pipe, thus
gain is only about 10% asking for both electrons detected. For easier instrumentation, that
is reason to cut off band corresponding to |y| < 25 mm at |z| = 1000 mm.



8 PRECISION LUMINOSITY MEASUREMENT

Figure 1.10 a) scattered electron distributions of BHLUMI simulations at CMS frame and after boost
for the 33 mRad beam crossing at CEPC. Events are generated for 10 < θ < 80 mRad. The Acc0, Acc1
are selections according to the BHLUMI for LEP applications. b) the back-to-back angles of e+ and e− are
plotted for the generated and boosted, and the Acc0 selected with and without radiative photon.

Figure 1.11 a) scattered electron distributions of BHLUMI simulations at CMS frame and after boost
for the 33 mRad beam crossing at CEPC. Events are generated for 10 < θ < 80 mRad. The Acc0, Acc1
are selections according to the BHLUMI for LEP applications. b) the back-to-back angles of e+ and e− are
plotted for the generated and boosted, and the Acc0 selected with and without radiative photon.

1.0.4 Detecting radiative Bhabha events

The BHLUMI generator offers the most precision of 0.037% precision [2] with uncertain-
ties of missing photonic O(α2L) and the hadronic ∆αhad corrections. New calculations
with complete NNLO may reach 10−1 precision. Radiation Bhabha events cause devia-
tion of electron directions that may smear the event counting crossing the θmin fiducial
edge. Therefore measurement of e+e−γ with ISR and FSR photons are critical to testify
the systematic due to radiative Bhabha effect.

Illustrated in Fig. 1.12 are the comparison of BHLUMI and the newly reported Rene-
Sance program. In a) the Bhabha cross section with θmin > 30 mRad is plotted for the
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generated LAB (P2) one electron LAB (P2,Q2) both electrons

BARE1 (mRad) (mm) (mRad) (mm)

r > 20 .and. |y| > 20 r > 20 .and. |y| > 20

events 457232 84871 53724 54941 51360
σ (nb) 1168.3 216.9 137.3 140.4 131.2

r > 25 .and. |y| > 25 r > 25 .and. |y| > 25

events 457232 52262 32019 33415 30512
σ (nb) 1168.3 133.5 81.8 85.4 78.0

Table 1.1 Acceptance for Bhabha events simulated with the BHLUMI. The BARE1 is the BHLUMI
generated in (Th1,Th2) of (10,80) mRad. The selections are listed for θ to beam centers and y cuts at
|z| = 1000 mm, corresponding to 20 mRad and 25 mRad to z axis.

b)a)

Figure 1.12 Bhabha events are simulated with the BHLUMI and ReneSANce programs which agree
well on cross section. In a) the cross sections of ReneSANce is plotted for

√
s range at CEPC. The photon

momenta of both programs equally normalized are compared and plotted in b).

CEPC center-of-mass energies. The NLO radiation photon momentum are compared in
b). The photon energy spectra of both programs agree well.

The photons of BHLUMI are simulated with the YFS exponentiation, for the interac-
tion of e+e− → e+e−(nγ). Photons are not indicated for its radiative source electrons.
Illustrated in Fig. 1.13.a are energies of the scattered electron versus the most energetic
photon in the same hemisphere. The most energetic photon in a event is analyzed for the
opening angles to the electrons, and are identified for the mother electron to be an initial
(ISR) or final state radiation photon (FSR), in the LumiCal front LYSO acceptance of
|y| > 12 mm at |z| = 647 mm. In Fig. 1.13.a photon energy versus the opening angle to
the closest electron, thus identified as ISR or FSR. ISR photons shall have a large angle
to enter the Si-wafer, and the angle to the scattered electron are not correlated by a large
angle of > 15 mRad. The FSR photon accompany its mother electron with the opening
angle mostly below 5 mRad (91%).

The BHLUMI simulation has 10 M events generated in the θ range of (Th1,Th2) of
(10,80) mRad. The e+ and e− traveling in each z-direction have 39.7% of them accom-
panied with radiative one or more photons with energies > 5 5 MeV. The most energetic
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Figure 1.13 The most energetic photon is identified as an ISR or FSR by the opening angle to the closest
electron: a) energies of the scattered electron versus the most energetic photon in the same hemisphere;
b) photon energy versus opening angle of the most energetic photon to the scattered electron in the same
hemisphere.

|y(e+)|, |y(e−)| |y(e+)|, |y(e−)| > 12 mm; |y(e+)|, |y(e−)|, |y(γ)| > 12 mm;
> 12 mm Eγ > 0.1 GeV Eγ > 0.1 GeV

e±, 0γ, nγ e±,nγ e±,nγ e±,ISR e±,FSR e±,nγ e±,ISR e±,FSR Ω(e,FSR)
> 5 mRad

events 1405230 631622 445566 233828 211738 206845 12440 194405 41612
ratio 100% 44.9% 31.7% 16.6% 15.1% 14.7% 0.89% 13.8% 2.96%

Table 1.2 Bhabha events of BHLUMI generated in (Th1,Th2) of (10,80) mRad are boosted to the LumiCal
acceptance of |y| > 12 mm. The events ratio with E(γ) > 0.1 GeV, and the most energetic photon being an
ISR or FSE are selected by the smaller opening angle to electrons. The selections are listed for θ to beam
centers and y cuts in front of LYSO at |z| = 647 mm, corresponding to the lowest LAB frame of 18.5 mRad.

photon is identified to be an ISR (20.4%) or a FSR (19.4%). In Table 1.2 the events with
both scattered e+ and e− accepted in front of the LYSO (|z| = 647 mm) with |y| > 12
mm are counted for the fractions with photon, with > 0.1 GeV photon, wand with photon
|y| > 12 mm in the LYSO acceptance.

The ISR to be detected in LYSO has a minimal 18.5 mRad (atan(12/647) off the collid-
ing electron, therefore the event fraction is small (0.89%). The scattered electrons closely
accompanied with a FSR is plenty (13.8%). To distinguish the FSR with an opening angle
of 5 mRad (8.9% of 0.1 GeV FSR), from the electron, the event fraction is 2.96%.

The e, γ separation is conducted with the hits on Si-wafer and LYSO bar dE/dx deposits.
The LYSO segmentation of 3 × 3 mm2 corresponds to a pitch of 5 mRad. Plotted in
Fig. 1.14.a are the radius of scattered electron in the LAB frame, versus the opening angle
to the photon in same z-hemisphere. FSR photons are closely accompanied, and ISRs are
in to bands with e, γ in the same y sides or opposite. The electron hit positions with an



11

Figure 1.14 Event with radiative photon (Eγ > 0.1 GeV) are plotted for e, γ separation. a) the scattered
electron position in front of LYSO is plotted for the LAB frame x-y radius vs e, γ opening angle in the same
z-hemisphere. b) the electron hit positions in LAB x-y frame are shown. In case of FSR both e and γ are
close beam pipe; with an ISR, e and γ are spread wider.

ISR or FSR are plotted in Fig. 1.14.b. With an ISR the electron hits are scattered more
toward larger radius.

1.0.5 LumiCal detector simulation

The LumiCal design has to incorporate the space available in the MDI region, to enlarge
the θ coverage. Illustrated in Fig. 1.15 is the drawing of LumiCal modules mounted on the
race-track pipe. The Si-wafers measuring electron impact position are located closer to
the beam-pipe for the lowest θ coverage with the minimum upstream beam-pipe materials.
Si-wafer with strips in pitches of, e.g. 50 µm, can reach better than 5 µm resolution.

Although the Si-wafer can be instrumented to reach 5µm, the low angle causes a large
beam-pipe traversing thickness. With a 1 mm thick Be beam-pipe, the traversing distance

Figure 1.15 Mechanical drawings of the LumiCal modules before the flange of race-track beam-pipe.
The two Si-wafers and 2X0 LYSO crystal bars are contained in half circular tubes above and below the pipe.
The cooling of beam pipe has the water injected from the flange toward IP within the double Aluminum
layers on the sides with the temperature map illustrated.
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Figure 1.16 a) the beam-pipe has low-mass window with 1 mm thick Be flat layer of 6 mm wide. The
multiple scattering is simulated with GEANT The hits of 50 GeV muons are simulated at fixed theta angle
traversing Si-wafers and LYSO before flange, and c) passing through flange, bellow to the 17.4X0 LYSO.,

Figure 1.17 BHLUMI generator electrons at
√
s = 92.3GeV are injected in GEANT LumiCal simulations

for multiple scattering effects. a) the hits of electrons on the front Si-wafer at |z| = 560 mm. The beam-pipe
has 6 mm wide Be low-mass window as indicated, surrounded by 1 mm Al round pipe. The hits to the
generated projection is plotted in b) and c) for |x| outside/within 6 mm, respectively, with Gaussian fits.

at 0.02 mRad is (1/sin(0.02)) 50 mm, corresponding to 0.14X0. With Al, 1 mm thick, it
is 0.56X0.

To minimize multiple scattering effect, the beam-pipe is proposed for inserting flat Be
low-mass windows between |x| < 6 mm. The half-round pipe on the sides are double-
layer Al pipe containing cooling water circulating from flanges toward IP. The temperature
variation of the beam-pipe is also shown in Fig. 1.15. The simulation of multiple scattering
using 50 GeV muon is illustrated in Fig. 1.16.b before the frange, and Fig. 1.16.c after
passing 2X0 of LYSO, 4.3X0 of steel flange (30 mm) and bellow (45 mm) on to the 200
mm long LYSO bars.

The detector option for LumiCal is constrainted by the space and weight. The 2X0

LYSO crystal covering the radius of 42 mm, 23 mm in length, has a total weight of 0.45
kg (π × 4.22/2 × 2.3, density 7.1 g/cm3, Fig. 1.15). the long LYSO has 10 layers of
10×10×200 mm3 bars, corresponding to a total weight of 22.3 kg (π×102/2×20×7.1).

The distribution of Bhabha electrons and radiative photons are generated with the BH-
LUMI. The detector simulation with GEANT provides multiple scattering and electro-
magnetic showers in LumiCal. Bhabha electrons are distributed near the outgoing pipe.
The smearing due to multiple scattering with BHLUMI generated electrons are plotted in
Fig. 1.17.a for the hits on the front Si-wafer at |z| = 560 mm.
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The smearing due to multiple scattering on the Bhabha electron hits, to the projection of
generated, are plotted in b) and c) for the hits outside/inside the |x| < 6 mm Be window.
The Gaussian fits yield

|x| > 6mm : m = −1.8± 0.6 µRad 95± 0.6 µRad (1.3)
|x| < 6mm : m = −0.7± 0.6 µRad 54± 0.7 µRad. (1.4)

The effects smearing by multiple scattering are symmetric for both the x-range within the
Be low-mass and outside in the Al pipes. The errors on the mean are less than 1 µRad.
At |z| = 560 mm, most electrons enter Si-wafer of |y| > 12 mm have the θ > 21 mRad,
corresponding to ∆θ = 1 µRad for ∆L/L = 10−4 (eq. 1.2).

The smearing by multiple scattering will require test-beam studies to confirm the widths.
The simulation with 1 mm Be and Al thick pipe, the width is a factor two, although the
Al radiation length is four times thicker. The simulation in Fig. 1.17 has applied the beam
spot size of σx = 6 µm and σz = 9 mm (σy = 35 nm is neglected). The beam-cross
results to an overlap of σz = 380 µm in z. If σx, σz are 0, the Gaussian widths reduce by
about 5%. For the accuracy on event counting at fiducial edge, the smearing effect shall
be measure so as to measure the mean and error. The two Si-wafer will cross refer each
other, to measure the multiple scattering spectra, so as to determine the error and the mean
on the Bhabha selection fiducial edge.

1.0.6 LYSO calorimeter simulation

The low-mass of beam-pipe suppresses electro-magnetic shower secondaries to occur be-
fore the Si-wafer. Behind the second Si-wafer are 2X0, 23 mm long LYSO arrays before
the flange (Fl.LYSO, that is finely segmented in 3×3 mm2, to detect Bhabha electron hits
and for e/γ separation to identify radiative photon. The long LYSO array of 17.4X0, 200
mm long, before the Quadrupole magnet (QM.LYSO) measure the beam electron with
energy deposition if shower secondaries traversing LYSO (2X0), flange (30 mm Fe) and
bellow (45 mm Fe). The accumulated upstream materials account for 6.3X0.

The GEANT simulation of electromagnetic shower profiles and dE/dx depositions are
plotted in Fig. 1.18 for a 50 GeV electrons at a fixed direction of θ = 32 mRad vertically

Figure 1.18 Electromagnetic shower of 50 GeV electrons at 32 mRad vertical at 90◦. The dE/dx deposits
are plotted in the LYSO modules of 2X0 before flange (Fl.LYSO) and 17.4X0 before the quadruple magnet
(QM.LYSO). In a) the dE/dx deposits are plotted in x-y and r-z positions with r =

√
(x2 + y2) the radius

in LAB frame , projection in x axis and z axes, that is normalized per event.
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Figure 1.19 The scattered electrons of BHLUMI with projected truth directions entering LYSO at
|z| = 64.7 mm, |y| > 12 mm, are simulated with GEANT. The energy deposits of electrons in a half-circle
module are plotted in a). The double peak with photon could be with an FSR adjacent to the electrons. The
fraction of energies in LYSO bars 9 mm off the projected electron direction is plotted in b), indicating the
observable of a photon that can be identified by the LYSO bar segmentation.

at y-axis, that is centered at a LYSO cell. The shower profiles of secondary particles on
the front and back LYSO arrays are plotted for dE/dx profiles in x-y and r-z distributions
in a). The dE/dx projections in x and z axes are plotted in b) and c). The shower deposits
in Fl.LYSO are narrowly distributed in the 3 mm segmentation width. The shower profiles
in the long 10× 10 mm2 are also well contained in a LYSO bar.

The front 2X0 shower deposition is rather small, accounted for only 1 % of the 50 GeV
electron energy. The deposition in QM.LYSO after 6.3X0 accounts 61 % of the electron
energy.

The e/γ identification for radiative Bhabha events is conducted with the BHLUMI gen-
erated electrons and photons boosted for the 33 mRad beam crossing, to the LumiCal
GEANT simulation. The photons could be ISR or FSR. The scattered electrons enter-
ing the 2X0 LYSO arrays, of |y| > 12 mm are searched for energy deposition in LYSO
bars in 3 × 3 mm2 segmentation. In Fig. 1.19.a, the energy deposits are compared for
Bhabha with and without incident photons which could be ISR or FSR. On a module of
LYSO bars in the same y, z hemisphere, electrons accompanied with an FSR show in the
twice dE/dx location. The distribution of about 1/4 in double peak corresponds to the FSR
accompanies with a scattered electrons in a Bhabha event that has a ISR or FSR photon.

The separation of FSR to the electron is demonstrated in Fig. 1.19.b for the energy
deposited in cells of center 9 mm away from the electron projected position. The enhanced
peak indicate the presence of a photon hit.

1.0.7 Systematics on integral luminosity

The measurement of luminosity at CEPC is the counts of Bhabha events NBh with both
scattered electrons detected in coincidence in LumiCal modules on both z-sides. The lu-
minosity is derived by L = Nacc/ϵσ

vis 1.2, where ϵ has the systematics on instrumentation
and σvis is the theoretical calculation depending on the precision on fiducial acceptance,
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that depends mostly on the lower θ edges, to better than 1µRad for 10−4 precision as is dis-
cussed in Sec. 1.0.1. The tolerance on radius at |z| = 560 mm is 0.56µm. The systematic
uncertainties on the scattered electron θ can be classified into three categories:

1. Systematics on the beam crossing IP position
The beam collision IP is best measured by the BPMs, measuring beam currents inside
the vaccumn pipe. The closest sets are at |z| = 700 mm, inside the flanges observing
both the electron and positron beams, illustrated in Fig. 1.20. The single beam BPMs
in front of the Quadrupole magnet (|z| = 9800, 1000 mm) can provide pulses of
bunches with respect to the x-y position of the beams.
The bunch sise has the widths of σx = 6 µm, and σz = 9 mm. The 33 mRad bunch
crossing reduces z-width to σz = 380 µm. The beam tuning will iterate on the timing
of bunches arriving at IP, and the x-y sweeping.
At θ = 25 mRad, the 1µRad offset corresponds 40 µm at z = 1000 mm, where the
BPM timing precision is required for 1.3 ps. The spacing x-y precision of BPM is
better than 1 µm. By sweeping beam currents in x, the crossing point is z = 0, and
by timing to the brightest luminosity, shall yield the IP to the ideal beam-pipe center.

2. Systematics on measuring electron hits
The scattered electron hits on the LumiCal Si-wafer, with the wafer edges surveyed
to better than 1µm.

3. Systematics on MDI beam-pipe, LumiCal survey and monitoring
survey and monitoring of the LumiCal positions, relative to the beam centers.

The alignment of the detector position would be the major systematic requirement for
an absolute precision of better than 1 µm. Single event measurement has much larger
error to the required 1µRad precision, however, the mean on error (σ̄ = σ/

√
n) would

be much smaller. The issue is for survey and monitoring precision on the fiducial edge
for Bhabha event acceptance. The mean of fiducial edge and the systematics to it are the
LumiCal design goal.

The alignment precision of the front-layer Silicon detector is the most critical issue to
reach 1 µm in radiaus for the luminosity measurement of 10−4. An online survey system
is required to monitor the fiducial edge position.

The theta angle of a detected electron is calculated assuming an IP position measured
by the beam steering and the central tracking system. The IP position relative to the
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Figure 1.20 Electromagneti
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luminosity detector could be limited to survey relative to central tracking devices or beam
pipe.

The back-to-back tracking of the pair of Bhabha electrons will also provide calibra-
tion for detector position. The front silicon layer of the luminosity detector will measure
electron impact positions to a few micron. This wafer shall be an 2D fine-pitch strip de-
tector, the position is measured by strips collecting the ionization charges generated by a
traversing electron.

A generator-level study was performed to assess the effects related to the precision of
the Bhabha acceptance region on Bhabha counting. An underlying assumption of the
study is that the LumiCal is centered on the outgoing beam axis. This assumption is
essential for data-driven control of the radial offset of Lumical w.r.t. the IP, as well as
for Bhabha event counting based on the mirrored asymmetric polar-angle acceptance re-
gions on the left and right side of the detector [4] (in further text, OPAL-style selection).
OPAL-style counting cancels out biases due to left-right assymmetries of the experimen-
tal angular acceptance. It is further assumed that for the final state particles hitting the
radial region between 50 mm and 75 mm, corresponding to the detector fiducial volume
(FV), shower leakage has a negligible effect on he reconstruction of the polar angle and
the energy.

Bhabha event samples are generated using the BHLUMI generator [1]. Center-of-mass
(CM) energy of 240 GeVis assumed, roughly corresponding to the peak of the Higgs pro-
duction cross section. The particles are generated in the range of polar angles including
a ∼ 7 mrad margin outside the FV to allow non-collinear final state radiation (FSR) to
contribute to the events. After event generation, smearing is applied to the final particle
vertices and momenta according to the nominal CepC parameters [5]. Additional smear-
ing or bias is then applied according to one systematic effect at a time. Four momenta
of close-by particles are summed up to account for cluster merging in LumiCal. The
selection criteria to count an event consist of the OPAL-style angular selection and the
requirement that the energy of both detected showers is above 50% of the nominal beam
energy. The relative acceptance bias is determined as the relative difference between the
Bhabha count NBh,i obtained with the inclusion of the considered effect i and NBh obtained
with the nominal set of parameters.

Table 1.3 lists the requirements on beam delivery, MDI and LumiCal installation, needed
to limit individual systematic effects in the luminosity measurement to 1× 10−3, such as
required for the Higgs program at CepC. Parameters influencing the integral luminosity
precision are given as follows:

∆ECM, uncertainty of the available CM energy affecting the Bhabha cross-section,

Ee+ − Ee− , asymmetry of the incident beam energies resulting in a net longitudinal
boost of the event,
δσEbeam

σEbeam

, uncertainty of the beam energy spread,

∆xIP and ∆zIP, radial and axial offsets of the IP w.r.t. the LumiCal,

rin, inner radius of the LumiCal acceptance region,

σrshower , reconstruction precision of the radial shower coordinate,

∆dIP, uncertainty of the distance between the luminometer halves.
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Table 1.3 Requirements on beam delivery, MDI and LumiCal installation, needed to limit individual
systematic effects to 1× 10−3.

Parameter unit limit

∆ECM MeV 120
Ee+ − Ee− MeV 240
δσEbeam

σEbeam

Effect cancelled

∆xIP mm >1
∆zIP mm 10
rin mm 10
σrshower mm 1
∆dIP µm 500

Most requirements are technically feasible with the present state of the art of accelerator
and detector technology. The most important challenge identified is the precision of the
inner acceptance radius rin of LumiCal. In order to keep the luminosity precision of 1 per-
mille, rin must be known to within 10µm. The precision requirement of rin scales linearly
with the required luminosity precision, implying a correspondingly stricter requirement
for the Z-pole run.

1.1 Summary

Instrumentation of the very forward region is very important for the realization of the
CepC physics program. Several technology options are under consideration. Some of
them have been successfully applied at LEP or are under study at other future projects.
We argue that a tracker placed in front of the luminometer can improve polar angle mea-
surement accuracy, facilitate LumiCal alignment and enable electron-photon separation.
Luminometer must be centered on the outgoing beam axis to allow control of the sys-
tematic effects at the required level. Precision requirements on beam delivery, MDI and
LumiCal installation have been addressed by simulation, and proven to be feasible with
the present state-of-the-art of accelerator and detector technology.

The segmentation of the calorimeter is considered for the back-to-back resolution de-
tecting a pair of Bhabha electrons, and for separation of e/γ in the presence of radiative
photon accompanied with the electron or from beam background.

The primary goal of the LumiCal is for counting Bhabha events with precision on scat-
tered electron θ in fiducial regions so as to provide an integrated luminosity precision to
10−4. The LumiCal detector options shall be considered for

1. precision of the electron impact position to r ∼ 10 µm (1 µm) for the errors on
luminosity, corresponding to the systematic errors on luminosity of ∆L ∼ 10−3 (
10−4) in the Higgs (Z-pole) operations;

2. monitoring of the detector alignment and calibration of detector position by tracking
of Bhabha electrons with upstream detectors;

3. energy resolution and separation of e/γ for measurements of single photons and ra-
diative Bhabha events.
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4. maximum coverage and segmentation of the LumiCal to accommodate the dual beam-
pipe and the beam crossing of 33 mrad;

5. minimizing shower leakage into the central tracking volume.
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