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1. Standard Model Z-pole
precision measurement
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Physics goal, cross-section measurements

® Z-lineshape

ete-—>7Z—qq
® Luminosity by Bhabha

e‘e” — e’e”
[ = iﬂfafx S 16ma? ( 1 1 )
c o s \&. @

fe' ., e* 100000 3he[il)-ph|/04f!.132|1 N|PB 7|16 (|200|5) 2|80 :
e’ e 10000 ;j\ Bhabha .
2 1000 __\"\\\\\ at 6= 5° Born -- -~ b

SR N Ofai(Nr = 1) —

b 10k = R,
b
0 50 100 150 200 250 300 350 400 450 500

E (GeV)

/]

Number of events
ﬂl}_]

W fll.%‘i'l}il

Z fusion

200 230

J: [GeV]

5.

for

5% 10°

400



Luminosity by Bhabha elastic scattering

® Physics events, e.q. Z-pole,
N=o-fL L:Luminosity of e*e collisions ©
® Luminosity by counting Bhabha events . .
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Luminosity to 10~* precision

® Observable cross section N =0 - [L L:Luminosity of e*e” collisions

® Luminosity measured by counting Bhabha events, QED precision < 0.1%

— a pair of back-back electrons,

— precision 8 on e,e(y) in fiducial region

Bhabha systematic error
SL/L~2 89/9 .

requiring 6L/L = 104

at z=*1m, 6 _. =20 mRad

- 69 =1puRad or

error due to offset on Z
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BHLUMI

Acceptance @z=1m

r>25 mm, |y|>25 mm

LAB frame
et, e detected
@ Z=1000 mm

X-section, racetrack beampipe

e*, e~ back-to-back Symmetric to out-going pipe center
P2,Q2 both off beampipe
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2. CEPC LumiCal design
for racetrack beampipe

Accelerator @ Z-pole high luminosity
L=2x10%%/cm2s: @Z-pole, goal is 104 systematics

— @ 20 mm racetrack, beam-crossing: 33 mRad
— IPbunch: o, 0,0, = 6 um,35nm, 9 mm

— Bunch crossing: 23 ns



LumiCal geometry

Flange +
Bellow

. Siwafers  _—7ekbm=-43 E
» LumiCal before Flange \ ‘l P

z =560~700 mm : ! I'-_-

=17.4 X,

O Low-mass window: Be 1mm thick

traversing @22 mRad traversing L=45 mm, R2R 22 21;(“
= 0.13 X, (Be), 0.50 X, (Al) :
O Two Si-wafers for e*impact o tumiCal volume

0 2X,LYSO =23 mm

> LumiCal behind Bellow:
z=900~1100 mm

O Flange+Bellow : ¥60 mm, 6 X,
O 17 X,LYSO 200 mm




Flange l, l, Bellow

Z= 560 640 670

LumiCal

LumiCal

24 mm
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Reduce mult. scatt. & preshower

1 mm Be thin pipe window 20mm

: Flange
traversing @ 30mR +20mm

Steal +5mm 200 mm
Flange ¥ M =174 )&)
q
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Si :Nafel;s Emm = 4.3

Fe 1X,=17.6mm
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=2 X, [ [l

O Mult. Scatt. traversing 1 mm Be pipe
symmetric, Gaussian

RMS =60 nRad @ 30 mRad
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GEANT beampipe multiple scattering

O IPspot (ero'z)z (0,0), ( 6;380I1m) €& compatible
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Electron hits on 15t Si-wafer, LYSO @z=647mm

IP (O'X,O'z) = (6,380 um) € compatible w. (0,0)
electrons hits

Si wafer @z=560mm

O |x|<6.0 mm o(&) =54 uR (1mm Be)

O [x|>6.0 mm a(&) =95 uR (1m Al pipe)

o back-back Op.Ang o(Q2) = 137 uR

LYSO (2X,) @z=647mm

O |x]|<7.3 mm (&) = 54 uR

o |x|>7.3 mm a(&) = 100 uR

o back-back Op.Ang o(Q) = 144 uR
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GEANT LumiCal electron shower

50 GeV electron @ 6 =32 mRad, $b=90° Je_be1mm/e050_032032mr090ph_be1mm.rz
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LumiCal conpon

Before flange, VTXdet volume

0SS LS

Precision electron 0
e/ y identification

350

» Si tracking layers: 6. <5 pm oo
» LYSO array, ZXO: 2.5x2.5x23 mm3 X = 1 };L_O“'" g
LY59 bay = 25 x2.5 x 25 W

4 Vodwo =~ (00 %71 3t = To0 "




3. QED 10% measurement
on radiative Bhabha

theory by BHLUMI
0.002 precision

e'e" —e’ey




LumiCal Physics application

Pre-shower before flange
o two Si wafers: electron tracking

5 um resolution
O 2X0 LYSO: e/y identification

Physics purpose
O Radiative Bhabha,

e+y QED 10 precision
O Two-Photon, electron tagging for Q?

T TTTT] I r1TTTrIrnm

Resonances: 1% n,n’,f, a, n,n.X. L et e ct Y et

Lepton pairs:  yy — MM, TT ¢"e=> et & V> ¢" ¢ hadrons
Vector boson pair yy — 7w, pp, KK, pp
Photon structure F,(x,Q?)

QCD, heavy flavor yy — hadrons

ete W W

i < ¢" ¢=> hadrons
i
_ ! + - 0.0
10"+ / [\e €=>77
EEITI VA A B R

50 100 500 1000
\/g (GeV) | V.G.Serbo arXiv:hep-ph/0510335v2
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BHLUMI QED generator e*e” -> e*e(y)

Ecvis = 92.3 GeV 6= 10~80 mRad CMS radius(e”) vs. Q E(e+) vs E(e-)
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2X, LYSO bars observables, w. BHLUIM ;Qle
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incident particles are e*,(y) and secondaries /&l

o GEANT sum dE/dx in each LYSO bars |
3x3mm?, 23 mm long, 2X,

o Deviation to e*truth (impact hit >Eb/2)
mostly < 0.2mm

O Hit distributions in a Bar
distributed due to Bhabha 8, w./w.o. photon

Loop Bars

dy mr
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2X, LYSO observables for rad. Bhabha .

Q(e*,y) Opening Angle

O Increase w. electron 6

O r>12mm, Q(e,y) =20 mRad (13mm@647) sum dE/dX all LYSO bars (aplane)

e‘e- — e'ey
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4. Luminosity
Systematics to 104



Systematics to SL/L ~104

® 6N/N ~10% major issues SL/L~ 2 53/

min

1. Det. Position offset 5L/L < 10 for@_. =20 mRad

2. Multi. Scattering, > 69=1puRad dr=1 um @ z=1m
det. Resolution, B-field helix

3. Rad. Bhabha, preshower 0 |
@ 60000 /?(]\
Si-strip detector for 6N/N ~10“¢ | so00q] ! Bhabha smeared by
Strip detector Resolution ~5um _ yl\ 1. Multiple scattering
Multiple scattering ~50 um 2. Detector resolution

OFFSET on the mean
Causing 6N/N error

L 400001
Redundent layers for geo-calibration -

Symmetric, error on mean — 6N/N ~ 50/VN 30000 -
Survey on position dominant

20000 -
/l\ : N 10000 1
: i 3]
%,, . “0s_,. A 4 , :
l)) /7 ﬂ T T I
Pony. er ,, 0.02 0.04 006 0.08 0.1
Vste,, / 6 Rad (50 uR bin)
0{,&
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10-* systematics, multiple scattering

1. BHLUMI smear 0’, ¢’ of scattered e*, e

Multi. Scatt. 100 pRad 0= OxGauss(100uR), &’= pxGauss(100uR)

2. 6N/N systematics:
ON = count event deviation due to M.S.
M.S is Gaussian, Symmetric
at 0 _. =25 mRad, slope of Bbhabha
in neiboring 100 puRad bins to 25mR

ON(@25mR)/N(25-80 mR) <10*

evhbk_10mrad_r25_ms100ur.hrz

M.S. deviation
events in 25 - 80 mRad
M.S./gen < sqrt(N)/N

0.in  select events
f on O dist.

-
llllll

002 004 006 008 01
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0.1 |
! ; ]
H -I B : T
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-0.2‘I T : — — :' |: '! T :II LI : T
0.02 0.04 0.06 0.08 0.1
6(P2) Rad
x 10 ¢
ID 211 ] :
1500] | Mean  7"a0.1218E07 | 4500y s ige e nshenemne e
RMS ! 1.8798E-04 IR L S
T 1 1 H F"""'."l"'li-'rrl
rI I.L 4 H I||.J
1000+ ..’r ",1 1300__ .............................
JIJ ~ : = .
500 . . cleloy SEREE 25-mRad--------
\4 ] :
-+t - " —t
-0.2 0 0.2 ) 0.024 0.025 0.026
gen-M.S.(Rad) x 10 8(P2) (Rad)

104 is determined by survey of

the mean position
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[P bunch smearing

O bunchsize o,=6um, o,=9 mm
= IPspot o ,=6um, o,=380um
O boost by 33 mRad beam crossing

0O Z— et e at 9=30 mRad
smearing at @z=560mm
smeared width o(%) = 24 uRad
back-to-back o(Q) =21 pRad

CMS (9=30 mR, = r/2), E=46 GeV = boosted
V1=(9.2, +16.8, +560) mm

V1=(0, +16.8, +560) mm

back to back V2=(0, -16.8, -560) mm V2=(9.2, -16.8, -560) mm
i T046
| : : | 1000000 130 mRad e+,e-, boosted for 33mR
' i : i 33.00 Hits on Si wafers @ z=t560mm
] : ; =.2144E-D1 ' et
25000 - TR EEEE / : T X axis
| e - .
1 ; § : oost ! ; O ; Z axis
' OFAEI"I le | x directio o : .t
| hits wafer |Z| =580 mm S
' ' 46.15 GeV electrons

325 3295 33 3305 331
- Op.Ang. (mRad)

4-mom by & 30mRad




Tracking of IP position

O Deviation to electron 0 by IP spread

beam bunch o,=6 um o,=9 mm
crossing @ 33 mRad

e*, e” back-back angle

compare scattered e*, e

]
O Beam crossing spot: 0,=0.38 mm " }-R>Rope.
i _R}Rbplpe ’

104

103,

Si position detector

=05

o= 236 LLR&]EE
o= 158 pRad-

L]
-
--------- — w
= s e
— L

-

~ LYSO

evhbk_10mrad_r25 hrz 19, () smeared 100 /lR

10 4
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Survey precision for 10~* on Luminosity

LumiCal within beampipe flange Survey monitoring

O Multiple scattering : ~ 50 um O Beam Monitoring Probe BPM

O e,y cluster-size in LYSO: ~ 100 um on beam line crossing IP

o error on mean of (Bhabha >0_.) <10* o Survey (Flange+ to Flange-)
survey on Si wafer position (1.4m) to 50 um

requires oy =1 um, oz =50 um

flange flange

dxwr

|
|
!
dx-
electron :
|
|

-
-
——
-~
-
-
-
--~~--
-~
-~
-
—
-
-

X- dz T
positron

dx}/\ldx"'
BMP BMP

AL KBRS flangé 1400 flange

~-___-

/ /’ﬁ'?‘ﬁfﬂ:’: i /-P[‘a]%ﬁ“;ﬁ;ﬁ /Jm,m;mm (360)

T 4 4 f
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LumiCal position 1 puRad
versus IP, beam-line

KB Rl E NS

. =T 2 Y 3 L 5 %*ﬁ"@x ﬁ ﬁ %
RES RIS |, BB, g = B8 B 22 bl S 4
2022-05-06

LumiCal precision, 1 uRad
- | to the IP 2
i JEIRS survey/monitor:

| ?' ﬂ 1. x,y w.r.t BPM position

2. add Z position monitor
Hiu A

BPM 3t 672 4~ (14 /~/7BA x 48 /> 7TBA)

BPM H T EK:

1, & U/Odata i, XHFZFMEFEMESA(FT, TBT, 22 kHz, 10 Hz)

2, BKVE R L +/-7 mm BB HER Y mapping 0 calibration

3, LI EWK, BPM AL E D HFHRLE 80 nm L

4, THRALESHE (10Hz WEEAE, 0.1um; 22kHz tREEHE, 0.3um, ZHBEEHE:
lpme )
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S. TDAQ requirement



. RN BREAXRINEE (EEMTPC - MFERM & )

LumiCal, MENNEeRRRere MiIE=RE Luminosity

R TERMRE +z =700 mm - JEERI - IHFRNEBSESET

frete MIIEATIXIA - TH#E Bhabha s 14 A& (E A B F XS4 -

Monte Carlo QED &K Nzgg=H6l=E - <L Integrated Luminosity -
EEEKR 104 -

. BERNNYIEE (LEME - eE - FYIEEJE/dXx, BEYIEEREAZIN/dX, A
WE - FE)

RMMIF : Ebeam [ETAEEF, XIEFEAY Final State Radiation €85+ ( >~ 1GeV)
£ bunch crossing 25 nsec © D RRIEA SR FIHEM K5

WEERMES : 88 theta, phi B, RiImiX#T 1 uRad FBAEMNE -

LYSO & : #riE >Ebeam/2 B8F - KXBRILITHY FSR HF

. RSN e FEEENEEL

BBFiliERERENS: SNREHR4E - BF4kch. 216k BEH

LYSO &5% SiPM iz &0 7251(2X0) fa(17X0) H£4E LYSO

BE 170cm?, 1.7k ch. B3 7kiBEEE

. BEEWHTEE

Z lumi Lmax = 115 x 1034/cm?s, LumiCal Bhabha #ZFEN22 B &= E 100 nb
Event rate = (246x10-33) x (115 x 103%4) /sec =115 kHz

Event rate / 25 ns bunch crossing = 0.003 events /b.c.

lowest theta (& /) hot LYSO 3x3 mm?2 6-cell cluster

event fraction = 0.12, wHAKXELYSO cellEf6IE = 0.00016 events/b.c.



. G BE 28R ?8E? LA - TENE - ZE?

FESR: PN 27 25k FF-HLf], ADC FE AR R, T 50 ns [N, 7 25 ns B.C. Fijjo =73 HHH
LYSO SiPM: ADC EEEFk 9, T 50 ns [N, 7F 25 ns B.C. gij 5 SE51 739,

12bit 100 GeV Z&MHE &=l =

. ESEWmAN (LbMEM¥EY - PCB - #i&4 ) - S -

AllmPCB 4542885538 - oJgER ADC - serializer # 10 Gbps J¢ 4 iz

A1 trigger, ### FPGA 5 Al

. &/ BRES (TMENSER) -

FESR N MIP BB R EB B BB 1]

LYSO SiPM LE88 ECAL &0 300 MeV % 100 GeV BB+

. WEF{ERZEK (LSB, BE - &HE) -

LYSO SiPM EGBRECAL,

24N Pileup, EIE - 25 ns B.C. 81— Signal Level comparator A5
B SZ2GWES

. BN TERENSEE - MIRBFEFEMR - dE5MENREEE—RL?BL
X EBFERIINFEPRBIFNZ D -

LumiCal 5K SIPM TEREIRIMREMeS—2 - 2920 oC

LumiCal BEfE% 4k BB 4080 L chip it &F 10W A -

LYSO 8E 17k BEE 1I0W A - 5ZMl 40W - 2R ne <EE -

I3



Bhabha pile-up rate @High-Lumi Z

1. High-Lumi Z (2021 design) L../IP =115 x 103*/cm?s c.f. LEP

2. Bhabha both e*, e~ detected, X-sec =246 nb [= 1x1032
Event rate = (246x10-33) x (115 x 1034) /sec = 115 kHz X-sec= 100nb

3. Event rate / 25 ns bunch crossing = 0.003 events /b.c. Rate= 10 Hz

4.Pile-up: next b.c., @adjacent cell in peak region
Pile-up Fraction = 0.018*6cells/2sides = 0.054

Pile-up event rate = 0.003*0.054 = 1.6 x 10? in 3x3 mm? cells

event fraction /(cell of 3x3mm?)

- H 2
50 GeV e- shower in 3x3 mm? cells maximum at beampipe edge = 0.018

P2,Q2 both off beampipe

s01R2 h|ts at-Z=1m. 3x3-mm: eeus

Event fraction

mm (3x3mm? bin)

LYSO signal overlap '

sl |

-80 -60 -40 -20 0 20 40 60 80 — ;
X (mm) ne
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Z— qq pile-up rate @High-Lumi Z

1. High-Lumi Z (2021 design) L..,/IP = 115 x 103%/cm?s
2.Z—qq, X-sec=41nb
Event rate = (41x10733) x (115 x 1034) /sec =47 kHz
bunch cross = 40 MHz

3. Event rate / 25 ns bunch crossing = 0.001 events /b.c.
4.next b.c. havingaZ — qq
Pile-up rate 4m coverage ~ 1x 103

LEP: e'e - Z— q@—hadrons

if BCID not identified
O pileup of two 2-jets = 4-jet
O rare decay precision ~1x 103

sl |

25ns
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SiPM w. Comparator in MIP layers

Solenoid Magnet (3T / 2T )
Between HCAL & ECAL

Scint Glass Advantage: Cost efficient, high density

PFA HCAL Challenges: Light yield, transparency, m
massive production. Advantage: the HCAL absorbers act as part | et Sceiuge: (g 000, LySa.)
of the magnet return yoke. i Ty f
Challenges: thin enough not to affect the jet N tctodeiect
resolution (e.g. BMR); stability. e seuy”

<~

Transverse Crystal bar ECAL

Advantage: better n%/y reconstruction.

- el . Challenges: minimum number of readout
channels; compatible with PFA calorimeter;
maintain good jet resolution.

A Drift chamber
that is optimized for PID
' Advantage: Work at high luminosity Z runs

Challenges: sufficient PID power; thin
_ enoug_l_'i not to affect the moment resolution.

Muon+Yoke  Si Tracker Si Vertex

* Crystals arranged to be orthogonal
between layers
Readout from two sides

SiPM output

ECAL front 2X, layers, LumiCal 2X, decks
1. High-gain signal (ADC of multi BC)

2. 3-bit (8 levels) comparator per BC

N LW

25 ns 32
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