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Measuring QED Radiative Bhabha
to 10 with the LumiCal
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Luminosity precision to SM

SM e*ee—Z—qq, R(s)ratio
QED Luminosity by counting Bhabha e*e~ — e*e”

LEP: 17 Million Z (4 IP) MEH
L =4.3 10%/cm?s (E=46GeV) o+ L

= 1x103%2/cm?s (E=100 GeV) :

EED- ¢ average measurements,

N, =2.9840 + 0.0082 alilally
M, =91187.5+2.1 MeV 2.3x 107
G,=2495.2 £2.3MeV 1%o :
N, = 2.9840 * 0.0082 % o E:;?; L
Precision luminosity  3.4x10° TN EO R ETHI2 Noverber 2005



QED precision on Bhabha efe~ — e*e (ny)

2. YFS exponentiation Small angle
3. PS: Parton Shower Large angle

Methods used for multiple photon corrections

1. SF: analytical collinear QED Structure Functions

0.054% BHLUMI (LEP)

0.1% BabaYaga@NLO (Flavor F.)

e*e” collision luminosity
by coybtubg Bhabha events

f Ldt = Nobs/otn Luminosity errors:

L Eexp o o /

collinear log: L = log ez Dstron e
L = log(s/mZ) ~15 Large angle @ Flavor
L = log(|t|/m2) ~ 17 Small angle @ LEP

L = log(|t|/mZ)~20  Small angle @ tt thresh.

Flavor Factories

collinearlog: L = log =5
> m2
C.M. Carloni Calame

ECFA Higgs CERN 2021
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Red: matched PS, SF + NLO

LO 90%

NLO 10% 0.5%

NNLO | 0.5%  0.05%, 0.01%
h.o. 0.01% e

Typically at flavour factories (on integrated Bhabha o)



Bhabha event counting to 10‘4

SM an order improvement to LEP @:j

Luminosity L is derived by
7B = e{,ﬂ
e*e” - e*e (ny)

)]
Tt 1
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= ——— o= P rz W 000l U distribution
£ gVvis 8 min max
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Bhabha detected for [ 3 / resolution
~ a pair of back-back electrons, 300007 ————
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10000+
SL/L~269/9,,. e N
) 0.02 0.04 006 0.08
SL/L = 104 6 Rad (50 1R bin)
at z=711000 mm, S, =20 mRad
> 69 =1pRad, or dr=1pum Luminosity systematics due to
error due to offset on Z event counting in/out fiducial edge
> 50umonZ eq. dr=6zx9=1um => offset on the mean of 6,
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Bhabha experimental results c‘e- — e*e(y)
BESIII Luminosity (y)e*e”, (v)vy TASSO Bhabha

Systematic error ~0.7% Systematic error 3%
Vs =2.23-4.59 GeV [2017, Ch.P. C41 063001 ] Vs =12 -47 GeV
’ Table 1. Data samples used for the analysis e " e” —e' e
: . sy (GeV) [#dt (pb™1) Nanatna
‘% % 14.0 1.7 10730
220 27 7106
348 174.5 166348
38.3 5.9 6035
436 KR 22951

momentum of e* / (GeV/c) cosfof e’
TDUEH]_—:—I—r"I_:I—1—|—|—'| i T
L3 radiative Bhabha with ISR g SreTeeteT  TASSO
. - e
Systematic error at ~“1% level g 20 Gy
Vs=50~ 170 GeV, 232 pb, 2856 event ook ¢ 426 on
) (@ ee—ee L3 0 1® e'e »e'e L3 fE
= 0100
= 8 17
p 107 3
' L 00104
e o'eoe'eTyg, f + 10 -1— O'GDSE é
o e'ese'e(y) ® Data
10 + — improved Born 44° < 8" < 136° 40 GeV <s' < 80 GeV — improved Born )
40 60 80 100 120 140 160 180 08 04 0 0.4 08 000 b
Vs [GeV] cosH* ) i cos 8 .
[1998, PLB 439, 183] [ 1988, ZPC 37, 171]
e



Challenge: QED a?L? shall be measured 6

BHLUMI 4.04
Compare Vs = 92.3 GeV 2020 systematic 0.037%

BHLUMI: YFS exponentiation e*e™ - e*e~(ny) | [PLB803(2020) 135319]

ReneSANCe: NLO calculation e*e™ - e*e(y) ReneSANCe
[CPC 256 (2020) 107455]
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Cross section e* theta angle, all events
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Challenge: QED a?L2 shall be measured

BHLUMI: ete” - e*e’(ny) Poster

ReneSANCe: e*e™ - e*e(y) JJigr; rl]Jg

USRasan T T
Photon events 0.9 i - 3
. — 0.8 BHLUMI =
1y events all photons filled CRPT T N - ReneSANCe 1
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] _ 5 055 ) E
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Bhabha e‘e” -> e*e’(ny)at CEPC

LEP Luminosity template L

BHLUMI demo.f cuts

- ACCO CMS 10 mRad < 6(et) < 80 mRad

- ACC1 .and.s’(P2,Q2)/s(P1,Q1) >0.5

Beam crossing, 33 mRad

=» Boost in x direct
e*, e” offset by 33 mRad o

X-axis

events with 0 photos

o Show & back-back distribution
I BHLUMI gen. 10 <8___ <120 mR _
x - 1 BHLUMI
e 1 —— generated 8]
g 10 51 . A ----6_>10mR 10 S :}O Bems< 120 MR
=5 ; ST e boosted - ] - — U
"2 1 4 6.,.>10 MR & 10 ?‘g — >0y
e L0 + e r>25mR off-pipe £ o + CMSframe i LAB frame
4 6
w10 T | + e.e' r>25mR off-pipe g 10 ER
10°%4 || €
| 4
| D 10 %
1/ TR
102 i 10°;
T b " obe " obs " obe " "o 0 001 0.02 003 004 0.05

8(e”) (Rad) AR (e*,e) Rad



CEPC LumiCal design

» L=2x10%¢/cm>s: @Z-pole,

» before Flange z = 560~700 mm
O Low-mass beampipe window:

Be 1mm thick
O @20 mm racetraCk' traversing @22 mRad L= 45 mm,
beam-crossing 33 mRad = 0.13 X, (Be), 0.50 X, (Al)
o IP bunch: O Two Si-wafers for e*impact 6
0,0,0, =6 um, 35 nm, 9 mm 0 2X,LYSO =23 mm

O Bunch crossing: 23 ns ]
> behind Bellow z=900~1100 mm

O Flange+Bellow:
~60 mm, 4.3 X,
O 13X,LYSO 150 mm
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CEPC LumiCal acceptance

BHLUMI event distribution
detecting back-to-back e*, e~ pair
@ [z[=1000mm

1) © > 25mRad outside pipe centers

2) |y[>25 mm

3) Events in shaded area
counted for Xsec

LumiCal acceptance at [z|=1000mm
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e?, e~ back-to-back detected

0>25 mRad 0>25mR & |y|>25mm

85.4 nb 78.0 nb

-100A

e*, e~ back-to-back symmetric
to out-going pipe center

1 o ee 100

e e” 10 <8_,.<120 mR, boosted
s< 80 MR, [y[=25 mm

188

e hits at z=1m

100 50 O 50 100
X (mm)



CEPC LumiCal Front 2X, LYSO

Bhabha hits on LYSO, |y|>12mm

Incident particles are e%,(y)

0]

0]

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

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

Hit distributions in a Bar
distributed due to Bhabha 6, w./w.o. photon

sum dE/dx all LYSO bars (aplane)

o ef onetrack: sumE min. 20 MeV
o (e*+FSRy): two MIPs, sumE x2
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2X, LYSO
@ z=647mm
_1400 |
s 3
==F 2
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BHLUMI events, GEANT simulation
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Photons in e*e- 9 e e (nv) @2Z-pole

CEPC Ref-TDR V tO nearest eIect_ron

—~ 100
£
é 20
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N 40 £+ .
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100 e
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Luminosity precision @ flavor machine

Bhabha e*e” — e*e™(ny)

R(s) ratio for SM predictions
— (gH-Z)/Z and Aahad(Mz)

. ™ 5 e
a“:;?/igdlsh{s) és)

o w
Aaizalri(ﬂf;,.) == a z R / R —_— 7\[ — IF)

| Phys.Rev.Lett.128, 062004 (2022)

® BESIII ® BES
® KEDR * MARK-I 4+ PLUTO
L il I L L 1 1 ‘

A Crystal'Ball

== pQCD+I/y and '
L

25 3

Vs (GeV)

35
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BESII in 2-5 GeV, precision 6%
BESIII 2022 3%
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CM frame BHWIDE cross-sections

BHWIDE demo.f parameters

; : — BBBBBBB BBB  BBB BBB BBB BBBBBBB BBBBBBB
For the bosons we have (everything in GeV): * BBB BBB BEB BBB BBB BBB BBE BBB  BBB

mass of the Z = 91.1880 total width of the Z 2.4972819 © BEeBERE.  BORGEBERE  BRE e Be8  BBE  BBEREE
mass of the W 80.3352 <==> #R2(theta-w) 0.2238667 * BRBBRBB BBERBBREE RBREB B BBB BEB BBE BBBERB

mass of the Higgs 125.2000 * BEB BBE BBE BEE BBE BBB BBB BBE  BBB BBB
* BBBBEBBBB BBB EBB BEBEBB BBBBEB BBBE BBB BBB

Some coupling strengths: s
1/alfa

the QED correction factor
alfa-strong

the QCD correction factor

137.036 MC Event Generator for Wide-Angle Bhabha Scattering
1.0017421 BHWIDE version 1,96

0.119 ecember 2024
1.0398948

Last modification: 04.12.2024

1 - - AUTHOR'
* S. Jadach (Deceased) *
LEEEREEEEr et e e e ettt e e e e e e e e e e * W. Placzek (riesTaw. placzekduf. sdu.pl) *

Xsection_tot = 34034450. 347498 [pb] BolFolte UEIT
error = 90962.430061 [pb] PAPERS:

* [1] S. Jadach, W. Placzek, B.F.L. Ward,
AR RN AR RN RN R R AR RRRRAAARRAAAY ; 99 hep-

CM frame cross section o; scattered et > 0.1 GeV; back-to-back 0 -t

Vs GeV 2 4 6 8 10

1-20deg 851000 nb 214200 nb 95300 nb 53700 nb 34400 nb

20— 160 deg 1800 nb 455 nb 204 nb 115 nb 73.9nb




Bhabha Vs dependency

BHWIDE center-of-mass

Vs =2-10 GeV, O range 1 - 20°
O distribution: same, well overlap
Cross section higher at low

60 mRad beam-crossing boost

Events both e* e"in FWD @ |z|=500mm
off beampipe @ = 30 mm; r < 80mm

acceptance: €~ 16.3 %

©O O O O

BHWIDE boosted e*,e” in FWD

6293
6338

2 GeV) =01
=01

= 0.16461

=0.1

=0.1

4 GeV

6244
6623

)
6 Ge‘u’%
ge GeV)

£
£
£
£
g(10 GeV)

Events/1imRad

0 005 01 015 0.2 0.25 0.3

6 Rad
B

—_ —_
o o

Events/1mRad
o

—_
o

Events/1TmRad

I
L

[#3]
1

\S]
1
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BHWIDE gene. 1 -20° |

2 GeV
— 4 GeV
— 6 GeV

8 GeV
— 10 GeV

0

0.05 0.1 0.15 0.2 0.25 0.3
0 Rad

BHWIDE 1 -20°

o(2 GeV) =851.2 ub
o(4 GeV) =214.2 ub
o(6 GeV) = 95.3 ub
o(8 GeV) = 53.7 ub
o(10 GeV)= 34.4 ub

0

005 0.1 0.15 0.2 0.25 0.3
0 Rad



BHWIDE radiative Bhabha e*e~(ny)

Compare E(y) in 1M events, Vs =2 - 10 GeV

hbk25+x_02gev-01020.hrz

16

hbk25+x_10gev-01020.hrz

E (V) cut=1x10>xE 10001 5.0001
beam Bhabha eey > Bhabh
0] b abha eey
-~ 11 - 5 Heoscoenoooooooooooonooononani Doooom
a 1M BHWIDE, 1%y  ----- Js=10 GeV (2 o _ L
5 \'ISEB eV ] B PR EIE e ﬁ
= 10 * 1‘:'5;2 EE 0.9999 I 499999 ".. ... .o
T gl Vs e
V8= b ‘,S - 10 Gev e
0-99%81 e R S
10° T
; 0.99971{ 4.9997 " o et
0o 01 0.2 0.3 0;? 0.5 ' o
E(17Y) MeV 0-998% 996 0.9998 1 +999%096 4.9998 5
E1 (GeV) E1(GeV)
15ty distribution, (1IM @ 2 -10 GeV) &
] S 105 1M BHWIDE gene. ----- ://s:‘IO GeV
. = ] s=8 GeV
low E, indep. of Vs, extendto E, ... 3 O — Ys=8Gev
07 9% e \s= 4 GeV
8 s 1M BHWIDE, 1%y ----- Js=10 GeV Vs= 2 GeV
c 1075 Vs= 8 GeV/ 108,
Q \S= eV s
&, . I vs= 4 GeV :
10 44 vs= 2 GeV 1021 .
10 :
- . T T 1 1 ......... Y __________ :
0 20 40 60 BC: 100 0 1 2 3 ‘sLt 5
E(1%%y) MeV E(1°y) MeV



BHWIDE radiative Bhabha e*e~(ny)
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x 102
" " 1M BHWIDE gene. " 1M BHWIDE gene.
Yennie-Frautschi-Suura (YFS) g 70001 v i mareve
exponentiation method 560007 1] 10 Gey 25001 1 10 ey
o o o o o 1 H —Vs=8GeV ] —s= 8 GeV
=» ny in Poisson distribution jzzz amsgov| 2% azoGov
=> ny generated at vertex, sl | | TY=20eV| P 2 ey
no correlation with electrons 200! 19993
10001 5007 |
S ol L
0 5 ith 10 0 5 ith 1
> 10 °4 o
5 v " FSREy | &
Photons g | e PUFSREY | &
:_-2104. S Y?dISR Ey ..:‘:_?
ordered by Ey s —Y™ISREY | 8
10 % Vs = 10 GeV
ISR/FSR by
OpenAngle Q(e,y) 105
Closer tO |nC|/Scat ei 10 | Equally n Ecrwallyf norrl'nalizgd

0 05 1 15 2 25 3 35 4 45 5

E(y) GeV

0

20 40 60 80 100 120 140 160

Q(e,y) mRad



Rad-Bhabha distributions e*e™ = e*e (ny)

BHWIDE Vs =10 GeV e*e” — e*e™(ny)

O Detect rad-Bhabha, scattered e*,e”,y*t

O FWD acceptance:
off-pipe $30mm, x.=£15mm
external r<80mm
O y*st selection:
Ey > 0.1 GeV,
opening angle Q(e*,y'*Y)>10 mRad
O event rate in Bhabha
to both e*,e” detected in FWD
each z-side, e* with y'st measured

BHWIDE scattered e* > 0.1 GeV; Q(e*e”) : O-it
0(1-20°)= 34.4k nb, e*e”in FWD rate= 16.5%

Detected in each z-side | each z-side, e*,y'sin FWD
both ete”in FWD E,>0.1GeV Q(e*y**)>10mR

et,0y 56.1 %

et ny 43.9% | ISR 0.63 %
FSR 1.7% &= meas

100 - 100
E e* having Fﬁgﬁplgs com
g 1a)
Lfl-l, 50 f - 50
N
—~ 0f 0r
9
=
-50 -50
r=80 m
E.(.Y).>.O|'1.GE.“\./=|QAH->1ﬂmFl:.e.+;e -r

-100
-100  -50 0 50 100 -100
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® e* with near y'st(FSR)

near beam-pipe
® e* with far y'st(ISR)

Loose scattered
hbk25+x1m_10gev-01020.hrz

x(€%), |z|=500 mm

x(y), |1z|=500 mm

5100 YFSR = 100
S ol @
o 50 : 50
N
E: 0r 0r
>

-50 y -50

r=80 m EET i
100 E(y)>0,1GeV, Q_, .0, SRIC Ry FWD | . at |z|=500mm
irable -100  -50 0 50 100 -100 -50 0 50 100

x(Y), |1z|=500 mm
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Perspective for measuring Bhabha @ STCF

BHWIDE Vs =2 -10 GeV
scattered e* > 0.1 GeV; Q(e*e”) : 0-1t

(2]
CMS generted for 6(1-20°) E 105] M BHWIDE gene. -~ \e-10 Gev
. Ll Vs= e
Acceptance e*e"in FWD = 16.5% el Vo o Gov
P

Vs= 2 GeV

Both e*e™ fall in FWD 102
event ratio with o |
» 0/ny generated TN RUSMDSE USSR EOESSIR SO M
> yist  Ey>0.1 GeV, Q(et,y1st)>10 mR E(1%) MeV
Detected in each z-side | Vs = 10 GeV 8 GeV 6 GeV 4 GeV 2 GeV
both e*e- in EWD et,0y |56.1% 57.1% 59.1 % 61.6 % 66.0 %
etny [43.9% 42.9 % 40.9 % 38.4 % 34.0%
e* y15in FWD ., .. |ISR0.63% |ISR0.64% |ISR0.58% |ISR 0.50% |ISR 0.40 %
E,> 0.1GeV, Q(et,y**!)>10mR €y FSR 1.69% | FSR 1.62% | FSR1.47 % FSR 1.26 % FSR 0.94 %
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Discussion

» Measuring Radiative Bhabha,
evaluated with BHLUMI for CEPC @ Vs 92 GeV
evaluated with BHWIDE for flavor @ Vs ~ 5 GeV

» Forward LumiCal can measure Bhabha with FSR
test QED on NLO final stateto ~ 0.1 % aims for 0.01 %

» efy discrimination realized by Calo Crystal technology
LYSO crystal strip 2x2 mm? cells with SiPM
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