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Motivation

From physics aspect

BOl 101 0combinedwithB o' | +1 -and B*! ! #! 0 golden channels to determine

the CKM angle: # ($ 2)

OB !l puzzleO, the measured branching ratio of the B 0! 1 0l 0s signibcantly

larger than the theoretical predictions.

BOs! 1 01 0 & pure annihilation process, BR ~10 -7, has not been observed.

" Tera-Z at CEPC with 10 11 B0 and 1010 B9, at least 1-2 orders larger than Belle-II

From

Modes DATA [1] SCET [2] QCDF pQCD

B* > a*n’ | 55+04 |520+£271 6.007505 42775

-1.47
B 5> atn | 512+0.19 | 540+ 1.95 8.90"2° 7.67+527

4.7 N
B° — %% | 1.59 +£0.26 | 0.84 + 0.46 0.30ig;§§ 0.24t§;§§

B) - ntn | 0.7+0.1 - 026700  0.5270-4

-0.09 =(0.1
B - 17" <210 - 0.13j§-§§ 0.21j§;5§

Table 1: Experimental mesaurements and theoretical predictions of the branching ratios (in unit of 1079)
of B — nmr system. The soft collinear effective theory (SCET), QCD factorization (QCDF), and per-
turbative QCD (pQCD) are three common theoretical techniques to deal with the hadronic B-meson
decays.

aspect

Clear dependence on the detector performance

b-tagging
ECAL performance 3



Separation of B 9 and B9

B meson mass

mp | 5279.65 = 0.12 MeV
mp | 5366.88 + 0.14 MeV

5

M pgo- Mpo 87.38 £ 0.16 MeV

'mgo ! g !

separation power =

\/IZ +|2

2% separation requires B mass resolution

Entries / 0.010 GeV
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%ne better than 30 MeV.
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Dependence of B mass resolution on detector performance

ECAL energy resolution Photon angular resolution

I 11}
oA = s
EE VE sin
0.1 0.1
- o, = & B? — n0x0 - = a BY 9 $0%°
0.09- ° V|E 0.09- ' VE °
0.082— —=- 0.0%/VE @ 0.0% 0.082— —m 0.0%/(E # 0.0%
- - 1.0%/\E @ 0.5% - —a— 1.0%/E # 0.5%

0.07;— —m 3.0%/VE # 0.3%
=0 06: —=— 3.0%/VE # 0.5%

0.07;— —=- 3.0%/VE ® 0.3%
< 0.06 —= 3.0%/VE ® 0.5%

) 3.0%/VE ® 1.0% ) 3.0%/VE # 1.0%
O, 0.05F O, 0.05F
£ - e -
S 0.04f = 0.04}
0.03F 0.03"
0.024 0.02%
0.01" 0.01F

™ b b b b |IIII = i | IIIIIIIIIIIIIIIIIIIIIIII
9 10 0 1 2

CEPC baseline single photon angular resolution ~1mrad/&E
ECAL energy resolution dominates the contribution when % ' < 1mrad/&E
The following analysis only takes ECAL energy resolution into account

" %ne ~30 MeV requires ECAL energy resolution ~3%/&E ! 0.3%
)



Event Selection

CEPC baseline b-tagging
80% e!ciency and 90% purity

[ . _—— Numerical values used to estimate

! "‘*: h\ the signal statistics at Tera-Z.

N b 7(b > B) 0.407 = 0.007

0.6/ | f(b — BY) 0.101 £ 0.008
: | Br(B? —» n°2%  1.59x 107

0-4: Br(Bg — 7TO7T0) 3% 1077  SM prediction
j :Z:;::nd \ Br(n° — yy) 98.823%

0.2

- % g background

T R T - T S - T T T - NN Er-—.
04 05 06 07 08 09 1
€

Cut chain table at 3%/&E ! 0.3% & CEPC baseline b-tagging

Cut chain B - n%7°  BY — 2970 qq uit+dd+ss ct bb VS + B/S
Tell 4.285¢11 1.203¢11 1.512¢11
Total generated 191113 8948 (100.00%) (61.21%) (17.19%) (21.60%)
b-tagging 152890 7158 1.34539¢11 3.64225¢9  9.93678¢9 1.2096e11
(€p.cuds—sb = 80%, 8.26%, 0.85%) (100.00%) (2.70%) (7.38%) (89.92%)
0 = 7y 147932 6959 134272699126 3605151069 9908563142 120758984915
Lower E,o > 6 GeV 92172 4396 15490570779 843830534 1598643569 13048096676
Higher E_o > 14 GeV 87057 4148 2534286670 307734259 314762436 1911789975
E_ o >22GeV 86807 4133 2233308564 289771547 281656846 1661880170
000 < 23° 77626 3644 825367542 119076559 102055313 604235671
m_oo € (5.2188, 5.3405) GeV 0.4067%
5.0 71, =2.0%0.0304GeY) 75374 717 17896 5640 1656 10600 + 0.01060%
m_o.0 € (5.3421, 5.3917) GeV 4.5070%
(0.8 0, =0.8%0.0310GeV) 3769 2394 5477 2400 507 2570 + 0.5563%
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Event Selection
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(a) Energy spectrum of n° pairs in B® — n%2° (left), B — n°2° (middle), and Z — ¢ (right) events.
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(b) Br0,0 Vs Eo,0 in B — 7°7° (left), B — 7°2° (middle), and Z — g3 (right) events.

Cut chain B? - n%2%  BY - 200 qq ui+dd+ss cc bb VS + B/S
Tell 4.285¢11 1.203e11 1512el1
Total generated 191113 8948 (100.00%) (61.21%) (17.19%) (21.60%)
b-tagging 152890 T1s8 1.34539¢11 3.64225¢9  9.93678e9 1.2096e11
(€p.cuds—b = 80%, 8.26%, 0.85%) (100.00%) (2.70%) (7.38%) (89.92%)
Sy 147932 6959 134272699126 3605151069 9908563142 120758984915
Lower E,o > 6 GeV 92172 4396 15490570779 843830534 1598643569 13048096676
Higher E,o > 14 GeV 87057 4148 2534286670 307734259 314762436 1911789975
E_o > 22 GeV 86807 4133 2233308564 289771547 281656846 1661880170
6070 < 23° 77626 3644 825367542 119076559 102055313 604235671
Mmoo € (5.2188, 5.3405) GeV 0.4067%
(2.0 0, =2.0x0.0304GeV) 15374 i 17896 5640 1656 10600 + 0.0106%
m_o.0 € (5.3421, 5.3917) GeV 4.5070%
0.8 0, ,=0.8%0.0310GeV) 3769 2394 5z7177 2400 507 2570 + 0.5563%




Event Selection

g . 3.00%
: CEPC baseline b-tagging, VE # 0.30%
R BO n I O! 0
104 E_ —_ B(s) " 1010
%J - Z " qq back d
N — qq backgroun
= -
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4648 5 52545658 6 6.26.4
m, o0 [GeV]
Cut chain B? - n%2° B9 - 20x0 q3 uit+dd+ss c bb VS + B/S
Tell 4.285el1 1.203el1 1.512el1
Total generated 191113 8948 (100.00%) (61.21%) (17.19%) (21.60%)
b-tagging 152890 7158 1.3453%¢l11 3.64225e9 9.93678e9 1.2096e11
(€b.c.uds—b = 80%, 8.26%,0.85%) (100.00%) (2.70%) (7.38%) (89.92%)
- YY 147932 6959 134272699126 3605151069 9908563142 120758984915
Lower E o > 6 GeV 92172 4396 15490570779 843830534 1598643569 13048096676
Higher E o > 14 GeV 87057 4148 2534286670 307734259 314762436 1911789975
E o0 > 22 GeV 86807 4133 2233308564 289771547 281656846 1661880170
000 <23° 77626 3644 825367542 119076559 102055313 604235671
timiz Mmoo € (5.2188, 5.3405) GeV — | 0.4067%
Op ed 2.0 T =2.0x0.0304GeV) 75374 717 17896 5640 1656 10600 + 0.0106%
Mass moo € (5.3421,5.3917) GeV 4.5070%
window (0. 5, =0.8x0.0310GeV) 3769 2394 ) 5477 2400 507 2570 + 0.5563%




Events / 50.0 MeV

Background components

102:—
= — All backgrounds
- uu + dd + s
l cC
105_ — B # X# 17100
E —— Other cases inb b
- sl Ny
10"1:_ - J-l_I-J-FIH:t n
] 'LJ_
1O"2|||||||||||||||||||||||.|.

4648 5 5254565.8 6 6264
m, o0 [GEV]

Kinematic constraintof B ! Xl

B —35 é
25~ L]
B —30
T 20
% - —125
O [
o 15~ 20
- 10r
(\IE_. E
o
O:|_||||||||||||||||||||||| [
0 5 10 15 20 25
|0|0 [Gevz]
# 93%B™ $ $(770°%, $(770° $ %N
# 7%B* $ 95904
| £1 01 O |

cut-o( ~5.2 GeVonm 100



Dependence on b-tagging performance

Three b-tagging conditions, at 3%/&E ! 0.3%

BOl 14lY,
b-tagging Mass window (GeV)  n oy, B" 5 2%  BY - a0z q3 uin+dd+ss ¢t bb VS + B/S
No b-tagging 0.9038%
(€p.c.udsspp = 100%, 100%, 100%) (5.2370, 5.3222) 1.4 85986 311 517718 494139 15549 8030 + 0.0308%
CEPC baseline b-tagging 0.4067%
(€.c.uds sty = 80%, 8.26%, 0.85%) (5.2188, 5.3405) 2.0 75374 717 17896 5640 1656 10600 + 0.0106%
Ideal b-tagging 0.3494%
(€b.c.uds v = 100%, 0%, 0%) (5.2188, 5.3405) 2.0 94217 896 13250 0 0 13250 + 0.0047%
Bs ! WY,
b-tagging Mass window (GeV) N Omp B - a'aY B? N qq m'4+d¢7+s§ cc b1=) VS + B/S
No b-tagging 16.7354%
(€b.c.udsp = 100%, 100%, 100%) (5.3328, 5.4010) 1.1 8563 3613 353469 338838 9411 5220 + 0.7580%
CEPC baseline b-tagging 4.5070%
(€b.c.udsp = 80%, 8.26%, 0.85%) (5.3421, 5.3917) 0.8 3769 2394 5477 2400 507 2570 + 0.5563%
Ideal b-tagging 3.4917%
(€p.c.udssp = 100%, 0%, 0%) (5.3421, 5.3917) 0.8 4712 2992 3212 0 0 3212 +0.1953%
~1.2 times
No b-tagging —— CEPC baseline b-tagging —— Ideal b-tagging
comparable
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Dependence on b-tagging performance

b-tagging is essential to reduce the hard combinatorial background in non-bb events

6 :
10°: 1 No b-tagging — -+ «
105é —— Z # ul,dd, ss ] ] . . .
—z#o I 0s in light-quark events (mainly from hadronization)
4 — Z # bb . .
> 107 are harder than those in cc and bb events (mainly
= 3L
o 10 l from ¢ and b hadrons)
(@) C
L 104
; E Z — dd @91.2GeV " Z — uu @91.2GeV " Z — ss @91.2GeV "
g 105 12 : 12 ‘Oé 12 1o§
g - 310 $10 310
L 1§ '§ § 10° -§ 10°
104 g £’ £l
E g 6 % 6 102 g 6 102
1024
0 1 2 3 4 5 6 7 8 9 10 81 84 0 84 10
m, o0 [GEV] ) ) )
CEPC baseline b-tagging O Cnergyotaiev O CnegyotaiGev  Cnegyotaiev
- 24 Z - cc @91.2GeV i Z - bb @91.2GeV i
— 12 g 12 E
1045_ —— Z # ul, dd, s§ 105 105
E — Z# cC g‘]o §10
3L S b g 10° g 10°
% 10 g Z# bb g . g of
5 ¥
; 105_ 8 |I| I 10 8 i 10
Q - 2 2
c 1= 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 '
LU E Energy of n° [GeV] Energy of n° [GeV]
"1/ - _
10 = Figure 5: Decay generation number of 71° vs EoinZ - un,Z — dd,Z — s5,Z — cc, Z — bb events.
10"2;_III|IIII|IIII|
O 1 2 3 5 6 7 8 9 10

4
m, o0 [GeV] 11



Events

Events

107 O, = 15 MeV — signal + background
: — B 2%
— B! - 2%"*
6 Z - qq background
10°F
10°F
10°F
ll'lllllllllllllh l'll L1 ll'll'l[Lllll

Dependence on B mass resolution
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with CEPC baseline b-tagging

Events

Events
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Events

Events
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Dependence on B mass resolution
with CEPC baseline b-tagging

0.25
0.014- B°$ 984 'BY$ 9898
CEPC baseline ECAL energy resolution 7C<EPC baseline ECAL energy resolution
0.012|- < ~17%/&E! 1% A 0.2+ ~17%/&E! 1% R
| c,) -
T 0.15-
& 015
S
£ 0.1
£ i
E o
i 0.05
0.002- -
30|Mev | 170 |MeV i 3OTI\/IeV | 170|Mev
% 005 041 015 0.2 % 005 041 015 02
O, [GEV] O, [GeV]
Accuracy Bol 1010 BOos ! 10I0
17%/&E! 1% (CEPC baseline) | ~12% = ~21% 3~5 times
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Improvement
3%/&E! 0.3% (Y%ns ~30 MeV) ~0.4% ~49%
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I ~10% e*ciency lostof B 95! !0l 0reconstruction
- 7 - 0.1 Min angle among 10
S ; ) B : 4 phOtOﬂS frOm B O(S) .@. :
I ] { o0.08- o 80F
=[]+ 1 s | g |
s [l F o xomm | = 008 5 60F
;“c;:) 0.5 | ‘ —+— 10mm x 10mm | . 8) B
L - ~— 20mm X 20mm - D - s i
< 0.04 c 40
~ [ S [
. L o L
/ CEPC baseline 1 0.02 O ool
i ,/i (blue) * :
0 e BN IR S Y M BNy I I, —
0 20 40 60 80 0 0)
- 0 10 20 30 40 50 6C 0 10 20 30 40 50
Distance [mm] Minimum 6,., [mrad] "1, threshold [mrad]
& Estimation: ~20% e*ciency lost ! 10% accuracy degradation

Estimation of other E(ects

Photon conversion

"' Central region: 5D10% || Forward region: ~25%
" ~80% can be recovered
"' Average conversion rate: 3% (each photon) )
I ~11.5% e*ciency lostof B 95 ! ! 0l 0reconstruction

Photon separation (especially di-photon merging)

2cm ! 80% separation e*ciency (5 GeV, CEPC baseline)
2cm ! 10 mrad angular separation (ECAL R  inner = 2m))

14
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Estimation of other E(ects

More realistic results when using CEPC baseline b-tagging

Accuracy Bol 1010 BOos ! 1010
17%/&E! 1% (CEPC baseline) ~1.32% ~23.1%
3%/&E! 0.3% (Y%me ~30 MeV) | ~0.44% | ~4.4%

!

~36 times better than the current world average precision |
~~5 times better than the anticipated accuracy at the Belle |l

Measurementof B 01 11/,1%,

Current world average precision Anticipated Accuracy at Belle Il
"‘ 1 6 % PTEP 2019, 123C01 - 2 . 3 % E. Kou et al.
1"( BY — 7040 ) /Ttotal Table 90. Statistical uncertainties A4,0,0, AS,0,0,and AB,o,0/B,0,0 for different input values of 40,0 and
S,0,0 used for the generation of signal MC.
Input values Time-dependent Time-integrated
VALUE (10~6) CL%  DOCUMENT ID TECN  COMMENT Azt Saon0 Ao ASwor  Adworo  ABroro/Browo [%]

o » 0.34 [650] 0.65[650]  0.22 0.28 0.03 2.2
11.59 +0.26 OUR AVERAGE Error includes scale factor of 1.4. 0.43 [88] 0.79 0.23 0.29 0.03 22
| 0.14 [712] 0.83 0.21 0.26 0.03 2.4
_ 0.14 [712] 0.40 0.20 0.29 003 | 23
1.83 +0.21 £0.13 | LEES 2013D BABR e e — 7(4S) olafrz) o 022 028 0B | 24

value S,;0,0 = 0.65 [650]. The assumed branching fraction B,0,0 = 1.91 - 1076 [88] yields 15 068
signal events for the time-integrated analysis and 271 for the time-dependent analysis. The latter
number of events is composed of 147 signal events with Dalitz decays and 124 signal events with
15 conversions. These two types of signal events are considered as two independent signal components



Summary

BOs ! ! 0! 0are important to understand
" Bol 1010:CKMangle#andB ! !l puzzle
" BOg I 1010 annihilation mechanism

Fast Simulation is used to study the dependence of B 0! | 0l 0 gccuracy on
I b-tagging:

IS essential to reduce the hard combinatorial background in non-bb events

"' CEPC baseline b-tagging can improve the measurement accuracy by 2-3 times
compared with the case with no b-tagging

I B mass resolution (% mg):
"' 2% separation of BO and Bs requires % mg better than 30 MeV (~3%/&E ! 0.3%).

Accuracy with CEPC baseline b-tagging Bol 1010 Bos!1 1010
17%/&E! 1% (CEPC baseline) = ~1.32% | ~23.1% 3~5 times
""""""""""""""""""""""""""""""""""""""""""""""""""""""" e [ improvement
3%/&E! 0.3% (Yms ~30 MeV) ~o.zl4% - ~4.4% P
~36 times better than the current world average precision
~5 times better than the anticipated accuracy at the Belle Il
| I enable the more precise determination of the CKM angle # ($ 2)
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Backup



CKM Quark-Mixing Matrix

(p.n)

12.3 Phases of CKM elements
As can be seen from Fig. 12.1, the angles of the unitarity tri-
angle are

*
VeV Yia Vi

T :i:
Vea Vi ViV

. ViaViy
= (o = arg — W )
udV

aub

*
V 7 ‘/tb

[{¢

8= ¢1 = arg ( —

vy — e ( _ M) (12.16) 0 0
, 0) o

Since C' I violation involves phases of CKM elements, many mea-
surements of C'P-violating observables can be used to constrain
these angles and the p, 7j parameters.

Figure 12.1: Sketch of the unitarity triangle.

(a) (b)
W
b il i SLA d
W u g d,u
d d,u
d d d d

FIG. 1. (a) Tree-level and (b) penguin diagrams for the de-
cay Bj— nn.
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b-hadron yield

Hadrons  BelleII  LHCb (300 fb~') CEPC (10*%2)

B B 5.3x10" ~ 6 x 10 1.2 x 101
B* 5.6 x 101° ~ 6 x 103 1.2 x 101
Bs, B 5.7x10° ~ 2 x 1013 3.2 x 10%°
BF - ~ 4 x 10! 2.2 x 108
Ap, Ay - ~ 2 x 103 1.0 x 101°

TABLE II. The number of b-hadrons expected to be produced
in Belle II, LHCb and CEPC. Here, the Belle II column cor-
responds to its 50 ab~! Y(4S5) run and its 5 ab™" Y(55) run.

Belle Il Physics Book

For this study, we generate and reconstruct signal MC events with Bz — =
generic. Assuming that B, oo = 1.91 - 107° [88], the total number of expected events in 50 ab—! is

about 103 000. For the CP analyses, the following three decay modes are considered as signal:

070 and Btag —

© Byy = )y (= ¥¥) ), (= vY),

° Bgig — T[c(l)al(_> e+e_y) 7[)(/);/(_> YY),

o BY, — ml (= ve(—> eTeT)y) ml, (= yy).
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Angluar resolution (mrad)

Single Photon Angular Resolution

CEPC baseline full simulation results by Yuzhi

N

—
oo

- . s e s e . » ” ‘ ' ' ' ' '
HEREEE g - ol )= M®(0161:0002)(mrad)

VE GeV

N olo, )= Lﬂz‘{%m@(owz:oooz)(mrad)

:','-‘2... ..g..JE.‘E.........‘.........E ........... é ........ é ...... -1.103t0.010

o(0,,) = S

@ (0.148 + 0.002) (mrad)

' VEGe

- d
.

old, )= M®(0167:0002)(mrad)

—§— of in 1-1 case
—4— o¢ in 1-1 case
—— o8 in 1-N case

gt bbb b ~5- o¢ in 1-N case

..................

..................

..................

...................
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Event Selection

Cut chain B - a2  BY - #%° q3 uit+dd+ss c bb VS + B/S
Tell 4.285¢11 1.203el1 1512e11
Total generated 191113 8948 (100.00%) (61.21%) (17.19%) (21.60%)
b-tagging 152890 7158 1.34539¢11 3.64225¢9  9.93678¢9 1.2096e11
(€p.cuds—b = 80%, 8.26%, 0.85%) (100.00%) (2.70%) (7.38%) (89.92%)
0 =y 147932 6959 134272699126 3605151069 9908563142 120758984915
Lower Eo > 6 GeV 92172 4396 15490570779 843830534 1598643569 13048096676
Higher E_o > 14 GeV 87057 4148 2534286670 307734259 314762436 1911789975
E_o > 22 GeV 86807 4133 2233308564 289771547 281656846 1661880170
000 <23° 77626 3644 825367542 119076559 102055313 604235671
m_o € (5.2188, 5.3405) GeV 0.4067%
(2.0 0, , =2.0x0.0304GeV) 15374 i 17836 5640 1656 10600 + 0.0106%
m.o.0 € (5.3421, 5.3917) GeV 4.5070%
0.8 0 ,=0.8%0.0310GeV) 3769 2394 5477 2400 507 2570 \ 0.5563%
: B° - 700 BY — %0
1 074 a = 102u=.|
L - " =
- —_— — - u =
! > qol- > 1ol ‘ !
Y A S I L o o S D ) s b
0.8 -I- Efficiency S S - -
: : P : S % B
: TR Puiy - 10 L i 10
3 06 N .................. .................. .................. —.—EfﬁCIency ...... : 'punty ........... .g E’) i
I R T T R R g 1L 8 i
Q.41 § : -§ ;
- Z->0qq @92.1GeV ® @ 1
02
S o o
| | L1l | L1 | | | | | | | | | | | | | - _1 _1
%510 15 20 25 30 35 40 10 ! 10 10 ! 10

., [GeV] Leading Eno [GeV]
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Results at a benchmark detector setup

A benchmark detector setup forB 9 ! ! 0l Omeasurement

ECAL energy resolution b-tagging
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Leading kaon In B meson hemisphere
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Mo = 5279.63t 0.15MeV

Separation of B 9 and Bs
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A 2% separation requires ECAL energy resolution
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Kinematic Fit
at 3%/&E ! 1% ECAL resolution
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Signal peak gets sharpened after Kinematic Fit
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Figure 14: Separation power (overlapping area) 26different ECAL resolutions wo/wi kinematic fit.



