CPV & Rare decay of B meson at Belle |1
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SuperKEKB & Belle Il

. e+ 4Gev36A]

‘ = i e Belle Il
PP Erauiea >
New beam pipe SuperKEKB

New IR

& bellows

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ”
—_—

Low emittance gun

-

Positron source 2 layers DEPFET + 4

New positron target /
capture section

electronics
Low emittance electrons
to inject

® Asymmetric e*e” collider @ Tsukuba, Japan
® Achieved luminosity: 4.7x10% cm= st

v’ Target: 6.5x10% cm2 st
® Target data sample: 50 ab™*

® Belle Il collects 428 fb! data sets

v’ ~ BaBar:; ~ half of Belle
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Vertex Detector /

.
o Central Drift Chamberin
‘ Small cells, long lever arm, fast3

o (¢'e” — Hadrons)(nb)
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CKM matrix and unitarity triangle

Vud Vus Vub 1l = %)\2 A A/\g (p — Z’])
Vekm = | Vea Ves Ve | = —A — 3\ AN + O\
Via Vis Vi AN (1 —p—in) —AN 1

® CKM matrix: quarks mixing matrix

® \\olfenstein parametrization: A, p, N &A=V,
v' n: source of CP violation in SM

® CKM unitarity = six unitarity triangle
Y VuaVup + VeaVep + VeaVe, = 0

® CKM unitarity test by angle & sides of CKM triangle (0.0) (1.0)
v Angles: CP violation measurement in B decays b1 = ar (_‘;d“;b)
v" Sides: Branching fractions or mixing frequencies ‘}Z‘}Z

® Precise measurements of Unitarity Triangle provides 02 = arg (‘ V:dI/E)

an interesting test for CKM mechanics, and a searching by = arg (_ %ﬂ@)

for New Physics.



Time dependent CP violation

® B%and B? decay to a common CP eigenstate f-,
® For CP eigenstate, time dependent decay rate

v’ Ap: mixing induced CPV, 4-,=0 @ SM
V' Scp: direct CPV, Sep= -ncpsSin(2¢,) @ SM
v q=-1for B%; q = +1 for B ———

v T, & Amyg: B lifetime; B%-B° oscillation frequency At ~ Az/cPy
['(B® = fop) —T(BY = fop)

BO

. §2ic kel

—|At|/TBO L
P(At) = ‘ — {1+ q-[Aapcos(AmgAt) + Sap sin(AmyAt)]} A= [(BY = fop) + D(BY — fop)
Flavor-tag CP asymmetr
(BO or B0 7) Eer~30% 4 4

® At measurement — Az measurement
...... ; : v Good vertex resolution 15 um

=0: Az v Hi : "
30,287 t=0i__Az <Ks High B tagging efficiency |
~130um v Enhanced resolution by small beam size
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CKM triangle angle ¢,/B @ BY > J/y KS

® Golden channel for sin(2¢,) measurement 2 ¢ Nv 5 b ,1\ s K

Qo
‘\; Relatively high branchc:ng fra_ctlon B d <S‘<}K q i
Low background, ~ 99% purity < S : \hy

v" Tree-level contribution dominates

v Small penguin pollution, Sep=SiN(2¢,) Sxiv:2302 12898 News pss(%) is(t) _ Scr Acp
BY 5 J/UKY 2755 98.6 406 0.720 +0.062 0.094 £ 0.044
approximation better than 2% BO S U (o p e )KY 1615 992 476 0.776 £0.078  0.042 £ 0.057

BY 5 Jhp(— etem)KO 1140 98.0 33.6  0.676 +0.093 0.185 + 0.068

® Fit background-subtracted At distribution

fag

[Ldr=190 fb~"! » Bl (g=-1)

150 F

f d *% MBelle I (Preliminary) [ Balla i Preliminany) b BY, (q=+1)
Or _/qCP an SCP y B — | [cdt=362 fb? ‘+ tag 19=
L"‘ \1

Scp = 0.720 + 0.062(stat) + 0.016(syst)
Acp = 0.094 £ 0.044(stat) T o12(syst)

® New flavor tagger GFlaT: ~ 8%reduct|o
In statistical uncertainty

Scp = 0.724 + 0.035(stat) £ 0.014(syst)
Acp = 0.035 £ 0.026(stat) + 0.012(syst)
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CPV@b —sqq(q =d,s)

RO < J'[O, n, po, w
d d d d
® Gluonic penguin modes: sensitive to interfering .
non-SM physics B — w )
® CP-even state 3K2: b ¢ N
vV @ SM: S5~ -sin(2d,) & A-p=0 0 d Ko
v" Deviation of S~ : 0.02 with uncertainty smaller B s S
than 0.01 ] R M< L
® The deviation indicate either large sub-leading

amplitudes or non-SM physics



0 12741274\,
CPV @ B? - KJKJKJ
® B vertex challenge: no prompt tracks from B /ﬁ+
v" Trajectories and profile of interaction point B~0.1mm e

® Two BDT classifiers: 'ﬁ-‘ 7r
0 . . 45 “:\\ \ i

v" Reduce fake K¢ contribution

v Reduce continuum qq backgrouds “H
S
® The results are consistent with that of Belle & BaBar / \ \W_ Decay lengths

S —=—-186 fggé (stat) & 0.09 (syst) (not to scale)

A= —-0.22 1030 (stat) & 0.04 (syst)

1.0
601" Belle 11 (preliminary) - Data 16 F . [ Belle Il (preliminary)
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CPV @ B? & ¢K?

® Clean experimental signature

v’ Similar At resolution as B® - J/{ K¢
® A BDT classifier for continuum qq backgrouds
Dilution from non-resonant decays with opposite CP

o
v Non-resonant B® - K*K~
® 162+17 B® — ¢pK2 events
80 L
” [ Belle ll $ BYy(g=+1) |
g o _ [rdt=362 ! 5 B (q= 1) _
2 o0l
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0 . ST ey U B
=1.00 =0.75 =050 =0.25 0.00 0.25 050 075 1.00
cos By

Candidates per 0.07
8

K2 disentangled in cos@,,

Bellell 387M  0.54+0.26%308 0.31+0.20 +0.05
Belle 657 M 0.907993 0.04+0.20 + 0.10 + 0.02
BaBar 470M 0.66+0.17 + 0.07 0.05 £ 0.18 £+ 0.05

HFLAV 0.741013 0.01+0.14

® Similar 4., uncertainty with smaller data set



CPV @ B? —» K{nt®

® Isospin symmetry, SM null test with O(1%) theory uncertainty
v I, 10% experimental uncertainty dominant B® - KJn®°

B(KOW+) TRO B(K+7TO) TRO
B(K+7T_) TB+ B(K+7T_)TB+

® b — sdd with color & CKM-suppressed b — suu

- 2AK+71-0 - 2AK07r0

IKTI‘ - AK+7T_ = -’4K07r+

B(K°w?)
B(K+tn—)

v" Introduce an extra weak phase, shift s., from sin(2¢,)

® Challenge: Decay vertex reconstruction

v K reconstruction & vertexing

v’ High purity & efficient = selecti
® B? - K)n® accessible at e*e B factories B
® Consistent results with less (60%-80%) luminosity

Belle Il 387 M  0.75%929 4 0.04 0.04131% £ 0.05

Belle 657M 0.67+0.31+0.08 0.14+0.13+0.06

BaBar 467/7M 0.55+0.20+0.03 0.13+0.13+0.03
HFLAV 0.57+£0.17 0.01+0.10

= @ B), (g=+1)

ILdt =362 fb"

Candidates per 2 ps

- PRL 131 1118
_ i

6 4

Asymmetry




CPV @ B? - 'K}

® b — s penguin process

® Relatively high BF w.r.t. other gluonic penguins

® High background form continuum qq

® 1’ modes: n(2y)p*n &y p(n'n) Belle Il 387M 0.67+0.10+0.04 0.19 + 0.08 + 0.03
v n’—nn*n mode: 358 + 20 event
v n’—yp mode: 471 £ 29 event

Belle 65/M 0.68+0.07+0.03 0.03+0.05+0.03
BaBar 46/M 0.57+0.08+0.02 0.08+0.06+0.02

HFLAV 0.63 +0.06 0.05 + 0.04
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Radiative penguins @ B? - Kn’y

® SM: b — sy forbidden @ tree level, loop contribution Y
® Polarization of photon constrains flavor " fj

v @ SM: S-p helicity suppressed, Scp= 0.035 + 0.017 _ /7 _

: : : Ll b —— N\ \+——-S5

® New physics could contribute into S.psignificantly W
® Challenge: no prompt tracks, reconstruct decay vertex d d

v' from K{ using beam spot constraint . o=
® B? - K2m%y accessible at e*e- B factories e legymPy | | Rl e ROy

1.0 ps
3

® Two M(Kn) region:
v’ K*(892) [0.8, 1.0]GeV, and rest of [0.6, 1.8]GeV
® Most precise results to date

o
o

Events /

20 [

Belle Il 387 M K*(892)°y 0.00%)37+0.03  0.10+0.13 +0.03

HFLAV K*(892)y —0.16 +0.22 —0.04 +0.14

Asymmetry

Belle Il 387M  K¢ny 0.04%)33+0.10 —0.06 +0.25+0.08
Belle 657M  Kdnly 0.50 + 0.68 0.20 + 0.39



CKM angle ¢,/a @ b — duu

® CKM angle ¢,/a with most poor precision
v HFLAV: ¢, = (85.213%5)° -
® Tree & penguin amplitudes have similar magnitudes “ ]
® Penguin pollution complicates extraction :
v 5T = ¢y + 200, —
v" Introduce hadronic uncertainty |

® [sospin relation to disentangle tree and penguin contributions
v Using Br and CP asymmetry 4

:1‘

%A(BO —>atn™) — AB® - n°1%) = A(B* - n*n?)
%E(BO - n*tn~) — A(B® -» n°n%) = A(B* -» n*n?)

Mode Tree Penguin
T v v
n ! v X

oY suppressed v




B — 11t results

® BY - %1t mode

_ _ ~ 2g E Belle Il «Data
v’ constrain penguin component 3 40F [Lat=180.8 1" ~Total fit
.- , O 35 3 --B —> T
® ABDT class!f!er to suppress non-s_lgnal photon g 0EPRD 107 112009 (2023) ™"
® A BDT classifier for continuum qq backgrouds g 208 ||
® Br & CP asymmetry by fitting R I A -
v achieve Belle Br precision, using only 1/3 of dataset “ gf . . op
g.26 5.265 527 5275 528 5285 529
B(B? — n°7%) = (1.38 £ 0.27 £ 0.22) x 10°° v e M [GeV/c?]
Mye = \/ Lieam — |PBI”
A(B® = 797%) = 0.14 + 0.46 £ 0.07 ‘
® B > m'm” & BY > wM’ modes™paenranen e | e
v' Updated with 362 fb! data £ «°| AT
® \World best Brof B® - ttmt™ 2w ]
BB — ntn ) = (5.83£0.22 £ 0.17) x 1075 & 200f ey G
B(BT — at7°%) = (5.10 £0.29 £ 0.27) x 107° ez ol
A(B* = mt7®) = —0.081 £0.054 £ 0.008 3 saf— ———— == —m—=— o 3 jip=ntefeer e
- -0.10 -0.05  0.00 AEO[I(OESGV] 0.10 0.15 -0.20 -0.3 -0.2 -0.1 AE ([)geV] 0.1 0.2 0.3
A new constraint to ¢,/a. from i analysis ? 13



CKM angle ¢,y

® ¢./y: using interference b — cus & b = ucs g@ < 1)
w S b
AupB” = DKT) _ = 1y €O b ° s () w e
Afav(B_ — DK~) ° O O o u ~U «
® Only tree contributions, theoretically clean colour allowed colour suppressed
® Direct measurement ¢p5 = (66.2133)° B~ — DOK ~ VoV BT = DK™ = ViV

cl

Aere'(fsB—Q’B)

v" indirect measurement ¢3 = (63.4 + 0.9)°
® Amplitude ratio rg; and strong phase 6 are DK~
[ \
[f1pK™

mode dependent iy

v’ Sensitivity depend on modes [ JHEP 02 (200 e
® Approaches: different D final states \ / o
v Self-conjugate final states D > Kh*th~ 2K i
Belle + Belle I1: ¢; = (78.4+£11.4£0.5£1.0)° 0.1
v Cabibbo suppressed decays D — Ko K*mn™ oD, > Ksh'h
v’ CPeigenstates D - K*K~, Kom" 0, [°

14



CKM angle ¢./y @ D » K§Ktn*

® B* - Dh* (h =K, ) with D » K)K*n*
v Decay type m =SS: B & K @ D, same sign
v Decay type m = 0OS: B & K @ D, opposite sign
® Four CP asymmetries and three Br ratios
v Model-independent information on ¢./y
® First Belle & Belle 11 result from this channel
® Consistent with LHCDb, but not competitive

ADh
RDK/D?T

D~
7?“SS/OS

Dh™— Dht
ND _ ND

m

NDh—_|_ NDh+
NDK__|_ ]\[DKJr

N D~ 1 NDw+
NSDSW_ T NSDSW"‘

Dr— Dr+
Ngg + Ngg

2rp"rprpsin(dp" — dp) sin ¢

1+ (rg%)2r}, + 2rBXrprp cos(05K — 6p) cos g3
2r X rprp sin(65% + 6p) sin ¢3

(rg™)? + 7} +2rg%rprp cos(65% + 0p) cos 3’

DK __
‘ASS -

DK _
'AOS -

QrE’TrDr;D sin(ﬂg7r — dp)sin ¢

AD?T _ _
58 1+ (rBD’T)Q-rQD + ZTET’TDH.D (:01-;(51‘37r — dp)cos dg’

DT QTBD"-rDH.D sin((sg7r + dp) sin g3
0s = (r2™)2 +r2 + 2r8™rprp cos(05™ + 6p) cos Pz’
1+ (7";[5,)‘1"')2?{",)D + 2-rgKrpch COS(JEK —dp) cos g3

RPK/Dx _

SS

RDK/Dr _ R(TEK)Q + 7% + 2rB%rpkp cos(68K + 6p) cos b3
08 C(rE™2 404 + 2rD™rprp cos(65™ + dp) cos gz |

L+ (rB™)%r + 2r8™rprp cos(65™ — 6p) cos ¢3
(T‘g")Q +74 + 27‘3”7’,3&,3 cos((SBD"' +d0p)cosgs

Dn _
Rssi0s =

14 (rB™2r3 + 2 rpRp cos(0B™ — dp) cos ¢y

16| Belle SS B*— DK*
14;— j L dt = 711 fb

Events per 10 MeV
Co

|....[Ir‘l‘._L (R TR e ' STl
81501 2005 0 005 01 015
A E (GeV)
AL = —0.089 £ 0.091 £ 0.011,
ABs = 0.109 £ 0.133 £ 0.013,
AST = 0.018 + 0.026 + 0.009,

AFE = —0.028 + 0.031 + 0.009,
DK /D

Ros/P™ = 0.093 + 0.013 + 0.003,

Rgjog = 1.428 4 0.057 + 0.002,

15



CKM angle ¢./y @ D - KTK~ & Kdn®

® B* — DK* decay
v' D — K*K- (CP even) & D — Kn® (CP odd)

® Neglect small effects of D°-D° mixing and CP violation

in D% decay

BT(B_ - DCPi‘K_) + BT(B+ — DCPi‘K+)

R =
Pt Br(B~ — DﬂavK_) + Br(B* — DgayK™)
=1+ 12 + 215 cos 8 cos ¢
_T(B™ = Dcpy K™) =T(B* = DcprKT)
cP+ =

(B~ = Depy K™) + (Bt = DcpyKY)
= + 2rg sin g sin¢p3/Rcp4

® 1. #A-p.: 3.50 evidence
® Consistent results, but no
competitive

® Combined ¢, @ Belle & Belle II

—-0.2 4

0; = (66.273%¢)°

Repy
Rep—

Acpr =

Acp—

H
S 0.0

-0.3

0.3

1.164 = 0.081 = 0.036,
1.151 = 0.074 = 0.019,

(+12.5 £ 5.8 + 1.4)%,
(—16.7 + 5.7+ 0.6)%,

Events /5.6 MeV

Pull

1-CL

0.2 1

0.1 A1

Belle + Belle Il preliminary

[edt=(711+189) fb-?

« CP+

« CP-
[ syst. uncert.
{770 stat. uncert.

<+ HFLAV 2021

i

0.8

0.9 1.0

14 ve D(K *K K *
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o apLedns.05048 o
10 [
8 F
6 N b
4 +A) |B— Dn
2 ' l
of WL
5
om ‘e oo ety
- -0.1 -0.05 0 0.05 0.1 0.15
AE (GeV)
12 [ Prob Belle + Belle Il
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1 -
08 [

L —_ 0
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Rare Bt - K*vw @ SM

® B* —» K*vv: flavor-changing neutral current
v suppressed by GIM mechanism
v @ SM: Br(B* - K*vv) = (5.58+0.37)x 10
® extensions beyond SM: substantially rate increase
® \ery challenging experimentally
v Low Br, high background contributions
v 3-body kinematics, no good kinematic variable to fit
® Unique for e*e  colliders
® Hadronic B-tagging vs. inclusive B-tagging
v Reconstruct signal B final state

1%
: foA
B v
W Wf XWJF
b —» = == S
uct

17



n(BDTs)

195 0.92 0.94 0.96 0.98 1.0
Belle II preliminary Il B'—K' v 3000 : : :
™ 100 | J Ldt=362fb! /1 .
O‘ _ E Belle II preliminary .
~ B cc . L [Cdt=(362+42) ! EEE BY K v
E 75 | ] g . ] : [ BYRY
< t 5 2000 mm BB
:_9 50 .-5 Bl Continuum
o)
= g $ Data
5 25 © 1000 :
0
— 5 0
= 0 5
A - | ! I I ! | — 0 .
04 05 06 07 08 09 10 &£ Uf B e
_5t ] | i ] | i L 1 i | ]
n(BDTh) 14 8 2501 4 8 241 4 8 251 4 8 25

2. = s/4+ Mict — \/sEic  ¢.[GeV2/c!]

Method Br(x107?) p = Br/Brgy
Hadronic 1.17 5 (stat) "o = (sys) 2.2 4 2.3(stat) Ty > (sys)
Inclusive 2.8 + 0.5(stat) +0.5(sys) 5.6 & 1.1(stat) §4(syst)
Combine 2.4 4 0.5(stat) 0% (sys) 4.7 £ 1.0(stat) & 0.9(syst)

® First evidence for Bt — K*tvv: 3.50 from null, 2.6c from SM

SM Aver:
7 +3.03 d
: — Belle 1 H)) HJ L t[)]ll]]]]l[fl
: 1 24407 sreliminary
__o_:_ Belle II ihu ['h I, he l[l]rmu )
H 1 1L1+1. :||i- Al weliminary
N I%fo 3 f"l] L inclusive)
. | sweliminary
: P Belle || 63 | 1 inclusive)
: 1 2
' _._L Belle (.rl 1 ﬂ) ]‘ semileptonic)
E 1 L4 0.6 PRDOG, 091101
: ; Py Belle (711 fb~!, hadronic)
I 30+ 1.6 PRDST, 111103
: —-.—:. B: 1]3&1 {—113& fh~1, combined)
H I 0.8+ 06 PRDST, 112005
— i B: IB (418 fb~!, semileptonic)

: 1 02408 PRDS2, 112002
: _P_I BaBar (429 fb—!, hadronic)
. 15413 PRDST, 112005
i R . ] - -
0 2 4 6 8 10

10° x Br(Bt—K " vp)
15.0

Belle II preliminary SM
[ Ldt=(362+42) fb! — HTA
— ITA
—— Combination

u = Br/Brg

()
= =



Summary and outlook

® Belle Il collects 428 fb! data, comparable to BaBar data, about half of Belle data

® Robust program to measure CKM angle ¢,/¢,/¢, @ B decays
v Unique/competitive @ performance of neutral particles
v CPV @ rare(penguin) decay, profiting from clean event topology
® Belle Il prospects
v More data: restart data taking this winter
v’ Better control: software (GFlaT) & hardware (new pixel vertex detector modules)

(p.n) O —— Observable 2022 Belle-IT Belle-IT Belle-IT
(B a'n®/mra/rn | _ Belle(Il), 5 ab! 50 abl 250 ab!
.| (FS IR qu’|v72203.11349 BaBar | ]

ViV, Vi Vio || o = Korore sin 25/ ¢1 0.03 0.012 0.005 0.002

1 ‘/(Z V., Vcl; B® — ¢K? ~v/d3 (Belle+Bellell) 11° 4.7° 1.5 0.8

BY 5 K0 a/ds (WA) 4° 20 0.6° 0.3°
B* — DY(KYK*a¥)h* B0 V| (Exclusive) 4.5% 2% 1% < 1%
Bt = DU(K KK Sk Scp(B — 1K) 0.08 0.03 0.015 0.007
B* = DU(Ksm)K Acp(B — 1KQ) 0.15 0.07 0.025 0.018
(0,0) (1,0) Scp(B — K*') 0.32 0.11 0.035 0.015

19



B-factory variables

® Beam-constrained mass M, & energy discrepancy AE

separating signal from backgrounds, with knowledge of e’e” — bb 1.1
beam energy efe” - cC 1.3
® Dominant background from ete™ - qq(q = u,d,c,s) €' —qq(q=u,d,s) 2.1

v' Jet-like vs. spherically symmetric event topology ete” > 1T 0.93

v" A BDT-classifier to reduce continuum qq background

Belle Il - Preliminary Belle Il - Preliminary
| B on'(=n_ra)K’ JLdt 6281’ 90 i B'—n'(—n_ax)K' J’Ld}zezefb'
“Ga o — — IAE=FE;, - F
N(\_) 100 ’ﬂ”l'rbc = \/(Ebearn/cg)z - (pj(jg/(f)z '{ ) > w s B beam ¢ Data
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GNN flavor tagger (GFLat)

® New flavor tagger based on graph neural network @ @eses Ga== gyr.phys.J. C82(2022)283

® Use interrelation between particles
® Gain 18% relative tagging efficiency compared to
Category-based flavor tagger (CB FT)

CBFT: €tag = (31.68 £ 0.45 +£ 0.41)%
GFlaT: €tag = (37.40 £ 0.43 + 0.34)%
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B-tagging: Full event interpretation (FEI)

- - - - %104 Belle Il preliminary
® Hadronic vs. semi-leptonic tagging 23] mm Coractyreonres — [eat=saor
® FEI algorithm for B-tagging Toof * O

. . . . 8 Ng:, =84907 + 734
v" Hierarchical reconstruction of 10 B decay chains g.s{ rw-o1
v' Machine learning: ~ 200 BDTs trained with MC <,
® FEI output

v' List of tag candidates

05(.)250 5.255 5.260 5.265 5.270 5.275 5.280 5.285

v A probability to have correct reconstruction M (GeV/c?
Byig Tracks | Displaced Vertices || Neutral Clusters Event nterpretacon aud for the previously ueed exchusive tagging
e | el T algorithms Comp. Soft. Big Sci 3 6 (2019)
et | [t | [t | [+t ] [KE ] /7 B (%) B (%)
Hadronic
oy FET with FR channels 0.53 0.33
FEI 0.76 0.46
FR 0.28 0.18
SER 0.4 0.2
Semileptonic
FEI 1.80 2.04
FR 0.31 0.34

SER 0.3 0.6




CKM angle ¢,/oo @ B — pp

B%-ptp-~ BOsm -
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® Smaller Br of B® - nt’n’
v Smaller penguin pollution
v Smaller A¢, — improved ¢, precision
® Polarization of P — VV decay -—— ddr =3 (f, cos?8,+ cos?6,- + (1= f,)2sin> 6+ sin”6,-)
v’ Longitudinal: Cp-even; Transversal: CP-even + CP-odd
v" Only longitudinal polarization f, for ¢, measurement
® Angular analysis to disentangle longitudinal & Transversal polarization

® Complicated pp analysis has better sensitivity to ¢,
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Entries / 0.01 [GeV]

Pull

B — pp results

® Broad width doesn’t provide good signal-background separation
® Non-negligible contribution from peaking backgrounds

® Extract Br, f, and CP asymmetry extension to full sample promising
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B(B® — ptp~) = (2.674+0.28+0.28) x 1077 B(B*T — ptp’) = (232157 £2.7) x 107°

fr, = 0.956 = 0.035 £ 0.033 fr = ()_943458:833 + 0.027
extension to full sample promising Acp = —0.069 £ 0.068 £ 0.060
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