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Motivation

@ Rare decays involving b — s(d) quark level transitions are FCNC processes

@ These decays are forbidden at tree level in the SM and occur through electroweak loop diagrams
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b — stl loop b — s+ loop NP contribution

@ Resulting B decays are rare having Bsy = O(1077 — 107%)

o Amplitude from the NP contribution can interfere with the SM amplitude, altering physical

observables like:
lepton-flavor-universality ratios, isospin asymmetries, forward-backward asymmetries, total or

differential branching fractions, angular observables, etc

@ Many opportunities to probe the SM and explore the BSM physics
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Belle & Belle Il detectors

SC solenoid
LST —

n=1.015~1.030

CsI(T) —
16X,

TOF counter —

Central Drift Chamber

8 GeV € gt
- sniall cell +He/C,Hg

\‘/,_-,

Si vtx. det./
3/4 lyr. DSSD

/Ky detection
14/15 lyr. RPC+Fe

o Asymmetric e* (3.5 GeV) - e~ (8 GeV)
collider

o Collected 711 fb~! at T(4S) resonance
o Data taken from 1999 to 2010

Collected 1 ab~?! of data

Aerogel Cherenkov cnt.

KL and muon detector

Resistive Plato Counter (barrel outer layers)
Scintilator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

EM Calorimeter
Csi(T), waveform sampiing electronics

Particle Identification
ime-of-Propagation counter (barrel)
Prox.focusing Acrogol RICH (torward)

electrons (7 GeV) -

Vertex Detector
2layers Si Pixels (DEPFET) + !
4layers Si double sided strip DSSD

Central Drift Chamber

‘Smaller cel size, long lever arm

Asymmetric et (4 GeV) - e~ (7 GeV) collider

So far collected 362 fb~! at T(4S) resonance
o Data taken between 2019 - 2022

Recorded 424 fb~! of data: ~ equivalent to
BaBar and 1/2 of Belle data sample

@ Aims to collect multi-ab—?! of data
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Advantages of Belle & Belle Il for rare decays
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o Low background environment
o Good particle identification and performance
@ PID performance of Belle Il is similar to Belle

@ High photon detection efficiency
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Advantages of Belle & Belle Il for rare decays

tag-side : signal-side

@ Good hermiticity: useful for the channels
with missing energy

B-tag reconstruction: Reconstruction of
tag side B allows to infer the properties of
the signal-side with missing energy, and
also good control over background

Full Event Interpretation (FEI) [Comput.
Softw. Big Sci. 3 (2019) 6] algorithm
using machine learning for
Hadronic/semileptonic Btag has high
purity but low efficiency

Hadronic tagging °
Full knowledge of B,,; kinematics
0(0.5%) @ ~10% purity

Partial knowledge of B,,; kinematics
0(2%) @ ~5% purity
Indirect knowledge of,,gkinematics
0(100%)

Aouapiya

Purity

Inclusive tagging benefits has higher
background contamination but higher
efficiency
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https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8

o Belle (711 fb~1)
o Bf s Ktrl, t=eorp

o B® —» K77

[PRL 130 (2023) 261802]
[PRD 108 (2023) L011102]

e Belle 1l (189 fb—1)
o Towards Ri+: B — K™ ¢4, £0 = ee or up

e Inclusive B — Xsv

[arXiv:2206.05946]
[arXiv:2210.10220]

o Belle & Belle 11 (711 fb—! & 362 fb—1)

o Exclusive B — pvy [EPS HEP 2023]

o Also see Roberta's talk on rare BY — KTuvv
decay from Belle Il [arXiv:2311.14647]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.261802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L011102
https://arxiv.org/abs/2206.05946
https://arxiv.org/abs/2210.10220
https://docs.belle2.org/record/3813/files/BELLE2-TALK-CONF-2023-119.pdf
https://arxiv.org/abs/2311.14647

Let’s start with Penguin decays...
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Introduction on b — sf¢ decays

o SM B for B — K(*)£¢ decay is ©(10~7)
o Test of LFU: Ry

B(B = K"pup)

Ryt = o —— F
KO ™ B(B = KHee)

@ According to SM this ratio should be 1 [EPJC 76, 440 (2016)], as the coupling of lepton to gauge
boson is independent of flavor
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@ Ry results from LHCb [PRL 131 (2023) 051803] and Belle [JHEP 03 (2021) 105, PRL 126
(2021) 161801] are consistent with SM expectations

@ LFU can uniquely tested using Belle Il data
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.051803
https://link.springer.com/article/10.1007/JHEP03(2021)105, https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161801
https://link.springer.com/article/10.1007/JHEP03(2021)105, https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161801

Towards Rk+: B — K*¢¢ at Belle Il [arXiv:2206

o Decay modes reconstructed: B® — K*O(K*n=)¢¢ and BT — K**(K*n0 K2rx+t)ee

@ Background from continuum and BB is suppressed using event shape, vertex quality, and kinematic
variables in a BDT

@ Performed 2D unbinned ML fit in My, and AE to extract the signal yield

Mie = \/(Eyean/ @) = (Pp/ ), AE = Eg — Ey
B — K*up B — K*ee

5 | Belle II (Preliminary) 14 | Belle II (Preliminary)
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. Lo 40.08 6 o Similar performances for electrons
B(B — K*(892)u™ ™) = (1.19 £ 0.317,°7) x 1077, and muons

* +a—) — —6
B(B — K*(892)e"e™) = (1.42+0.48 +£0.09) X 1077, o Results are compatible with world

B(B — K*(892)¢T¢~) = (1.25 + 0.30t%%87) x 107, averages within the uncertainties

o Observation of these decays is the first step towards LFU test (Rk-) at Belle Il
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https://arxiv.org/pdf/2206.05946.pdf

Introduction on b — s7¢ and b — s77 decays

@ b — s7¢ and b — sTT are expected to be more sensitive to NP which has a coupling proportional
to lepton or only couples to the third generation

@ According to theory [PRL 114 (2015) 091801]: violation of LFU predict LFV processes
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) £ 3 Q ® Q %
O LHCb (3 fb~1) PRL123,211801(2019)
A LHCb (9 fb~1) JHEP06(2020)129 @ LHCb (3 fb~!) PRL118,251802(2017)
® LHCb (9 fb~!) JHEP06(2023)143 @ BaBar (342 fb1) PRL118,031802(2017)
© BaBar (342 fb~1) PRD86,012004(2012)

e SM prediction is O(10~7) [PRL 120 (2018) 181802] for the 77 final state
@ b — sT7({) are less studied compared to their e — p counterparts

o Experimentally challenging due to two or more neutrinos in the final state
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.114.091801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.181802

B+ — K*7( at Belle [PRL 130 (2023) 261802]

o FEI Hadronic B-tagging (Bsag)

B B

‘ " Sig ta o
(&)X © N S &
™~ Y(4S) 'y,
“e0’ o

o Signal side: B — K7{, 7 — evv, pvv, wv (T — pr mode contribute ~ 50% to 7 — 7v, because of
large B), combined 46% B

o Dominant background from semileptonic D decays B+ — D9(— K*+£~Tg) X" or semileptonic B
decays Bt — DO(— K+ X~ )X{tuvy, are vetoed in Mg+, around D° mass region

@ Background is suppressed using BDTs having kinematic and topology of the Bsjz and ECL energy
from extra clusters (not associated with Bsig of Btag)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.261802

Bt — K*7/¢ at Belle

[PRL 130 (2023) 26180

o Signal yield is extracted by unbinned extended ML fit to Myecoii: should peak at the mass of the 7

lepton
Mrecon = \/mfs + My = 2(Efcam Eice + P5,,, Pie <059),
here, pg, = pg + P}
B'>K Ty 18 B'>K're
12 —e— Data “[~e= Data
E Signal (90% UL) 16 Signal (90% UL)
N 10 - --- Background 14 - - - Background
o [ — All © — Al
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=t = 1o
N~ oL ~ F
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@2 r ® F
5 0 5 °
g, g
i 2
o . \ | | ob . . . | . L
T 12 14 16 18 2 22 24 12 14 16 18 2 22 24
Myeco (GEV/C?) Mecon (GEV/C?)
o Four channels:
2 charge configurations x 2 flavours
channel Nsig BUL (1079)
BT - KTrtu~ —21+29 < 0.59
Bt - Ktrte™ 1.5+55 <151
Bt — Ktr—u* 23+41 < 2.45
BT - Ktr—et -11+74 < 1.53

@ World's best limits for BY — K7/ decays
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.261802

BY — K*0r7 at Belle

e FEI Hadronic B-tagging (Btag)

@ T — e Velr, U VpVr, T Vg

o 6 different decay modes: K*0ete~, K*0eFpt, K*0utp—, K*0eFnt, K*O0uFat K*Ontn—

e B — D)~ (K*0r~ (n%))¢+v, background for K*0ntm~ and K*%4E7¥F are rejected by
My-on- & [1.84 — 1.94] GeV/c?

150

« Data — Fit

y N 00
B Signal (Br=35.1 x10") ---B'B
-- BB qq
--- Rare B utv

o Signal yield is extracted by binned extended
ML fit to E,E’Sﬁa, sum of the energy from
cluster not associated with Bsig or Biag, with

a bin width of 0.1 GeV

100

Events/(0.1 GeV)

o Fit result on data

Nsig = —4.9 + 6.0
BYL < 3.1 x 1073 at 90% CL

Pull

T 5T
.
.
lo—

@ First experimental limit on the decay
B® — K*Orr -4

EZer (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L011102

Radiative decays ...
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Inclusive B — Xsv at Belle |l [arXiv:2210.10220

@ B — X is sensitive to non-SM effects [EPJC 77 (2017) 201]
@ Photon-energy spectrum offers access to the mass of the b quark and the function describing its
motion inside the B meson [PRL 127 (2021) 102001, EPJC 77 (2017) 201]

Signal side

@ Measurement is possible in clean environment of B factories 2 4

o Fully inclusive measurement using hadronic Biag

o Knowledge of kinematic properties of Bi,g allows to access photon
energy in the Bgjg frame, EE

o Signal yield is extracted by fit to tag-side My, in bins of E,’f (8 bins with
Ef > 1.8 GeV)

@ b — d~y contribution accounted for by assuming same shape and

- . v
efficiency as signal but suppressed by a factor |Viy/Vis|? =~ 4.3% Tag side
(Hadronic)
continuum, combinatorial, correctly rec. B

— 2000 Belle Il _preliminar, [c=189b! -

© —
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https://arxiv.org/pdf/2210.10220.pdf
https://link.springer.com/article/10.1140/epjc/s10052-017-4776-y
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.102001, https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.88.035008

Inclusive B — Xy at Belle Il

@ Background subtracted distribution

— 2000 Belle Il preliminary [c=189fb!
g } Yields from data fit 150 X10™* Belle Il preliminan [c=189 b1
o 1750F BB backgrounds ) 1 Data
_E 1500 Total simulation uncertainty — 1251 221 Hybrid B - X5y model
@ g Hybrid model uncertainty
W 1250 | 5 oot
C 2
8 1000 4L < orsf i {,
- p—
3 750 b Signal region ity 0.50 | ____‘: {»I_ B ]
o C
-q—; 500 b e g oz !
~|o> |
E 250 F ; S[E 000 :
k= e, , S l
w 0 L L s — -0.25
14 16 18 20 22 24 26 28 . . . .
EB reconstructed [GeV] 18 2.0 22 2.4 26
EB [GeV]
. . N B
EE V) B0~ @ Provided partial 5 in bins of £
threshold o Results are consistent with the SM and world averages
1.8 3.54+0.78 +£0.83 HFLAV (all tagging approached) =
2.0 3.06 & 0.56 & 0.47 (3.49£0.19) x 10~*
2.1 2.49 + 0.46 +£0.35

o Competitive with BaBar [PRD 77 (2008) 051103]
result with hadronic tag method, on similar statistics
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https://arxiv.org/pdf/2210.10220.pdf
https://arxiv.org/abs/2206.07501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.051103

Exclusive B — py at Belle & Belle Il [EPS HEP 2023]

@ b — d~ transition have one order of magnitude lower B compared to b — sy processes and can be
affected by NP independently

NP appearing in the loop
(e.g. HE, W', etc.)

@ B — py decay has been observed by the Belle [PRL 101 (2008) 200401] and BaBar [PRD 78
(2008) 112001]

o World average of isospin asymmetry lies about 20 away from the SM expectation

@ Reconstructed p° — w7~ and p* — 7t 70 for B® and Bt

@ Experimentally challenging due to the presence of B — K*~ background

® Myr: invariant mass of p recalculated based on hypothesis that one of the 7T is a KT

@ My, helps separate K*~ background better compared to My
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https://docs.belle2.org/record/3813/files/BELLE2-TALK-CONF-2023-119.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.101.200401
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.112001

Exclusive B — py at Belle & Belle Il [EPS HEP 2023]

@ Simultaneous 3D fitting on My, AE, and Mk, with extended unbinned ML to 6 independent data
sets: B, B—, and B° in Belle and Belle Il

signal + bkg, signal, continuum bkg, , B — K*y
= F S 45
© = > E
E 50 = H, (c) Belle B"—~p'y {preliminary) = 40p (1) Belle 1l 8°~~p?y (preliminary)
> E S 35fF
=] £ <] E
20 sk
10 %r g
0 L o . 1 . .
-03 -02  -01 02 03 03 -02 -01 0 0.1 02 0.3
AE (GeV) AE (GeV)
+ o) — +2.02+1.38 —7
B(BY — pTy) = (12.8571‘927“3) x 10
0 0.\ +1.3340.97 -7
B(B® = p’y) = (7.457,5,°055) x 10
15.341.4
Acp(BT = p™v) = (=715 575 5)%

A(B— pv) = (14'24:111197?6?:5'60.5

o Measured the B, CP-asymmetry, and isospin asymmetry of B — py decays using Belle and Belle Il
combined data

@ Improved isospin asymmetry A, results, which is consistent with the SM prediction with 0.60 CL

@ Most precise measurement of observables for B — pv to date
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https://docs.belle2.org/record/3813/files/BELLE2-TALK-CONF-2023-119.pdf

Belle 11
Belle e

@ Heading towards Rk — Rk« measurement with
larger data sample: B(B — K*{{) are
consistent with PDG

@ Most stringent limit for BY — K*7¢ decays,
< (0.59 — 2.45) x 10~° at 90% CL

o First experimental limit on the decay

BY s K*Orr < 3.1 % 10~3 at 90% CL o Inclusive B(B — Xsy) measurement in bins of

E,f, results are consistent with world averages

@ World's most precise measurement of B — p~y decays branching fraction, isospin asymmetry and
CP-asymmetry using Belle and Belle Il data samples

Belle Il data taking will restart in early 2024:
many exciting results are on their way ...

u}j Coming oom‘
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Systematic ertainties

TABLE II.  Contributions to the systematic uncertainties of the
measured signal yields and branching fractions.

Source K*tty~ Ktrte™ Kt ut K'z7e™
Additive (events)
PDF shape (mean) 0.09 0.01 0.08 0.08
PDF shape (width) 0.02 0.08 0.04 0.07
PDF shape (f;,) 028 016 011  0.16
Linearity 0.03 0.04 0.02 0.04
TABLE I Systematic uncertainties for the branching fraction
Total . .1 .14 .21
° 0.30 0.18 0 020 of the charged mode (B,+.,), the neutral mode (B,0,), the

Multiplicative (%) isospin asymmetry, and the CP asymmetry.
By calibration 59 5.9 59 59 Source Bty X107 Byoy x10° A1 Ace
Track reconstruction 1.1 1.1 1.1 1.1 reconstruction eff. 4.1 1.2 1.5% 0.4%
Kaon identification 1.3 14 13 13 cut eff. 8.9 3.3 4.0% 0.6%
Lepton identification 0.3 0.4 0.3 0.4 Fixed PDF parameters 1.1 2.6 1.8% 0.2%
= daughter identification 0.7 0.7 0.6 0.6 Signal shape 46 29 31% 0.5%
MC statistics 1.0 15 12 1.0 Histogram PDF 1.0 0.6 0.6% 0.2%
Number of BB pairs 14 14 14 14 Kryyeld 34 b4 3.2% 0.1%
BDT BB selection 106 100 127 126 BB peaking yield 2.2 0.7 0.9% 0.2%
BDT g7 selection 88 86 92 66  ‘or of peaking 02 0.0 0.1% 1.0%
f 12 12 12 12 Number of BB 1.7 1.4 0.3% 0.1%

) ) ) ) Other parameters 4.0 3.6 6.3% 0.0%
Total 153 148 170 157 Total 12.6 88 9.0% 13%
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Systematic Uncertainties

Table I. Relative systematic uncertainties (in %) for B — K*¢4.

Source

Systematic (%)

Kaon identification
Pion identification
Muon identification
Electron identification
Kg identification

7 identification
Tracking

MVA selection
Simulated sample size
Signal cross feed
Signal PDF shape
B(Y(4S) — BTB™)[(B(Y'(4S) — B°BY))
Number of BB pairs

0.4

2.5

+1.9
-0.8
+0.9
—-0.5

2.0
34
1.2-15
1.3-17
< 0.5
<1%
0.5—1.0%
1.2
2.9

Total

+6.7
—6.0
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a0t a0t oo0003s 00040 o005 SoR0s0
- s - 1
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& 40 L ! . ! . -025
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~ 2.0 2.2 2.4 2.6 18 2.0 22 2.4 2.6
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e Belle Il (189 fb~1) result is competitive with BaBar (210 fb—!) data, HLFAV

o Main systematic uncertainties for B — Xsy measurement from Belle Il are coming from fit
procedure (generic B background shape and My, end-point) and simulation statistics
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https://hflav-eos.web.cern.ch/hflav-eos/rare/Apr2023/html/radll/Badmix/BR_Badmix_Xs_gamma.html

detection efficiency & Belle Il luminosity
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@ Design peak luminosity of
6.5 x 10% cm™2s~1 (30 times that

of KEKB) to be achieved by;

Energy (GeV) | 8.° (mm) (nm) € o 1 (A) [Luminosity (cm’s")
LER/HER | [pR/HER [LER/HER |LER/HER |(mrad) ([FR/HER | x 10 o reducing beam size by 20 times
KEKB 3.5/8.0 5.9/59 | 18/24  [0.13/0.09 |11 1.6/1.2 2.11 . .
Achicved | e increasing beam current by 1.5
SuperKEKB | 4.0/7.0 (| 0.27/0.3_) 3.2/2.4 |0.09/0.09 | 41.5 (| 2.8/2.0 65 times
factor 20

Factor ~30 in the luminosity
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