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The “Flavor Anomalies”

Interesting flavor anomalies seen in B decays at LHCb, Belle and BaBar

Lepton Flavor Universality (LFU)
in semileptonic decays B — D/D*tv
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LFU and angular distributions

in electroweak penguin decays

LHCb, Nature Physics 18 (2022) 277
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BaBar
0.1 < g2<8.12 GeV?/c*

. Belle
10 < g2 <60 GeVZ/ct

LHCb 9 fb
1.1 < g2 <60 GeVZct

¢ Where do we stand with analyses related to flavor anomalies in Belle 1I?
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Outline

e LFU test with semileptonic B decays

O R(Xe/u
o Prospects

) from inclusive B — Xlv

* Electroweak and radiative B decays
o B— K'I*I
o R(K,s) from B — J/YK
o Inclusive B — X,y

o Prospects

New preliminarly Belle Il measurements with 189 fb!



Belle Il and SuperKEKB
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Instantaneous luminosity: ~ 6 x 103> cm2s!

Integrated luminosity: ~ 50 ab?!

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

EM Calorimeter
Csl(TI), waveform sampling electronics
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Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector )

2 layers Si Pixels (DEPFET) + ~S
4 layers Si double sided strip DSSD

Central Drift Chamber

Smaller cell size, long lever arm

electrons (7 GeV) e

positrons (4 GeV)

Belle Il

* Nearly-hermetic 4 detector coverage
= inclusive final states, neutrinos

* Excellent neutral particle reconstruction
(y; T[Or KS)



Status of data taking

* SuperKEKB set luminosity world record on June 22, 2022:
L=4.71x10%*cm2s! (>2xKEKBrecord) = entering “Super B-factory” regime

* Integrated luminosity: 424 fbl (2019-2022)

o 363 fb! atVvs=10.58 GeV = Y(4S) mass [BaBar: 420 fb1, Belle: 700 fb1]
o 42 fb1 off-resonance, 60 MeV below Y(4S) mass
o 19fbl atVvs=10.75 GeV for exotic hadron searches
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e Currently: Long Shutdown 1 (15 mos.) for detector upgrades and beam-pipe improvement



LFU in inclusive semileptonic B decays

* Inclusive cross-check of Ry Rp«anomaly:

B(B — X1v)
B(B — X/v) B~

R(X) =

Ur
o

* So far, no R(X) measurement from Belle or BaBar

o Large background due to less constrained X system
o Modeling of B — Xtv with X — ... difficult
b — Xtv from LEP

e New Belle Il measurement of
light-lepton ratio:

Incl. SM Pred.
= LEP b —» X71v

B B(B — X(%V) - D + D* HFLAV Av.
- B(B = Xw)

p

R<X€/ﬂ>

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
BB — X, mv] (%)



Reconstructing inclusive B — Xlv

H. Junkerkalefeld @ ICHEP 2022

Reconstruction of inclusive B — Xlv decays with hadronic B tagging

Full event B
Shape variables used to reduce
continuum background with
machine learning

sig

Signal lepton:
e p,>13GeV
e High electron or
muon likelihood

X system:
e Everything else in the
event...
® ...passing quality
Tag-side B meson Shcen
e Fully reconstructed B
(hadronic FEI) tag

e Tight tag quality selections



Events / (0.1 GeV)

LFU in inclusive semileptonic B decays

* Signal yields for B— Xev and B — Xuv extracted with fit in 10 bins of p,”
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LFU in inclusive semileptonic B decays

Result: R(X,/,) = 1.033 4 0.010°*" + 0.020°"

* Most precise BF-based LFU test with semileptonic B decays to date
* Agrees with SM value of 1.006 + 0.001 within 1.20 P 81(2021) 984
* Compatible within 0.60 with exclusive Belle result: R(D"_ )=1.01+0.01+0.03

PRD 100 (2019) 052007

Source of uncertainty LeptonID X vBFs X {vFFs Statistical Total
Uncertatinty of R(X,/,) 1.8% 0.1% 0.2% 1.0% 2.2%

Next steps:

e Uncertainty dominated by lepton ID systematic = expected to further improve

* Paves the way for inclusive R(X) measurement



Prospects for LFU in semileptonic B decays

Belle Il projections for R(D!), R(X), R(m)
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Data sample in ab !

e R(X) from inclusive decays unique to Belle Il

, Int. Lumi (Delivered)
[fo']
5000
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2000
1000 \ /
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Precision with current data set expected to be ~ 10-20%

* Belle Il will need few ab™ (until ~ 2026) to clarify if R(D™)) anomaly

has statistical or systematic origin
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LFU in electroweak penguin decays

e Rare B decays with b — s loop-level transitions interesting LFU tests

* Measure LFU ratio:

Ry =

B(B = K™ up)

b

B(B — K(*)ee)

W= S

’Y,ZO — I a?=Mp
* Measurements for K*, K**, K; from LHCb, BaBar, Belle:
T T T T T T T T T T T T ! | !
R+ (Rk for: Belle) R+ & Ryo R,. Belle
. § _ BaBar S 1.1< ¢ <60GeV?c*
P 0.1 < ¢ <8.12 GeV¥c* ;
: X : R, Belle
: B ; 0045 < g2 < 1.1 GeV7/c*
. Belle L Ry Bell
1.0 < g2 < 6.0 GeV/c* B g 10 < g2 <6.0 GeV¥/c*
e 140 Ry LHCOO '
: : 0.045 < g2 < 6.0 GeV?/c*
er i 315  LHCbYfb' ; AT
| 1.1 < ¢* <60 GeV?/c* E 15 R, LHCb 9 fb'
| l 1 o o l.l:<q2<6.OGeV2/c4
0.5 1 1.5 0 1 2 3
SM RK SM RK(')
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B — K'I*I

Decay modes:

arXiv: 2206.05946 [hep-ex]

— 2 2
Mpce = \/Ebeam o pik3

22

‘g ok Belle Il (Prelimi ar){)
B® — K*O(K*m~)¢¢ and BT — K**(K*x% Kox+)ee S 0| —siana J £ dt =189
8 = =: Background
S 14 F === Total
g 12 F - Data
Background suppression: 2 g;
— = . s 6
e e*e’— qqg and e*e- — BB bkgs suppressed with & s}
BDT using event shape, vertex quality, kinematics N T N T e
M, [GeV/c?]
Extract signal yields from 2D unbinned fit in B AE = Eg — Epeam
> °F Belle Il (Preliminary)
M, and AE o 1h—sgna * [ £ dt =189 b~
'é :: = =1 Background
o == Total
Branching fractions measured over entire g2 range, 2 Bl
excluding low-mass region to reject B — K’y (— e*e’) & °f
and regions of charmonium resonances di |
. . N T
| | | AE [GeV]
Mode Observed events  Branching Fraction (x10~°)  World average (x10~°)
B > K*ete~ 22+6 1.42 £+ 0.48 £ 0.09 1.19 +0.20
B— K*utu~ 1846 1.19 £0.3110-07 1.06 £ 0.09

** Comparable precision for e and u modes (~25-30%)

** BF measurement important first step towards R(K*) determination 12



R K (J / 1/J ) arXiv:2207.11275 [hep-ex]

« Decay channels: Bt — J/9(££)K* and B° — J/1(££)K°
* Tree-level b — c transition, serves as control channel for R(K) measurement
* Signal yields extracted from 2D unbinned fit in M. and AE

Candidates per 5 MeV

_ > _ —
800 _ Belle Il (Preliminary) Ldt =189 fb” % 800 _ Belle Il (Preliminary) Ldt =189 b~

B* > K*J/y(e*e) 5 B* - K*Wy(u' i) Signal
600 [ S 600 | ity

¢+ Data 8 ¢ Data purity:
400 | -==+ Signal S 400 ==+ Signal 90-95%
Background S Background
200 L gt - 7t Sy (e'e) § 200 B* — 7t Jy(u'y)
|

%1 005 0 005 01

B(B = J/y(u"n")K)
B(B — J/Y(ete™)K)
Observable  Belle Il Belle (2021)

Rp+(J/w) 1.009+£0.022+0.008 0.0994 + 0.011 + 0.010
RKg (J/w) 1.042+0.0424+0.008 0.0993 + 0.015 4+ 0.010

Ry (J/Y) =

7

*»* Results agree with previous Belle and LHCb measurements
** Reduced systematics compared with most-precise Belle result 13



Inclusive B — XS)/ E. Ganiev @ ICHEP 2022

* B — X,y has higher rate than B — X.I*I"and in addition to NP sensitivity,
measurement of E, facilitates determination of: uct

o b-quark mass
o shape function (b-quark motion inside B meson)

Hadronic-tag measurement (high purity)

Signal side
: o Reconstruct photon energy in B rest frame (E,°)

* Inclusive measurement (all X, states):
o Only photon reconstructed on signal side
o Signal photon = highest-E photon with E,° > 1.4 GeV

* Large backgrounds challenging to suppress without

sacrificing “inclusiveness”

* Tag-side M, fit in bins of E ® to determine correct tags

)
N
o
o

Belle Il 1.6 GeV<Ef <18 GeV
[r=189.3p2
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245 5250 5255 5260 5265 5270 5275 5280 5285
tag-side Mp. [GeV/c?] 14



Inclusive B — X,y

2000 Belle Il :preliminary [£=189.3 fo-! : 1.50 x10~* Belle Il preliminary [£=189.3 b1
g | BB backgrounds | sl _ _E_ Meas.ured result
Q 1750 —[_ii ' Total simulation uncertainty | © ' - Hybr!d B> Xsy model .
E 1500 i * Yields from data fit i E 1.00f Hybr|d model Uncertalnty
llt.au> | i 3
U 1250 . € ors|
L 1000} _l_ W 050
% ] Signal region qL_)
750 |
3 o 025
> 500 _*_ %‘|u?
------------ 5 0.00
D 250} T T N =
- i L, N -0.25
i.: 0 I \ I I;# S :.' e ! I I I
1.4 1.6 1.8 \\2.\0 2.2 2.4 Z;Qz' 2.8 1.8 2.0 2.2 2.4 2.6
EB reconstrittedt6eVv]” EE [GeV]
E73 threshold [GeV | B(B = X,v)(107%)
1.8 3.54 4 0.78 (stat.) +0.83 (syst.)
2.0 3.06 £ 0.56 (stat.) +0.47 (syst.)
2.1 2.49 + 0.46 (stat.) £0.35 (syst.)

+* Consistent with world average: (3.49 £+0.19) x 10* @ 1.8 GeV

% Comparable precision to BaBar hadronic-tag measurement with 210 fb!
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Prospects for LFU in electroweak penguin decays

PTEP 2019 (2019) 12, 123C01

Observables Belle Belle 11 Belle 11
0.71ab"’ 5ab”! 50ab”’
Ry ([1.0,6.0]1 GeV?) 28% 11% 3.6%
Ry (>14.4GeV?) 30% 12% 3.6%
Rg+ ([1.0,6.0]1 GeV?) 26% 10% 3.2%
Ry+ (>14.4GeV?) 24% 9.2% 2.8%
Ry, ([1.0,6.0] GeV?) 32% 12% 4.0%
Ry, (>14.4GeV?) 28% 11% 3.4%

* Belle Il can measure Ry Ry« Rys P o ,RIK]*VPT,"J?FFm"S f‘if?e,"?,"' ,,,,,,,,,,
over full qz spectrum with o 1.4; Belle central valpie f o 1.4 LHCDb central value f
similar precison 2 || T 1 " )

0.8;- " o.ei—

* Expected precision with 06| ] osT | ]
5abl: ~10% o T I Toom |

50 ab' 1. 3 i 4% 0.2; —=50.0 ab"' — 0.2; —e—50.0 ab™ *

) % s io 5 20, I S R S S

q? (GeV?/c? q? (GeV?/c?

¢ Belle Il can provide competitive R(K), R(K*) measurements to cross-check
flavor anomalies with few ab™ 16



Summary

* Belle Il has now collected 424 fb1 of data — comparable to BaBar data set

* New preliminary Belle Il measurements related to flavor anomalies:

o R(Xg,) frominclusive B— Xlv = Precise e/mu LFU test, first step towards R(X)
o B—Kl . ;
} = First step towards R(K")
o B—J/YK
o B— Xy = First inclusive BF measurement from Belle Il
- LS1
vl iy 363 f

15.0 s [ L pacorded dt = 427.79[fb™1] /

* Soon to come:
First Belle Il measurement of R(D*) and R(X)

12.5

w
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| I

N
(=]
o

otal integrated luminosity [fb~1]

k100 ©

Total integrated Weekly luminosity [fb™1]

2019 4
2020
2021
2022

¢ Stay tuned for new Belle Il flavor-anomaly measurements
with full dataset collected before the shutdown 17



Backup
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PRL 127, 181802 (2021)

- WA
Complementary to b — sl| BB B(—~Kvv)B qa
Precise theory prediction (no virtual y contribution) / \

Challenge: Final state with 2v *X:K*' , \)\ e /
A > O 4

Previous searches based on tagged analyses:

o Belle : semileptonictag &g, =0.2% S | |
o BaBar: hadronic tag Eig = 0.04% 8 Bellell =3 Noura o
| 3 Charged B
6| =ik
New approach by Belle Il based on inclusive tag: =

[ B"—K'ww -
¢ Exp 8, Run 3123

S
————

o Signal kaon = track with hightest P

o All remaining tracks/clusters associated with
other B meson in event

o Backgrounds suppressed by 2 sequential BDTs
using topological, vertexing and kinematic variables

o Much higher efficiency: 4.3%

fraction of events

Do
T

00 1 2 3 4 5
pr(K™) [GeV/c]
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B — K'vv

Extract signal yield from fit in bins of
P;(K*) and BDT score

No significant signal observed:
BF(B— Kvv)<4.1x10° @ 90% CL

Futher improvement underway:
o Update with 3x more data
o Additional channels (K", K)
o Improved classifiers (NN)

1.0

Belle I prclunmo.ry e Expected

/Cdt (63+9)b"! Expected=lo |
Expected+2¢

—— Observed

=
o

o
o
l.......-

o
=
1

90% CL 1
Expected: 2.3x10°
Observed: 4.1x107° ]

CL, value

o
[N}

0.00 2 4 6 8

B* — K"vr branching fraction

Y

o JAA

400

300

Events

200

100

0.93<BDT,<0.95 | 0.95<BDT;<0.97 : 0.97<BDT,<0.99 :

;Belle II prclim'inary
[ dt=(63+9)fb!

- B*—K*'vi :
‘] Neutral B
!EE Charged B ]
- Continuum
: ¢ Data i

scaled by 2 ]

0.99<BDT,

0
05 2.0 24350520 24350520 24350520 24 3.5

pr(K*)[GeV/d]

10° x Br(BT—K T viv)

** Inclusive methods offers large sensitivity improvement

s Belle Il will provide world-leading measurement in the near future

M Average
;l 1+0.4, prelint
i ; I Bollo H (6% fb-! IInclusive)
- 971t This work, preliminary
I
| .I =1
‘ 1 He[l)l(el(k?)qlbloﬂ)lol' P
I
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: 3.0+16 PRD87, 111103
I
I 1
e+ Babar(2op Hadssl)
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