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Belle Il luminosity

* The experiment is collecting
date since 2019 and will reach
an integrated luminosity of about
450/fb by end of June 2022

» After the ongoing run, the
experiment enters long

shutdown 1 (LS1) until autumn
2023

* The ultimate goal of Belle |l by
>2030 Is an integrated
luminosity of 50/ab
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Semileptonic 5 decays



Semileptonic B decays

Determination of the CKM elements |V, | and |V, |

« SL B decays are studied to determine the CKM
elements |V_, | and |V, |

» | V.| are limiting the global constraining
power of UT fits

* Important inputs in predictions of SM rates
for ultrarare decays such as

B, — uvand K — muv
 The determinations can be
 Exclusive — from a single final state

 Inclusive — sensitive to all SL final states

E_
W _
Vab Ve
)
q
u
A" o< G%|Vip|? | L4 (X |Gy, Prb| B’
x G%| Vb ‘ u(X|qv,PLb| >‘
Experiment Theory
8 — Dlv. D*[v Lattice QCD,
Exclusive |V | ’ light cone sum
(low backgrounds) les

Inclusive |V |

B — Xlv
(higher
background)

Operator product
expansion




Semileptonic B decays

Anomalies
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Untagged vs. Tagged

Tagged.:

B, and B,,, are reconstructed

Untagged:
only 5, is reconstructed

signal yield O(103) lower (-)
low backgrounds (+)
good neutrino reconstruction (+)
tag calibration (-)

high signal yield (+)
high backgrounds (-)
poor neutrino reconstruction (-)




Hadronic tagging at Belle I A

Belle 11

Comput Softw Big Sci (2019) 3: 6.

%104 Belle Il preliminary %104 Belle Il preliminary

] ' 1.0F
Tracks Dlsplaced Neutral 2.5 W Correctly reconstructed f[l dt=34.6fb~! | W Correctly reconstructed f[: dt=34.6fb~1
Vertices Clusters - Bl Continuum & mis-reconstructed - B Continuum & mis-reconstructed
N , o: ¢ Data < ogl ¢t Data
n n - iy 0 v | Ng:, =84907 = 734 ? ' Ngz, =38545 + 1161
O o |
[e ][“ J[K ] 4 J[ s J[KLJ Y S 15) Prag > 0.1 = o°r Prag > 0.
o i P L
< [ <
2 Lol S 04}
0 Z1.0f =04
I A P! 5
S i c
> S 0.2
0.5F :
Ko A = it
1 0,0 0.0
e D DS Ac 5250 5.255 5.260 5.265 5.270 5.275 5.280 5.285 5250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
My (GeV/c?) My (GeV/c?)

= __ 2
" B°B My. = \/Egeam/4 — (pgzr;g )2 > 5.27 GeV/c

* The hadronic FEI employs over 200 boosted decision trees to reconstruct 10000 B decay chains

e €5+~ 0.5%, €50 ~ 0.3 % at low purity (about 50% increase with respect to the Belle tag)



x 104

2 | Belle Il B B-Xdv
(pf -+ py) osl [Ldt = 62.8 b E :tj:lfg_-)qd

q° moments inB - X v g
[arXiv:2205.06372] submltted to PRD = '
 Motivated by JHEP 02 (2019) 177 |

[arX|V181207472] 705 10 15 |\f|'0[Ge\/2/.c57-] 30 35 40
» Semileptonic B decays are reconstructed in Cosp ( 'am 2 e

62.8/fb of hadronic tagged Belle Il events S o] henizcer 8= Xclv Signal MC

5 Recons_tructed Use kinematic fit
- . . . € 03| e
» Signal weight w as a function of q2 determined to improve
o _ g 15 resolution on q
from fitting the hadronic mass M, .
L1>J 01 .
° q2 spectra are calculated as event-wise average = ool—= 0 +
[GeVz/c“]
* | eading systematics: backgrounad, S~ o —
. . ,
moment calibration (™) = Zevems_ o Z w(g?) - 2™
(/



g° momentsin B — X £v <

[arXiv:2205.06372] submitted to PRD

Belle 11

1 —— Fit Result i ——  Fit Result

99 ¢ Bellell 6 - ¢ Bellell
1 4 Belle & A Belle

» Belle |l q2 moments compared to

Belle q2 moments PRD 104,
112011 (2021) [arXiv:2109.01685]

* And fit by Bernlochner et al.
[arXiv:2205.10274]

—— Fit Result ] —— Fit Result
é Bellell 80 - é Bellell

JO_'S—; A Belle A Belle o ThiS fit gives

|V, | =(41.69%0.63)-107°




B - D" ~¢/*v tagged and | V.,
Winter 2021

Belle Il Preliminary

%;1:2 j;‘i ;)BZifband CC.
,‘2_ 1oo§—
* 189.3/fb of hadronic 2 ol i
tagged Belle Il events S o]
e Reconstruct s 0 05
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+ 0.38 (syst.)) %

identify £ (e or u)

Belle Il Preliminary

* Fit missing mass squared @ j::;"f?ii:i;dm_ 223'
mr%liss = (Dy(s) — PB,, — Pp* — — D) ?E’ 303_ e
in bins of w = vp - vy« 1O § N{
extract w spectrum 7 Z +
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Belle Il Preliminary

70
f Ldt=189.3 fb” + Data

) 60 "B D" uw*v, and cc. OSignal
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s :_ []MC error
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B - D""¢*vtaggedand |V, | =
Winter 2021

In the CLN parameterisation [NPB530, 153 (1998)]
F (w) depends on (1), p?, R(1) and R,(1)

e Fit of the w spectrum /

dl’ G )
i = o (m = o)V~ TP ) Ve

Belle Il Preliminary Belle Il Preliminary
0.008 ¢ — S0 r .
0.007 [ La=tsoa ettty et f Ldt=189.3 fb” * best fit
0.006 f_B ~ DT and oo N 45 - B -DT v, and cc. —68% CL
e . B - (o)
1) : -, _ ---90% CL
g 0.005 o 40 — P
E 0004 ; ; E L7 /
B +~— 35 |
\ 0.003 ~— i .
- LL [ .
5 0000 | : | o | argest systematics: tag
- - [ . . .
0.001 | | calibration, slow pion

OL ................................................. 25—|||||1||||||||||||||||||||||||||||||||| n
1 1.05 1.1 115 1.2 1.25 1.3 1.35 1.4 1.45 1.5 0 02 040608 1 12 14 16 1.8 2 traCklng
2
W P
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B — nfv

The golden mode for |V , | exclusive

. Differential rate in terms of ¢* = (py + p,/)2
dT'(B® - n=¢ V) G:
dg? 2473
» BCL extraction of |V , | [Phys.Rev.D79: 013008 ,2009; Erratum-ibid.D82:099902,2010]
 Measure the differential rate in bins of q

 Theory calculates f. +(q2) at values of g~
 Combined fit to the BCL expansion to determine |V ,| and b, (z is a map of q°)

1 k
f.(g?) = [ qimg, 2 Zbk [z — (=¥ KEZ ]

Vo 12 1 1@ |
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B — mev taggedand |V, |
Winter 2021

* 189.3/fb of Belle Il, tag side is reconstructed by hadronic FEI

ﬁ
. 7-e* and n'e™ are reconstructed on the signal side €
e Signal yield is extracted from the missing mass distribution in three bins of q2 tag/ tag
2 _ . . . 2
* Mmiss = (p Y4S) —PB, “Pr—P e)
e _Belle Il Preliminary [cdt=189.3fb™! Belle Il Preliminary [ dt=189.3fb" Belle Il Preliminary [cdt=189.3fb
:’Q = g:::g_ri;:nd OGeV2/c45q2 < SGGVZ/C4 ;{': [ BO»:'ev ; BGEVZ/C4SQZ< 16 GeV2/c4 ':TJ 40 -: g::érg_rz:nd 16 GEVZ/C4 qu <26.4 GEVZ/C4
S 20 | % MCstat. unc. - 30 -//7 f'aics?arf,ufnc, N [ 7/, MC stat. unc.
8 r ¢ Dela E [ $ Data E 30:_ $ Data
Q 2 Q|
S c c
S 2.5F @)
HP s oobe 4 } - . =5
@ S 0.0 e (N
Task ARSI

-1.0 =05 00 O05 10 15 20 25 3.0
M2. . [GeV?/c?]
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dB(B° » n~et*v.)/dqg? [GeV~?c?]

B — mev taggedand |V , |
Winter 2021

le-s___ Belle ll Preliminary [cat-1005 ) g de=8 R Y ,
Laf 1 - 7r _ | I?)ecay mode Fitted |V ]
1.2F 1 1.0 3 BY — w7 et (3.71 £ 0.55) x10~ |
1.03— - ?5_ _ | Bt — 7letu, (4.21 £+ 0.63) x 103 ,'
0.8 184 1 | Combined fit (3.88 + 0.45) x10~° |
g 1 =7t : ‘
0.6;— ] ;2 3_ __
04- _ ’i 2_ -
02 1 S i e« Largest systematics:
0.0kt ] O e T e T s tag calibration

g2 [GeV2c4] g% [GeVZc™?]
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Semitauonic B decays

Belle Il prospects

BB — D, D*,X1v)

BB — D, D*, X )
with £ a light lepton

R(D,D*,X) =

From:

Snowmass white paper “Belle Il physics reach
and plans for the next decade and beyond”
https://www.slac.stanford.edu/~mpeskin/
Snhowmass2021/
BellellPhysicsforSnowmass.pdf

Total uncertainty [%]

N N
= & o

—
N

10;

D

</[O

Belle 1l

v

R
R
R

R
R
R

X) (had FEI, lep 7)

(
(
(
(
(
(
(

....... R D*)

m) (had FEI)

D) (had FEI, lep 7)
D) (SL FEI, lep 7)
D*) (had FEI, lep 7)
D*) (SL FEI, lep 7)
(had FEI, had 7)
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Data sample in ab™!


https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf
https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf
https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf

Hadronic b decays



Hadronic B decays — motivation

» Charmed decays B — Dk

« Mediated through Cabibbo-favoured b — c tree transition

e Test of QCD predictions

« B— DUK are theoretically clean modes to measure the CKM angle ¢;/y

« New Belle Il measurement of ¢;/y with 11° precision:
JHEP 02, 063 (2022) [arXiv:2110.12125]

e Charmless decays B — hh(h)

» Cabibbo-suppressed b — u tree or b — s, d loop transitions

b M d,s

e Sensitive to non-SM loop contributions

* Observables: (ratios of) branching fractions, CP asymmetries

17



BY —» K7V
[arXiv:2104.14871]

» K7 puzzle: unexpected large difference in direct CP-violating asymmetries
(/) between B - K¥7#~and BT - K7

e |sospin sum rule

0__+ 0 + 0 0 0 0O

+B(K:r_) Th oA B(K"n") T4 oA B(K ")
T B(KTnT) Tt

[, = _
kn = Ayt~ + Ao Ktr" B(KTn) Tt K" B(K r)

» Null test: SM predicts I, = 0 in the limit of isospin symmetry and no
electroweak penguin contribution [PLB 627 (2005) 82|

» Belle Il can study all relevant final states

18
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0

K97Y

[arXiv:2104.14871]

[ Belle Il (preliminary)
[ f L dt =62.8 fo™

iy+LL+uJﬁi.__ SN

—0

e Data, B tags
Total fit
—-B°> K (S)Jro

B-decay background

----- Continuum background

5.25 5.26

5.27 528 529 ~ l5.3
M, [GeV/c?]

[ Belle Il (preliminary)
; f L dt =62.8 b

e Data, B® tags
Total fit
—-B 5K g”o
B-decay background
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" Belle Il (preliminary)

10 | det=62.8fb'1

P
e e 7

1 II\—L..QI_‘_;LQA;

—0
e Data, B tags
Total fit
— - B’ — Kgn°

B-decay background

----- Continuum background

i

0 1
-0.3 -0.2 —01

0.1 0.2 0.3
AE [GeV]

12
- Belle Il (preliminary)

10 | det=62.8fb'1

e Data, B’ tags
Total fit
—-B 5K gnO
B-decay background
----- Continuum background

0
-0.3 -0.2
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0.30

0.25 1

I i sensitivity
-
S

AKOWO = —0.40

Yield: 457 candidates in
62.8/fb of Belle Il data

Challenge: Measurement of

A 0.0 must rely on rest of the
event flavour tagging

fgjjg(stat) + 0.04(syst), and f

KO 0)

Belle II (Preliminary)

0.20 1

0.15 -

I, =—0.111+0.13 Belle+BaBar+LHCb+Belle II Winter 2021

=== Projected uncertainty without Belle II

— Projected uncertainty with Belle II

2026 2030

Year

2021 2022



Summary

e Belle Il is starting to shed light on anomalies in B flavour physics

o VIV . inclusive/exclusive anomaly

 Belle Il measurement of q2 moments in B = X £
[arXiv:2205.06372] submitted to PRD

. Preliminary tagged measurements of B - D" ~¢*v and B — nev,
first Belle Il determinations of |V, | and |V, |

e K1 puzzle

. First search for &/ -pin B® — Kz"

® Ve are looking forward to what we can do on more data!

20






The Belle 1l detector A

KLM Belle II
Instrumented flux return

N 1

Vertex detector

Vertex resolution ~15um| |

TR Electromagnetic Calorimeter
NN Energy resolution: 1.6 - 4%

|

Aomori \

Akita Iwate

E. = 10.58 GeV
(Y (4S) resonance)

—_— -
Yamagata Miyagi .

Fukushima

Nigata 2 K E K

B - e B
f / | "‘ “‘i---‘_~— - o 7_': e
J .'/ v
Gunma a
Ishikawa.rc'yan'.a Ibagki ! .
e s> Tgukuba, Japan | ~ -
Fukui Gifu ‘Yamanashi \Y.iba , )
T i ? \
Aichi  Shizuoka \ - .

Central drift chamber \C
}

4 GeVet

Spatial resolution ~100um
é- Forward and barrel Part. Id.

dE/dx resolution: 5% t
prresolution: 0.4% 7| Keff. 90%, fake x rate 5%
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B — rmev tagged at Belle |l
Winter 2021

¢° bin Signal efficiency Unfolded signal yield AB
BY - 7 eTu,
0 GeV? < ¢?> <8 GeV?  (0.189 + 0.002)% 15.5 + 4.6 (0.61 + 0.18(stat) + 0.03(syst)) x10~4
8 GeV? < ¢® < 16 GeV?  (0.239 & 0.003)% 15.3 £ 4.8 (0.48 £ 0.15(stat) £ 0.02(syst)) x10~4
16 GeV? < ¢% < 26.4 GeV? (0.229 £ 0.003)% 10.3 + 4.2 (0.34 + 0.14(stat) £ 0.02(syst)) x10~4
Sum - 41.1 + 7.8 (1.43 4+ 0.27(stat) &+ 0.07(syst)) x10~*
Fit over full ¢*> range  (0.217 £ 0.002)% 42.0 £ 7.9 (1.45 + 0.27(stat) 4+ 0.07(syst)) x10~*
¢° bin Signal efficiency Unfolded signal yield AB
Bt — nletu,
0 GeV? < ¢? <8 GeV?  (0.329 + 0.004)% 12.9 £+ 4.7 (2.90 + 1.12(stat) £ 0.19(syst)) x10~°
8 GeV? < ¢ < 16 GeV?  (0.439 £ 0.005)% 18.1 + 5.1 (3.05 & 0.91(stat) 4 0.20(syst)) x10~?
16 GeV? < ¢° < 26.4 GeV? (0.451 £ 0.006)% 14.5 + 4.9 (2.38 + 0.85(stat) + 0.16(syst)) x10~5
Sum - 45.5 4+ 8.5 (8.33 £ 1.67(stat) £ 0.55(syst)) x107°
Fit over full ¢?> range  (0.402 & 0.003)% 43.9 + 8.3 (8.06 & 1.62(stat) £ 0.53(syst)) x107°

* Yields in q2 bins are corrected by bin-by-bin unfolding
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B — rmev tagged at Belle |l

Winter 2021

Source % of % of
B(B" = et v, B(BT — n'eTu,)
¢° bin index 1 2 3 1 2 3
2.9
1.2
3.2 3.1
0.6 0.3
7V efficiency — 4.8
Signal efficiency € 1.3 1.2 1.4 1.3 1.2 1.3
Electron 1D 1.0 0.4 0.4 1.0 0.5 0.5
Pion ID 0.4 0.4 0.4 —
Total 4.8 4.7 4.8 6.7 6.7 6.7

24



CKM angle ¢;/y
BPGGSZ method (binned model-independent) [Phys.Rev.D68, 054018]

 (),/y is the phase between b — u and b — ¢ transitions

* The interference between these two diagrams gives access to the amplitude ratio,
which contains ¢»/y

ﬁK— B-— D' K- B-— DK

rBei((SB+¢3) \
favored

B~ [f1pK

b c | j
\A B, V. D I \
DK~ b 7 suppressed| N\UK~

25

i(0g+03)

1D psuwerr (B 5 DOK)
S Afavor.(B— - DOK—)

= Igé€




CKM angle ¢,/y
BPGGSZ method (binned model-independent) [Phys.Rev.D68, 054018]

 Jo observe interference, we need to reconstruct DVin a self-conjugate mode

 Jo avoid model dependence, the strong phase difference between the DY and DY
decays is measured by CLEO/BES Il

D - Kdn—nt

: g
a N W

m? (K’n) [GeV?/c’]

|

—
v 1

O
o

05 1 15 2 25 3
m2 (K'n*) [GeV?/c’]

OO O N

- N W s

|Bin number|

m2 (K°K') [GeV?/c*]

S

—_k

—_i
o

[

—_—

AC TR N )

—

D - KJK K*

1 12 14 16 1.8

m2 (K’K*) [GeV?/c’]

N

5]

i®)

E (xs y2) = r (cos(y + ), sin(y + p))

g C;, §:: DO- DO strong phase differences (inputs from BES 11I|/CLEO)
2] F.: fraction of D decays to i-th bin

N;- = hg+ [Fi + r3F; + 2V/FFi(cizs + quy—-)]

1
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JHEP 02, 063 (2022) [arXiv:2110.12125]

e 711/fb of Belle and 128/fb of Belle Il data

. Using both DV — Kgﬂ+ﬂ_ and

DY = KSKJ“K_

* Yields extracted in simultaneous fit to

B— DKand B — Dnr
(misID rate determined from data)

Signal yields:

Belle: Belle Il :
K{nm: 1467 + 53 KJnm: 280 + 21

KJKK:194+17 KJKK:34+7
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Events / (5 MeV)

Pull

Events / (10 MeV)

Pull

40 Belle Il B" - D(K!mm)K'
35 J.L dt=128 fo '

30 a B
20 ‘ &

15 3

10 § + * f ' + ‘

- \| 14"

5 f ¢ b\

0 MMW § i DS g...m....m.\,,..n...,.
5 [

O :-.. * L] Ze * .. -
ST F 00 0 005 01 015

AE [GeV]

12r Bellell

8 |

6

N

2 |

N

5 [

0}

i 00 0 005 01 015

AE [GeV]

Belle+Belle 1l measurement of B - DK

3 Belle II
~ P0F IL dt =128 fo
> 800F ° N
= = —_—> 1 )T
v 250 £ [ L
200 |-
150

01 -0.05 0 0.05
AE [GeV]

0.1 0.15

Belle Il
_[L dt =128 fb "

B - D(KgK“K*)n*“

—<+— Data
— - B> DK’
----- BB background

B" - D"

01 -0.05 0 0.05
AE [GeV]

0.1 0.15



JHEP 02, 063 (2022) [arXiv:2110.12125]

Belle+Belle 1l measurement of B - DK

« Simultaneous fit in Dalitz bins to extract CP observables (x., y.) which contain rg, 05

and ¢, /y

« Extract F; directly from data to reduce systematics

* Best result from B factories but still not competitive
with LHCb (~3 degrees uncertainty)

ogl’] = 124.8 £12.9 (stat) £0.5 (syst) = 1.7 (ext)
rgK = 0.129 = 0.024 (stat) = 0.001 (syst) ®=0.002 (ext)
v['] =78.4 £ 11.4 (stat) = 0.5 (syst) = 1.0 (ext)
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Y sensitivity [°]
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