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m Potential probes of new physics

m ~30 discrepancy from SM in
measurements of ratios
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Semileptonic decays
(o] le]

Status of |V| and |V

B(i
d
m Exclusive: Reconstruct specific final m Inclusive: Measure general X/v decay
states m Measure some particles in decay

m Measure all visible final state particles m Assign remaining unmeasured parts to
m e X

m |Vl B— DMy moLes

m |V B— wly m |Vyp|: B— Xclv

m |Vl B— Xylv
m Theory: HQET
m — talk by Frank Meier on Tuesday

Theory: Lattice QCD

m — covered today
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Semileptonic decays
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Status of |V| and |V

m ~3.30 discrepancy between inclusive and exclusive | V| and |V 5| measurements
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Belle Il
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SuperKEKB and Belle Il

m SuperKEKB:

m ete™ collider at 10.58 GeV, the 7'(4S) resonance
m Peak luminosity reached: 4.71 x 10%*cm—2s~1,
June 22, 2022

m World record!

B > 100% increase over KEKB (Belle) £(4 GeV)
Energy resolution: 4%-1.6% ‘ 3

m Belle II:

m Hermetic detector

— . /
L ==
\ | et/ ]
o, Particle identification
Central Drift Chamber K eff. 90%, fake  rate 5%
Spatial resolution: 100 jum \\
dE/dx resolution: 5% \‘
pyresolution: 0.4%

m 3-dimensional missing momentum
measurements

positrons

(4 GeV)

® Important for studying events with
missing energy

m Particle identification

~

m 4 ID superior to Belle

m e and K ID not at Belle level yet but
improving

Belle Il TDR: arXiv:1011.0352

m high ~ detection efficiency
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Luminosity
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Data-taking since 2019

With June 2022 went into Long Shutdown 1

Recorded data up until LS1: 424 fb~! (BaBar: 425 fb~!, Belle: 711 fb?)
Current results: 189 fb™*

Long term goal 50 ab™! by > 2030
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Untagged vs Tagged

Untagged

Untaggged—

m Reconstruct only Bsjg
m High efficiency, high
backgrounds

Inclusive Tag
e = 0(100)%

Consistency of By, 25

& Semileptonic Tag =

i | Besen.. — <5

& Knowledge of By, Ty
Hadronic Tag 7

e=0(0.1)%
Exact knowledge of By,
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m B, and B:,g are reconstructed

m Tag can be hadronic or
semileptonic

m Precisely determine missing
neutrino momentum

Terminology

m Untagged - Tagged
m Only one or both B mesons
reconstructed per event

m Exclusive - Inclusive

m Reconstruction of
Bsig — specific decay or
Bsjg — Xtv

September 3,
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Belle Il
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Full Event Interpretation

m Full Event Interpretation algorithm [Comput Softw Big Sci 3, 6 (2019)] to reconstruct Biag
m Reconstruct B candidate with all combination of daughters
m Calculate signal probability with multivariate classifiers

10t Belle Il preliminary

Belle Il
25 Comecty reconscted Teat=3a6m0t [T ——— Teat=3asmt
= Continam & misreconstructed = Continuum & miseconstructed

+ oat
N, =84907 + 734
Puag > 0.1

+ oat

Nag, =38545 = 1161
Piag>05

Events / (0.0010 GeV/c?

Events / (0.0010 GeV/c?)

Mo (GeV/c?) My (GeVic?)

Mpe = | [Efeam/4 — (PR ) > 5.2 GeV/c?
m Hadronic FEI

m Over 200 BDTs to reconstruct (9(010000) distinct decay chains
m egt ~ 0.5%, ego &~ 0.3% at ~ 15% purity
m ~ 50% increase over Belle tag
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https://link.springer.com/article/10.1007/s41781-019-0021-8

Analyses

Featured analyses with 189 fb—!

m Exclusive CKM measurements

Analyses covered [ Vis| | Ve
Untagged B — wlv (2022) | B — Div (2022)
Tagged B — mev (2022) | B — D' v (2022)

m Branching ratio measurements
m Tagged B(B — plv) (2022)

Philipp Horak on behalf of Belle Il Exclusive semileptonic decays at Belle Il CIPANP 2022, September 3, 2022



Vb measurements
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Untagged |V| via B — v

w* a
| 2
- &
2 b u - p
o -
d d <
9’ = (ps —pn) 2 B

44 46 4B 50 52 54

m Reconstruct B® — n* /v with £ = (e, 1) Moc n GeV
. . Background
m Main challenge: large backgrounds from continuum and
other semileptonic decays
m Separate boosted decision trees to suppress background o
Q
m Signal extraction via binned 2D fit using AE and M, 2
w
<

AE = Ef; - E;eam
MbC = (E}:eam)z - (pg)2

My in GeV
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Vb measurements
0O®00000

Untagged |V| via B — v
PPP,

m Momentum transfer ¢° =
(pe — pr)* = (pe + pv)?

important parameter for
| Vub| extraction

2

m Untagged analysis: pg not known, estimated with new method (extension of
BABAR’s diamond frame [Phys. Rev. D 74, 092004]):
m Calculate angle between B meson and combined n¢ =Y
2
- m

2ELEL — md
2[pgllpy |

cosfpy =

m Calculate Rest of Event (ROE) momentum pgroe
m Likely direction on cosfgy cone: close to back-to-back of proe
m Build weighted average over 10 uniformly distributed vectors on cone with weights

1

o o 202
(1 — Proe - pg)sin® O
CIPANP 2022, September 3, 2022 11/21
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.092004

Vb measurements
[e]e] le]o]e]e)

Untagged | V| via B — mlv

m Differential branching ratios dependent on |V,;| and ¢?

dB(B — wlv)

e o [V % £i(q°)

m To extract | V| partial branching fractions measured with independent fits in 6 g

bins
Post-Fit
B> etve B->mnetve
Belle Il Preliminary [cdt=189fb? Belle Il Preliminary [cdt=189fb?
6000 =3 Signal X % MCunc. 6000 =3 signal [ ] % MC unc.
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Vb measurements
000®e000

Untagged |V| via B — v

m Combine e and p spectra in weighted average
m Fit partial branching ratios to BCL expansion [Phys. Rev. D 79, 013008] to determine | V|

m FNAL/MILC [Phys. Rev. D 92, 014024] Lattice QCD constraints included as nuisance

parameters
Belle Il Preliminary
x10-5 Postfit
12T T T T T T
_ — 1lo
T> 10F — 20 3
3 — 30
% 08 ¢ Data-
3
? 06f -
s
T 04l 4
°
Q
T o2 3
°
I L | | I
005 5 10 15 20 25
q? (GeV?]

B(B® — 7 £Tvp) = (1.42 4 0.06415c = 0.1345) x 1074,
PDG: (1.50 + 0.06) x 10— *

|Vi| = (3.54 £ 0.12at & 0.154,¢ & 0.16¢he0) X 1073

World-average exclusive mfv: (3.67 #+ 0.15) X 103 [arXiv:2206.07501]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.014024
https://arxiv.org/abs/2206.07501

Tagged |Vp| via B — mev

Vb measurements
0000800

arXiv:2206.08102

Reconstruct B® — 7+

Hadronic FEI

eve and BE — eve

Clean g? reconstruction thanks to tag: ¢ = (pe+re— — PBeg — pr)?

Fit Mlzniss = (pe+e* = PBiag = Pe — pTF)z in 3 q2 bins

BY = m—etue

y [cdt=189.3fb1

5 & 8

Events / (0.29 GeV?/c*)

°

, Belle 11 Pr y [cdt=1893fb" Belle Il Preliminary [cdt=189.37" Belle 11 Pr
T = 2 2 L .16 =g° = 26.4GeV?/c*
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https://arxiv.org/abs/2206.08102

Vb measurements
[e]e]o]e]o] o]

Tagged |V,p| via B — mev

m Fit partial branching ratios to BCL expansion [Phys. Rev. D 79, 013008] to determine | V|

m FNAL/MILC [Phys. Rev. D 92, 014024] Lattice QCD constraints included as nuisance
parameters

le—6 Belle Il Preliminary [cdt=189.3fb"" le=5 Belle Il Preliminary [cdt=189.3fb"
T T T T T LR T T T T

zx
g
IS

T

~
T

e
)
T

g
=)
T

w s 0 o
o

o

T

I
IS
T

dB(B* - n%e*v,)/dq? [GeV~2ct]
N
T

dB(B® - n-e*v,)/dq? [GeV~2c*]
°
®
T

-
T
o
N
T

o

°

L L L L
10 15 10 15
q? [GeV2c™¥] q? [GeVic?]

|V = (3.88 + 0.45) x 1073
World-average exclusive wv: [arXiv:2206.07501]
(3.67 £ 0.15) x 103

m Leading systematic: Tag calibration factor
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.014024
https://arxiv.org/abs/2206.07501

Vb measurements
[e]e]o]e]o)e] )

Tagged B(B — pt

Belle 11 Prelimi y Bop— v
T 400 Fam Signat evemt
o B Nonres. B mmtv (BLNP)
m Tagged measurement of B® — pT /v and 37 s
+ 0 . 3 300 4 o
B= — p'lv with p — 71 £ 20
m Potential new avenue to measure |V,;| with 5
independent sample g0
m Previously observed tensions in both p* and p° e
5
modes .
M2, in Gev2/ct
m 2-dimensional fit in M, and M2, to measure g 25 7
. . ik oo T }
branching fractions Eil e P
-10 =05 00 05 1.0 15 20 25 3.0
m BDT to suppress continuum background Belle Il Preliminary -
% 000 o Romres o aune)
0 — o+ _ —4 ;500
B(B® — p= €7 vp) = (4.12 £ 0.64¢tar £ 1.1645) x 1077, g
2 a00
PDG: (2.94 # 0.11 4 0.18) x 10— * .
g
B(BT — p%T 1) = (1.77 £ 0.235tar = 0.365,5) x 107*
PDG: (1.58 + 0.11) x 10— * o
0 My in GeVic?
{1 ,
m Large systematic from B — wwlv background ¥ F— I
-2
e
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Untagged |V | via B — Dlv

V,

'cb Measurements

@000

m Reconstruct B* — D% and
B® — D* v with £ = (e, 1) and
D — Km(r)

m Main challenge: large backgrounds
from D*lv

m Signal extraction via 1 dimensional fit
of angle between B and Y(DY)

Belle Il Preliminary [cdt=1892f7!

m Only between -1 and 1 for signal 8000 | Signal Bo-Du*y,
* ok 2 2 7000 {0 D1V Poste
9 _ 2EBEY7memY . True D
costpy = 2|P*|| - ‘ < % e False D
B pY S 5000 FEEE Continuum
~ waz MC all. unc
. . g 4000 Data
m D* veto to reduce B — D*fv 2 3000
candidates 2000
m Reconstruct slow pion 75 with 1000
p < 0.35 GeV
. g2
m If 75 ?nd Dcandld.ate can be $Eo bbb bbb bbb
combined to D* with Ad gy TR
m*D —mp € [140, 150] MeV — veto i -3 2 1 0 1
event cosdgy
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Vp measurements

0@00

Untagged |Vep| via B — Div

m Differential decay width proportional to V., and hadronic recoil w

dr G? 2 3 2, 2 3/2 2
Gy (B = Dlve) = 2255 (ms -+ mo) mmew| Ve (w? — 1) 2G(w)?,
. Pg-P, m> +m2 —q2
m with w = 2520 — —B—D_—_ and form factor G(w)
D mpmp
m Fit form factor to differential decay rates in 10 bins of w
m BGL (N=3) parametrization [Phys. Rev. D 56, 6895 (1997)]
m FNAL/MILC [Phys. Rev. D 92, 034506] and HPQCD Lattice QCD [Phys. Rev. D 92, 054510 (2015)]
as nuisance parameters
pe_lle n
- - - S ITInALY
a0} — BGLN=3 , BQFAD’u‘u“
- - ;Z X?Indf: 15.1/14 |Vcb| — (383 s 12) X 1073
% 30 30
(U] ¥ Data World-average exclusive Dlv: [arXiv:2206.07501]
i 2 (39.14 4 0.92¢,p + 0.36,) x 1073
gm m Consistent with the exclusive world
5 average
' L m ~ 3% error, comparable to the past

0.9 1.0 11 12 13 14 15 16 17 measurements
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034506
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510
https://arxiv.org/abs/2206.07501

Vp measurements

[e]e] Ie]

Tagged |V,p| via B — D*lv

m Tagged measurement of B — D**¢v with £ = (e, 1), D*~ — D°r; and
D° — K7t
m High signal purity thanks to tagging and clean signature of D*{v mode

m Fit m2,, in 10 bins of w

Belle Il Preliminary Belle Il Preliminary
180 F ; 70 S
og 160 del=1ﬁQ,3fb’ « Data - Ldt=189.3 fb &IDﬂta
3 - Signal ) = Signal

2 B~ D'y, and cc. o & B° - Dp*v, and cc.
8w}l — D u'v, and cc. meG g — Dty meG
o 10f -- selection o Or [EIMC error
2 3
% 100 F % 40 F
% 80 | % 30 [
S 6of g2
e o]
c 40F O
[ E
O 20Ff 10

0 S ! L L 0

-1 -05 0 0.5 1 1.5 2 25 3

2 2
m miss (GeV ) w

Philipp Horak on behalf of Belle Il Exclusive semileptonic decays at Belle Il September 3, 2022 19/21



Vp measurements

oooe

Tagged |V,p| via B — D*lv

m Fit CLN parametrized form factor [NPBs30, 153 (1998)] to differential decay rates

Belle Il Preliminary

0.008

J. Ldt=189.3 fb™' ; ::: :;:lim stat.+sys. error
0.007 |5 D'I'v,and cc. [ toerror
_—0.006 | [ 20 error
Yo
< 0.005 * *
S
E 0.004
E 0.003
© 0.002
0.001

O L L L L L L L L L L
1 105 1111512 12513 13514 14515
w

|Vep| = (37.94£2.7) x 1073

World-average exclusive D* £v : [arXiv:2206.07501]

(38.46 4 0.40eyp = 0.554) x 1073

m Major systematic errors: slow 7 efficiency and tag calibration
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https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502
https://arxiv.org/abs/2206.07501

Summary

[ ]
Summary
2002 Exclusive PDG Inclusive PDG s Exclusive PDG Inclusive PDG
-

2006 2006

- —_—
2010 20104

_ —_ _—
2014 20144

N N — ——

2018 2018
2022 T i B B — AT Y R

3 ’1 5 36 38 40 42 44

Vil x 107 e

Improved measurements of | V.| and |V,»| are essential to increase the constraining
power of the Unitarity triangle fit

m First exclusive measurements of | V.| and |V,| at Belle Il with 189 fb™*

m Results are in agreement with previous results and approaching their precision

Soon: |V from untagged D*4v, Ag in D* v, first R(D*) results and many more!

m Related talks:

m Frank Meier: Belle Il results on inclusive B — X{v
m Koji Hara: LFU measurements in semileptonic b — cfv decays
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