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Semileptonic decays




Semileptonic decays

Form factors Vv,




Semileptonic decays

Form factors for decays with vector mesons

dI’

o [V |*|F (%, cos O, cos B, x)| *g(q?)

4

For X =o, D*...
oag=0 dg?d cos 8,d cos 6,dx



Semileptonic decays

CKM constraints
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Semileptonic decays: inclusive/exclusive tension
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Semileptonic decays: R(D*)
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Belle and Belle II: integrated luminosity

T (fb™)
1 pom :
Target: 50 ab™! by ~2035 —KéKB _‘IpEp-”
1000 - siiperkEKB
800 | /
[ In long shutdown l
B until ~2023/10 y

1

Recorded: ~420 fb™! a5

Current results: 189 fb1--200+

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

+ 20 years ——

>1ab™!
On resonance:
Y(5S): 121 fb!
Y(4S): 711 b !
Y(3S): 3fb!
Y(2S): 25!
Y(1S): 6 fb!
Off reson./scan:

~100 fb!

~ 550 fb!
On resonance:
Y(4S): 433 fb!
Y(3S): 30 b
Y(2S): 14 fb!



Featured recent analyses

Untagged [V , | at Belle II jiciep 2022]

Untagged |V, | at Belle II jiciep 2022

q2 moments in inclusive XC decays at Belle (pro 104, 112011 (2021))
R(X, /u) at Belle II picuep 2022]

Other recent analyses

Tagged [V , | at Belle II moriond 20221
Tagged chbl at Belle II Moriond 2022]

q%> moments in inclusive X_decays at Belle II [submitted to PRD 2022]
Tagged X partial branching fractions at Belle [pro 104012008 (20211, pri. 127, 261801 (20211


https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/
https://arxiv.org/pdf/2207.05486.pdf
https://arxiv.org/pdf/2207.05486.pdf
https://arxiv.org/abs/2205.06372
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.012008
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.261801

Analyses

Featured recent analyses

Untagged |V , | at Belle II jiciep 2022

Untagged |V, | at Belle II jicuep 2022]

q2 moments in inclusive XC decays at Belle [pro 104,112011 (2021]
R(Xe/u) at Belle II picuep 2022]
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https://agenda.infn.it/event/28874/contributions/169307/
https://agenda.infn.it/event/28874/contributions/169307/
https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/

Untagged |V | at Belle II

Reconstruction: untagged B— v

Full event

Basic event shape selection i
Signal lepton:

e 1GeV<p <3.2GeV
e High electron/muon
likelihood (>0.9)

Pion:
e Basic track quality
e Loose pion likelihood
requirement (>0.1)

Tag-side B meson
e No reconstruction or B
selections tag

11



Untagged |V | at Belle II

Reconstruction and selections

g* estimation

® q’=(p,~p)
® p,isnot known (untagged); estimated with

new method and errors in g corrected

Background reduction

Boosted Decision Trees trained on kinematic variables, Rest of event: p, .
independently in each channel and ¢ bin:
Choose p, as weighted
® Other BB events mean with weights:

1

® Continuum b) (1 — PROE ° ﬁB) sin 0 p
® Two-photon processes [eert]

12



D
D
Belle I

Signal extraction: binned 2D fit Perfectly reconstructed

B meson

Ir%dependent fits in 6 q> Background
bins each fore, n

Fit region

AE = Ej — (v5/2)

AE in GeV
AE in GeV

‘h.o 4.2 4.4 4.6 4.8 5.0 52 . 5.4 ﬁ.o 4.2 4.4 4.6 4.8 5.0 5.2 5.4
Mpc in GeV Mpc in GeV

My = \/(\/5/2)2 — ‘pE|2 13




Untagged |V | at Belle I

Combined results

e-u combined |V | fit

B

Bo—nr_["ue - (

Vol oy -, = (3-54 2 0125 £ 0.15

1.421 4 0.056 + 0.126) x 107,
+ 0.160,) X 1072,

sys

y* fit of averaged g* spectrum
Free: |V .| and 8 FF parameters (BCL)

Lattice QCD constraints
(Fermilab/MILC) included as nuisance
parameters (mostly constrain high-g?)

Consistent with HFLAV world average;
uncertainty about 60% higher

Imminent >2x lumi. update will
decrease statistical uncertainty and
systematic uncertainty (off-resonance
statistics are a major source)

dB(B° - L*v,)/dg? [GeV~2]

12
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Belle 1l Preliminary
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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://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/main.shtml

Analyses

Featured recent analyses

Untagged |V , | at Belle II ncuep 2022)

Untagged |V, | at Belle II jicuep 2022
q2 moments in inclusive XC decays at Belle [PRD 104, 112011 (2021)]
R(Xe/u) at Belle II picuep 2022]
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https://doi.org/10.1103/PhysRevD.104.112011
https://agenda.infn.it/event/28874/contributions/169348/

Untagged [V | at Belle Il

Reconstruction: untagged B—D#8v Signal B candidate:

e Active D* veto

Full event e High-probability vertex fit

Basic event shape and sig

kinematics selections Signal lepton:

e p,>0.6GeV
e Loose electron/muon
likelihood

D meson:
e Reconstructed in Kz
and Kzt modes

p. e Tight invariant mass

selections

Tag-side B meson Signal Kaons/pions:
e Noreconstruction or B ® p>0.5GeV
selections tag e Loose likelihoods

16



Untagged [V | at Belle Il

Extraction of signal Belle Il Preliminary [cdt=1892fb-"

2FE5Ey — — m? =
. [ gnal . -5 -

1D fit to cos HBY B 4 [ D'ty I ? I g::t_,‘.f.i
2|pB||pY| 12000 [y 1rue 0 I I
| BN False D I I
10000 [-®m Continuum | 1
® (one of four channels shown) = o MC . unc. |
= . g L ¢ Dat |
® Correctly reconstructed signal in ~[—1,1] S 8000 ¢ : I
~ [ I
®  Main background is D": only differs by missing £ 6000 :

low-momentum pion E [
4000
2000 |

0 ]
ofng 7 : :

= N ! Lyt
1'5 2 Of * * 1 1
] t I I

=23 -3 -3 ] 0 1 2

cosOgy



Untagged [V | at Belle Il

Results new|Ves| = (38.53 & 1.15) x 1073

— An electroweak correction =1 Belle Il
Extraction analogous to before %0 , , ‘ , , . Preliminary
—— BGL3 fit B~-D% "V,
35| == 10 X?Indf: 18.20/14.00
® BGL FF parameterization vs. g2 — w B
30f
® Fit differential BF fit with lattice constraints < £ bt
251
&
Fit results = 20f
o
= 15}
® Competitive and compatible with world average ~§ -
—
® Uncertainty about evenly split between statistics ° el \
and systematics (largely X modeling) )
.9 1.0 11 12 13 14 15 16 17
W_. :Zero T T
min 2 2 2 w
recoil mp+mp—q e



http://arxiv.org/abs/hep-ph/9412324

Summary of Belle ll |V |

2002 Exclusive PDG Brialesios PG

2006-

20101

20141

2018- T

2022 : — m fa%%?geﬁ 528,
% 98 40 42 1

V| x 10°

Tagged Belle II |Vcb| and |Vub]|

2002

20061
20101
2014+
20181
20221

Exclusive PDG Inclusive PDG

BII tagged B — wev
e BII untagged B — wlv

3 4 5
|Vas| x 10?
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https://arxiv.org/pdf/2207.05486.pdf

Analyses

Featured recent analyses

Untagged |V , | at Belle II ncuep 2022)

Untagged |V, | at Belle II ncnep 2022)
q2 moments in inclusive XC decays at Belle (pro 104, 112011 (2021))
R(Xe/p) at Belle II picuep 2022]
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https://agenda.infn.it/event/28874/contributions/169348/

Inclusive X_q° moments at Belle

Extracting inclusive |V_ | from B — X #v

Traditional approach

Independent theory treatment from exclusive |V |
Use Heavy Quark Expansions [HQE] in a combined series of ¢ (m,) and AQCD/mb

[
[
® |V | determined by combined fits of total BF and spectral moments (p , M,)

® Above 1/ mb3), a proliferation of parameters hinders full extraction of |V | from data

New approach

® Use reparameterization invariance to reduce number of parameters at ¢(1/ mb4) from 13to 8

® Determination of parameters via measurements of the g> moments: <q*>, <q*>, <q°>... over a set of
q° threshold selections

21


https://link.springer.com/content/pdf/10.1007/JHEP02(2019)177.pdf

Inclusive X_q° moments at Belle

Reconstruction: hadronically tagged B—X 8v

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

Signal lepton:
e Exactly one lepton
with high electron or
muon likelihood

X_ system:
e Everything else in the
event...
e ...passing quality
criteria

Tag-side B meson
e Fully reconstructed B
(hadronic modes) tag
e Best tag selected by classifier
value 22



Inclusive X_q* moments at Belle

Analysis
Background subtraction

1. Fit M, to determine number of signal and
background events...

2. ...then fit polynomial to signal probability vs. g* for
unbinned background subtraction

Calibration and corrections

e ¢’ distribution distorted by reconstruction and
selections

e  Multi-step calibration corrects linear
reconstruction errors plus residual bias

e Acceptance and selection corrections derived for
each g threshold and <g?> order

Events / (0.18 GeV)

Data/MC

x 104
35 F B B-Dlv
B B- D™y
3.0 | = B-D"" v
[ 1 Gap
25 [ Other Background
[ Continuum
2.0 m MC Uncertainty
} Data
157+
1.0 }
0.5}
0.0 -
1.5 z_' LI | T T = T T II LI _:
1.0 ;—;—-!——i——'——J——'———'——l—-!——-—+—{——!-—-I——i-—-i——}—-i-—i————————;
1.5 2.0 2.5 3.0

0.0

0.5

1.0

Mx (GeV)

3.5 4.0
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Inclusive X_q° moments at Belle

1200

ReSUltS ‘E Sim;JIated Xc'cocktaiI’ l I I }é
¢  Electrons
1000} ¢ M“6°”5 i
144
Moments <q ) "
5; 800 $¢
()
® Moments <q*>, <¢*>, <q®> and <q®> measured for 2 5 #
15 q° thresholds —> 2 e s
. : B
® All moments compatible with lepton flavor “#J
. . 400 __]—ﬁ—rﬁi
universality g
. 3 4 5 6 7 8 9 10
Interpretation | |V,| = (41.6940.63)-1073| e .
LI AR AR S IR AR T
K ;
® Combined |V | from Belle and Belle II g’ moments B 4 5 6 7 8 o 10
1.2 px T T T T T T T
® High precision determination consistent with S oft B 3b B 60 5 0 ah s se_ee_es_se_se_ae]
=4
previous inclusive results — uncertainties in 0.8 i £ = 2 5 S 7
inclusive |V | are under control g 0TS W s 6 4 W g dH
® Exclusive/inclusive tension remains < —s0

3 2 5 5 7 8 9 o 24
q? (GeV?)


https://arxiv.org/pdf/2205.10274.pdf
https://arxiv.org/abs/2205.06372

Analyses

Featured recent analyses

Untagged |V , | at Belle II ncuep 2022)

Untagged |V, | at Belle II jicuep 2022]
q2 moments in inclusive XC decays at Belle [PRD 104, 112011 (2021)]
R(X, /") at Belle II picuep 2022]
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R(Xe/u) at Belle I1

Light lepton universality in semileptonic decays

Tagged, inclusive analysis

® Inclusive cross-check of R(D™) tension is critical:

B(B — X7v)
B(B — X/v)

® No measurements from Belle or BaBar: modeling
of B— Xtvand X — - is difficult

®  This result: first step toward R(X)—LFU test using

R(X) =

light leptons:

B(B — Xev)
B(B — Xuv)

R<Xe/,u) -

[ Incl. SM Pred.

=+ LEP b — XT1v
HiH D + D* HFLAV Av.

2.0

2.2

24

2.6 2.8 3.0 3.2 3.4
B[B — X, 1v] (%)

3.6
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R(Xe/u) at Belle I1

Reconstruction: hadronically tagged B—X8v

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

Signal lepton:
° p*jz > 1.3 GeV
e High electron or muon
likelihood

X system:
e Everything else in the
event...
e ...passing quality

Tag-side B meson criteria
e Fully reconstructed B
(hadronic FEI) tag

e Tight tag quality selections
27



Events / (0.1 GeV)

R(X, /u) at Belle 11

Extraction variable: p,*
Belle II Preliminary

[£di=189fb~!

0, + oL
10000 F Bgy," —Xeflv

[ele]
[«
(=]
(=]

T
I
I
I
1
1
I
1
g

6000

4000

2000

0.0 P¢¢ o L r'y

< HIR00NNNENN

4 S A I A S 4 S 4 ST A W A ST A S A Sar Ay

050 075 100 125 150 175 200 225
p,; [GeV]

Xtv

D" ¢y
D"ty

Dty

Other X.Zv
X, v

Other BB
Secondaries
Fakes
Continuum
MC all. unc.
Data

Constrained by
sideband/off-resonance

Belle II Preliminary JLdt=189fb~"

Events / (0.1 GeV)

Npata — Nmc




R(Xe/u) at Belle I1

Results R(X,;,) = 1.033 £ 0.010%" £ 0.020%"

Summary

® Most precise BF-based LFU test with semileptonic B decays to date
® [nagreement with SM value of 1.006 = 0.001 within 1.2c

® (Compatible within 0.6c with exclusive Belle measurement R(D*e /u) =1.01+0.01 £0.03

The next steps

® Uncertainty dominated by lepton ID systematic—should improve over time

® Treatment of X tv modeling variations paves way to R(X): expected sensitivity 10-20% with
current dataset

29


https://arxiv.org/abs/2207.03432
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052007

Summary

Current public results

e Belle II: competitive |V | and |V | measurements with 189 fb!

e Belle: novel new measurements with existing dataset

Several exciting results upcoming:
e Soon: B— D'(v differential distributions at Belle [teased at ICHEP 2022]
e Soon: tagged B — D"{v forward-backward asymmetry at Belle II
e  Soon: first R(D*) results from Belle Il

420 fb ' updates of current results

e ..and more!

30
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Belle — Belle |l

Vertexing: 4 double-sided layers of silicon strips — 2
layers of pixels + 4 double-sided strips

PID: time-of-flight (barrel), threshold Cherenkov
aerogel — time-of-propagation (barrel), proximity
focusing aerogel (endcap)

EM calorimetry: Csl — same crystals upgrade of
electronics and processing with legacy CsI(Tl) crystals

K, and u: scintillators replace RPCs (endcap and
inner two layers of barrel)




Reconstruction

Tag-side reconstruction

‘ ve Tag
0(100)%

Efficiency €
UOT}RULIOJU]
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Reconstruction

Exclusive
Full reconstruction of
hadron in specific decay(s)

Untagged

Efficiency €

Inclusive Tag
e = O(100)% Aég
Consistency of By,,

Semileptonic Tag

e=0M%  —1

Knowledge of By,,

Hadronic Tag

e=0(0.1)% —_—

Exact knowledge of

uorjyeuLIojuy

Inclusive
B — hlv without explicit
reconstruction of h

Different theory treatment +
different analysis techniques —
complementary approaches
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Untagged |V | at Belle I

P tﬁt d t b t [ Signal B X Lv w7/ MC all. unc.
05 ISTributions B Comb Signal B Other BB ¢ Data
B X, Lv I Off Res.
N - 0 . F - - 0 A F
Belle Il Preliminary B®-»>n*e’v Belle Il Preliminary B - n*e*v
[cdt=189fb2 [rdt=189fb"
6000 F ; : ' ' ' 6000 F
5000 | 5000 [
[ a’€ i i i i i S i i i i i
= a000f ?0'4]Gevz E (4,8]Gev? i (8,12]GeV? i (12,16]Gev2i (16,20]Gev2i(20,eo]Gev2 £ 4000 (0, 4]V i (4,8]GeV? i (8,12]GeV? i (12’15]GeV2§ (15,20]GeV2§(20,oo]GeV2
o i i ! 0 [ ! ! ! !
S : ~ : ! ! ! |
2 3000 i 2 3000 i i i i
C | (e B 1 1 1 1
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> | > [ ! ! :
W 2000 W 2000 | ; l ;
1000 1000
0 0
2.5 r 1 T ] T T I8} [S) : : : : :
A% oo b b < ko AU S U R B
1% 0.0 ; ; : ; ; e ooﬂ—ué—l—l—ﬁ-*—'—ﬁﬂ—rﬁi*—*—{—l-l-H—l—l-
1.‘! Nm : : : : : joll | Ka']=) : : : : :
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Untagged [V | at Belle Il

Further results

D
Do
Belle I

Differential rate in w prelbhe It
1-3 T 1 T T 1 T rellF‘lnary

B~ -D% 7, f.(w), BGL3 fit

. —— folw), BGL3 fit
® Use BGL FF parameterization 12} ¥ FNALBIEG ]
o Model-independent parameterization based f HPQCD ]

on QCD dispersion relations: f,(2), f,(2)

o  Truncate expansion at third order L0 1

—_

® Combined y? fit includes lattice constraints on f.(2), 55 09k
iy

f,(z) at specific z from Fermilab/MILC and HPQCD *
08f
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R(X, /u) at Belle I1

Fitting
Prefit

2x1D simultaneous fit of eand p Belle II Preliminary JLdt =189
10000

Xpv
. . . w: Background
® [akes/secondaries constrained by fit to

p: Continuum

aun

o 8000 F
wrong-charge sideband g S
E e: Background
® Continuum constrained by off-resonance data § %% i ——
~ MC all unc.
® Shape and normalization variations included in & 4000 ¢  Data
()
. . >
bin-level nuisance parameters: S
: 2000
o X v modeling [BFs and FFs]
o Data-driven lepton ID and efficiency n
O
gNg 25 .
ZI -?— o o _ ® P ©
g ‘300: T e @ o o * o e
Sﬂbﬁ i
= 25 = 1 1 1 1 1 1
1.3 1.55 1.8 2.05 2.3+/1.3 1.55 1.8 2.06 2.3+
p; | GeV
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