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Semileptonic decays

e SL B decays ideal to extract CKM Matrix elements |V | & |V, |

e [V, limiting the constraining power of global fits.

e Important inputs to predictions of SM rates for ultra-rare

decays.

e Significant tension between inclusive & exclusive

determinations poses a longstanding puzzle.
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Meet the people!

Collaboration map

* The Belle Il Collaboration comprises 1188 researchers from 125 institutes in 29 countries!

4gth Belle 1t qeneral Meeting
B-F june 2024, KEK



https://www.belle2.org/info/map/

# 4

SuperKEKB in a nutshell Lo = 211 x 10%cm 257

Goal: Achieve instantaneous luminosity of Lpeen = 6 X 10¥ cm™2s7!
with record 4.7 x 10°* ecm™2s™! already achieved!
e+ 4 GeV 3.6 A . How to increase luminosity:
AP Eicezeal - Beam current x 1.5
i Lorentz factor Beam-beam
newbeampipe  SUPErKEKB \ \ f parameter
- _&bellows "
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2er, o B R,
_ l k.Geometric
faCC MocHERF SVt Beam size Vertical § function x 1/20 factors

for higher beam current

Low emittance positrons

to inject f )y _Positron source N e ' """
Damping ring, & New positron target / 4 g Nano-beam scheme: Squeeze vertical

capture section 5

beam spot size down to ~ 50 nm using
superconducting focusing magnets. E
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Low emittance gun

Low emittance electrons
to inject
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Belle & Belle |l Detectors

o Asymmetric e (4 GeV) - e~ (7 GeV)
collider.

e QOperated from 1999 to 2010.

o Asymmetric e’ (3.5 GeV) - ¢~ (8 GeV)
collider.

e Collected total of 1 ab~! of data.

* Recorded 531 fb~! of data: equivalent to
BaBar and 1/2 of Belle dataset.

e Run | data at Y(45) resonance: 365 fo~!

~1
* Collected 711 fb™ " at Y(4S5) e Run Il started February 2024.
resonance. _ O
e Aims to collect many-ab ' of data!




B-meson production at B-Factories 9 N

* An ideal laboratory to study rare decays or decays with missing energy
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B-meson production at B-Factories 9 N

* An ideal laboratory to study rare decays or decays with missing energy

Collide electrons and positrons at a
centre of mass energy of about
twice the B meson mass:

V5 = 10.58 GeV




# 9

B-meson production at B-Factories 9

* An ideal laboratory to study rare decays or decays with missing energy

Collide electrons and positrons at a

centre of mass energy of about
twice the B meson mass:

V5 = 10.58 GeV
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B-meson production at B-Factories 9

* An ideal laboratory to study rare decays or decays with missing energy

Collide electrons and positrons at a
centre of mass energy of about
twice the B meson mass:

V5 = 10.58 GeV
}
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B-meson production at B-Factories 9

* An ideal laboratory to study rare decays or decays with missing energy

Collide electrons and positrons at a
centre of mass energy of about
twice the B meson mass:

V5 = 10.58 GeV

B meson anti-B meson

heavy
(anti)b-quark

Advantages: Precisely known initial state, unique
+ event topology & experimentally clean environment .

light

(anti)quark @
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Tagging strategies at B-Factories

Untagged Tagged

Only reconstruct the signal B meson (B Reconstruct B

sig)- with hadronic decay modes.

tag

e ~
B v !
\ ~ o
—_—

Efficiency, DACKQrOUNGS  sessmmscsmsmessmumersmmmmms ot

* Purity, available observables smememsmmmsmnesmrsmmmmmnesmrem
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The anatomy of an exclusive semileptonic decay

Semileptonic decays have the advantage of being
theoretically clean, since leptonic and hadronic
currents factorize:




The anatomy of an exclusive semileptonic decay

Semileptonic decays have the advantage of being
theoretically clean, since leptonic and hadronic
currents factorize:

Leptonic matrix element
Ly, = (PeP,|ly,(1 - 7" )we|0)




The anatomy of an exclusive semileptonic decay 5 He

Semileptonic decays have the advantage of being
theoretically clean, since leptonic and hadronic
currents factorize:

¢ Hadronic matrix elements cannot be calculated
analytically!

* Non-perturbative physics parametrized with hadron
transition form factors as functions of

q° = (ps— px)*
e For £ = e, u the contribution from f_(g°) is

negligible, thus the decay rate only depends on the
f +(C]2) form factor.

e Fit to available data to determine values.

* We need input from lattice QCD for at least the
normalization.

Leptonic matrix element

Ly, = (PeP, |0y, (1 - 75)V£0>k\

Hadronic matrix element

H" = (Dley"b| B)
= f+(Pp + Pp)" + f-(Pp — Pp)"

= f+(®) (P + Pp)" + f-(¢°)¢"
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arXiv:2407.17403

|V .| from B — n/plv

« Untagged reconstruction of 3 — 7~/ "v, and B* — p"/"v, using full Belle Il Run | dataset.

* New idea: simultaneously extract signal yields via binned 3D fits using beam-constrained mass
M, . and energy difference AE in bins of ¢*> = (pz — p,)* = (p, +p,)*.

e Main challenge: large backgrounds from e*e™ — gg processes (a.k.a. continuum) and other
semileptonic B — X_.Zv decays.
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https://arxiv.org/abs/2407.17403

NData - NMC

Belle I # 18

arXiv:2407.17403

|V .| from B — n/plv

« Untagged reconstruction of 3 — 7~/ "v, and B* — p"/"v, using full Belle Il Run | dataset.

* New idea: simultaneously extract signal yields via binned 3D fits using beam-constrained mass
M, . and energy difference AE in bins of ¢*> = (pz — p,)* = (p, +p,)*.

e Main challenge: large backgrounds from e*e™ — gg processes (a.k.a. continuum) and other
semileptonic B — X_.Zv decays.

* Take into account cross-feed signal yields and correlations between backgrounds.
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https://arxiv.org/abs/2407.17403

Belle I # 19

arXiv:2407.17403

|V .| from B — n/plv

[ Belle I [rdt=364fb1
e Convert to partial branching fractions A%, using sl I BO—m Lty
reconstruction efficiencies. Lo
) L
* Total branching ratios consistent with world 26
averages: o
Z 4T Lacp + Lesr
B(B? — 7= ¢Tv) = (1.516 & 0.042 £ 0.059) x 10~* T [ JHEP (021)36
Q[ 2 — BCL 3
B(B* — p°0+y) = (1.625 «+ 0.079 & 0.180) x 10~ S | w10 F Dot
- 20
S N N T S T T
e Determine |V, , | by fitting differential decay 0 > oo 20 25
widths using the relevant form factor expansions q° [GeV]
with constraints from LQCD/LCSR: 14F
- Belle 1l Bt - p%*y,
1 :_fﬁdt=364fb‘1
B — n (ty % 105—
O i
VuslLoepiresr = (3.73 4 0.07 £ 0.07 £ 0.16) x 1073 c sf
% 6F
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N e 1o 30
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g% [GeV?]

In agreement with exclusive world average


https://arxiv.org/abs/2407.17403
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.099902
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1007/JHEP07(2021)036

Belle I # 20

arXiv:2407.17403

|V .| from B — n/plv

[ Belle I [rdt=364fb1
e Convert to partial branching fractions A%, using sl I BO—m Lty
reconstruction efficiencies. Lo
) L
* Total branching ratios consistent with world 26
averages: o
Z 4T Lacp + Lesr
B(B? — 7= ¢Tv) = (1.516 & 0.042 £ 0.059) x 10~* T [ JHEP (021)36
Q[ 2 — BCL 3
B(B* — p°0+y) = (1.625 «+ 0.079 & 0.180) x 10~ S | w10 F Dot
- 20
S N N T S T T
e Determine |V, , | by fitting differential decay 0 > oo 20 25
widths using the relevant form factor expansions q° [GeV]
with constraints from LQCD/LCSR: 14F
- Belle 1l Bt - p%*y,
1 :_fﬁdt=364fb‘1
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O i
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In agreement with exclusive world average


https://arxiv.org/abs/2407.17403
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.099902
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1007/JHEP07(2021)036

|V .| from B — n/plv

Belle IT # 21

arXiv:2407.17403
. ) ] . : Belle Il f[:dt= 364fb—1
e Convert to partial branching fractions A%, using sl B nL* v
reconstruction efficiencies. Lo
v |
* Total branching ratios consistent with world S 6r
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In agreement with exclusive world average


https://arxiv.org/abs/2407.17403
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.099902
https://link.springer.com/article/10.1007/JHEP08(2016)098
https://link.springer.com/article/10.1007/JHEP07(2021)036

Belle II # 22

PRD 108, 092013 (2023)

V_, | from untagged B - D™/

Belle II [ dt=189fb?
Reconstruct D" — D% — K~z")zt  and combine | 9 Signal B°-»D"*e T,
. slow 20.0[ mmm True D* background
with appropriately charged lepton (£ = e or p). - mmm Fake D* background
: ! Dat : % |
Main challenge: accurate background model, S 150} //i// M‘Zinc_ f\‘ ;
slow pion (p < 0.4 GeV) tracking and statistical 5 : Signal P ;
correlations between bins. S .0 »
) 1
Reconstruct the angle between B and Y = D*¢ S
5.0 [
QELES —m% —md |
R A ﬁ
B Y 0'0—4 -3 -2 -1 0 1 2
Extract signal yield with 2D fit to cos 0, and oSt
xtract signal yield wi it to cos an
9 y BY Belle Il [rdt=189fb?

AM = M(D™") — M(D°) in bins of...

B°>D"te v,

AM = M(D*T) — M (DY)

30.0F Z
[ ]
25.0 F

20.0

35.0f

DO

15.0 F

103 entries / bin

10.0F

5.0 F

0.0 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156

AM [GeV/c?]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092013
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PRD 108, 092013 (2023)

V_, | from untagged B - D™/

Belle II [ dt=189fb?
Reconstruct D' — D% — K=z")z*,__ and combine | =3 signal BY-D"*e"Te
. . slow 20.0[ mmm True D* background
with appropriately charged lepton (£ = e or u). - mmm Fake D" background

Main challenge: accurate background model, 5 15.0'-;% - f\‘ P
slow pion (p < 0.4 GeV) tracking and statistical 5 Signal P ;
correlations between bins. 5l .
) 1
Reconstruct the angle between B and Y = D*¢: 5
2 5.0}
cosfpy = 2| H | _
pB pY 0.0_4 -3 -2 -1 0 1 2
. . . . cos Bgy
Extract signal yield with 2D fit to cos 85, and
Belle Il [cdt=189fb1

AM = M(D™") — M(D) in bins of cos 0,

B°>D"te v,

AM = M(D*T) — M (DY)

30.0F Z
[ ]
25.0 F

20.0

35.0f

DO

15.0 F

103 entries / bin

10.0F

5.0 F

0.0 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156

AM [GeV/c?]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092013
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PRD 108, 092013 (2023)

V_, | from untagged B - D™/

Belle II [ dt=189fb?
Reconstruct D"t — D — K~z and combine | = Signal B°~D"* e~ T
_ . slow 20.0[ mmm True D* background
with appropriately charged lepton (£ = e or u). | mmm Fake D* background

Main challenge: accurate background model, 5 15.0'-;% e f\‘ P
slow pion (p < 0.4 GeV) tracking and statistical 5 Signal P ;
correlations between bins. 5l .
) 1
Reconstruct the angle between B and Y = D*¢: R
2 5.0}
cosfpy = 2| H | _
pB pY 0.0_4 -3 -2 -1 0 1 2
. . . . cos Bgy
Extract signal yield with 2D fit to cos 85, and
Belle Il [cdt=189fb1

AM = M(D**) — M(D") in bins of cos ¢, cos 0,

B°>D"te v,

AM = M(D*T) — M (DY)

30.0F Z
[ ]
25.0 F

20.0

35.0f

15.0 F

>,
103 entries / bin

10.0F

5.0 F

0.0 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156

AM [GeV/c?]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092013
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PRD 108, 092013 (2023)

V_, | from untagged B - D™/

Belle II [ dt=189fb?
Reconstruct D"t — D — K~z and combine | = Signal B°~D"* e~ T
_ . slow 20.0[ mmm True D* background
with appropriately charged lepton (£ = e or u). | mmm Fake D* background

Main challenge: accurate background model, 5 15.0'-;% e f\‘ P
slow pion (p < 0.4 GeV) tracking and statistical 5 Signal P ;
correlations between bins. 5l .
) 1
Reconstruct the angle between B and Y = D*¢: R
2 5.0}
cosfpy = 2| H | _
pB pY 0.0_4 -3 -2 -1 0 1 2
. . . . cos Bgy
Extract signal yield with 2D fit to cos 85, and
Belle Il [cdt=189fb1

AM = M(D*") — M(D") in bins of cos ¢, cos §,, x

B°>D"te v,

AM = M(D*T) — M (DY)

30.0F Z
[ ]
25.0 F

20.0

35.0f

15.0 F

>,
103 entries / bin

10.0F

5.0 F

0.0 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156

AM [GeV/c?]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092013

V_, | from untagged B’ > D/ v

Belle IT # 26

PRD 108, 092013 (2023)

Reconstruct D't —» DY( — K~z")rd,,, and combine
with appropriately charged lepton (£ = e or u).

Main challenge: accurate background model,
slow pion (p < 0.4 GeV) tracking and statistical
correlations between bins.

Reconstruct the angle between B and Y = D*¢:
2
QOFLEL —m% —m2
2|p3[py |

cosfpy =

Extract signal yield with 2D fit to cos 85, and
AM = M(D**) — M(D") in bins of cos 6, cos 6, y, & w

103 entries / bin

103 entries / bin

20.0

15.0

10.0

35.0f

50

Belle Il

[rdt=189fb2

| == Signal
[ B True D* background
- mmm Fake D™ background

Signal

| § Data : 2,
- w7 MC unc. : ,
I ' 7

B°-»D"*e "V,

—4 -3 -2 -1 1 2
cos Bgy
Belle Il [cdt=189fb1
_ B°-»>D"*e" v,
AM = M(D*T) — M (DY)

30.0
25.0
20.0
15.0

10.0F

0.0

5.0 F

0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156

AM [GeV/c?]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092013

| V., | from untagged B > D"t/ v

# 27

PRD 108, 092013 (2023)

e Convert to partial branching fractions AI'; using reconstruction efficiencies.

 Fit differential shapes with different form factor expansions to obtain |V_,|.

e Use FNAL/MILC lattice QCD data at zero recoil (w = 1) for normalisation. rhy. Rev. D 89 (2014) 114504

Belle Il Jrdt=189fb1
6ol B-D LW
%50:' + i i +
G 4
T 40f —— ——
S : ——
x 30 ——
X P
= [
S 20}
S} Fitted CLN
10 F Fitted BGL
i w ¥ Experimental data
S T R A 1 S N R I R I
w
Belle Il [rdt=189fb2
21F — -
[ BO>D 1,
S 18f
> 18}
O ——
u‘_'lw 15+
S 12 — ——
X f .
S of : . ——
prs [ —e——0
(o] 6'_
O
RS [
% 3|
cos b,

—0100 -0.75 -0.50 —0.25 0.00
cosfBy

025 0.50 0.75 1.00

Belle Il [rdt=189fb1
_ 16f B°2D 17,
T 14f
Ot et
q 12} Ul —$4—
I g ——
= 10} —4—
SE
= 8
S f
E 4
s .0 cos By
9756 =075 <050 —035 0,00 025 050 075 1.00
cos 6,
Belle 1l [rdt=189fb2
ST BY-»D"*- T,
%4- + +
wn L
T3 ————— g
S
Xt
=0
=0
X
R B B S

emode: B(B’ — D*Te 1) = (4.92 £ 0.03 £ 0.22)%

pmode: B(B° — D*Tu~p,) = (4.93+0.03 £ 0.23)%

Ratio  R(D;;,) = 0.998 4+ 0.009 + 0.020
d4F 2 12
F y
dwd cos 0yd cos 0, dx o [Ves| (w, cos By, cos b, x)

Vs Bar = (40.6 £ 0.3+ 1.0 £0.6) x 1073

Vip|cnn = (40.14£ 0.3+ 1.0+ 0.6) x 1072

Fom factor parameterizations:

Caprini-Lellouch-Neubert (CLN)
parameterization
Phy. Rev. D 56 (1997) 6895

Boyd-Grinstein-Lebed (BGL)
parameterization

Nucl. Phy. B 530 (1998) 152


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.114504
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.092013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895
https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502?via=ihub
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PRD 108, 092013 (2023)

e Convert to partial branching fractions AI'; using reconstruction efficiencies.

 Fit differential shapes with different form factor expansions to obtain |V_,|.

e Use FNAL/MILC lattice QCD data at zero recoil (w = 1) for normalisation. rhy. Rev. D 89 (2014) 114504

Belle Il Jrdt=189fb1
6ol B-D LW
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i w ¥ Experimental data
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w
Belle Il [rdt=189fb2
21F — -
[ BO>D 1,
S 18f
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S 12 — ——
X f .
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(o] 6'_
O
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e Convert to partial branching fractions AI'; using reconstruction efficiencies.

 Fit differential shapes with different form factor expansions to obtain |V_,|.

e Use FNAL/MILC lattice QCD data at zero recoil (w = 1) for normalisation. rhy. Rev. D 89 (2014) 114504
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| Vcb | from angular coefficients of B — D*fu

arXiv:2310.20286
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* Angular coefficients capture full differential ~10° = ot =3 HodronicBkg  # Date
- - . L 3 2 normalized to data
information allowing for SM tests —some J; = 0 < M+ Menormelzediodate,
O 103 3
for SM. o
e Hadronic tagged analysis using complete Belle PR
dataset of 711 fb~! while implementing improved 5 101

Belle Il tagging algorithm.

 Reconstruct BY — D™y and B — D**£v with } 11:)::
D** = D%+ . D*n°. %;:32:2H*““'.””HHMHH*
* Determine signal yields by fitting the mass of 1o o5 oo o5 10 15 59
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e Measure 12 angular coefficients J; in four bins of w.
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| V., | from angular coefficients of B — D*£v

#e

e Extract |V,_,| with external constraint on normalisation

& LQCD beyond zero-recoil.

* Results in agreement with fits to 1D partial rates from the same data set: Phy. Rev. D 108 (2023) 012002

e Also agrees with latest and most precise determinations of inclusive |V, |.

This Work

BGLs3;
BGLs3;
BGL3ss;

1D spectra method (traditional)

MILC+HPQCD+JLQCD (p=0.75)

MILC (p=0.81)
HPQCD (p=0.50)
JLQCD (p=0.83)

Phys.Rev.D 108 (2023) 1, 012002
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|Vcb| x 10°

BGLs32 (Update) O MILC+HPQCD+JLQCD (p=0.16)
BGL121 O ha,(1) (p=0.07)
O

CLN O ha,(1) (p=0.06)

O Excl. CLN HFLAV Summer 2021
Incl. E;, mx Moments O
Incl. g2 Moments @
CKM Unitarity O
I I I I I I I
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Vep|Bar = (41.0+£0.34+0.44+0.5) x 1072

Vaploon = (40.9+£ 0.3+ 0.4 +£0.4) x 1073


https://arxiv.org/abs/2310.20286
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012002

> ~. 4 IS -
g . «X$ < - .

on

g 3 Tal

- s ) 5
= 2 provs
-t T



Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...
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Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...

Step 1: Measure spectral moments.
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Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...

Step 1: Measure spectral moments.

['(B — Xclvg) (M) (E¢)

l

Step 2: Extract non-perturbative parameters from a global fit.

112 112 3 3
dl' = dlg + dT,,. m—% + drugm—% +dl,, m—% +dl,, . m%%s + O(1/my)
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Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...

Step 1: Measure spectral moments.

['(B — Xclvg) (M) (E¢)

l

Step 2: Extract non-perturbative parameters from a global fit.

112 112 3 3
dl' = dlg + dT,,. m—% + drugm—% +dl,, m—% +dl,, . m%%s + O(1/my)
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Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...

Step 1: Measure spectral moments.

['(B — Xclvy) (M) (E¢)

Step 2: Extract non-perturbative parameters from a global fit.
Ko e P PLs 4
dF — dro -+ druﬂ m—g -+ dF’qu—g + dFPD m—g’ + dFPLS m—g -+ O(l/mb)

<‘ HQE elements encapsulate
non-perturbative dynamics.
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Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...

Step 1: Measure spectral moments.

['(B — Xclvg) (M) (E¢)

l

Step 2: Extract non-perturbative parameters from a global fit.

112 112 3 3
dl' = dlg + dT,,. m—% + drugm—% +dl,, m—% +dl,, . m%%s + O(1/my)

l
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Inclusive determinations in a nutshell

Total decay rate determined from
Heavy Quark Expansion (HQE)

B= V|’ |[T(b— qlig) +1/mepy + s+ ...

Step 1: Measure spectral moments.

['(B — Xclvy) (M) (E¢)

l

Step 2: Extract non-perturbative parameters from a global fit.

2 g p? Pi
dl' = dT'y + dT',,_ m—% +dl,,, m—% +drl,, m_Dg +dl,, m%%s +O(1/m}) )

Parameters proliferate at higher
orders. Can be reduced with
reparametrization invariance.



Inclusive reconstruction

Key-technique: hadronic tagging
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Inclusive reconstruction

Key-technique: hadronic tagging

Tag Side
et

Signal side

Full Reconstruction =
Belle tagging algorithm
(Efficiency: 0.28% / 0.18% for
B* & B°/BY

Full Event Interpretation =
Belle Il tagging algorithm
(Efficiency: 0.6% /0.3% for

B* & B°/BY

Candidates reconstructed using a
hierarchical approach & neural
networks in hadronic modes

EM-Cluster
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Inclusive reconstruction

Key-technique: hadronic tagging

Tag Side




Inclusive reconstruction
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Key-technique: hadronic tagging

Tag Side

DO

Psig = Pe+e- — Prag

Can identify X
constituents

My = \/(px)u (PX)M

Tracks

(e [
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Incl. | V.| from g* moments

e

PRD 104, 112011 (2021)

* Novel theoretical approach to determine incl. |Veb| with a reduced set of higher order
HQE parameters at @(I/m;)‘) in a completely data-driven approach. JHEP 02 177 (2019)

« Requires the reconstruction of g* for B — X £v, decays

- Only possible through hadronic tagging at B-factories!

e Main challenge: non-resonant X .Zv, ‘gap’ modelling.

||||||||||||||||||||||||||
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https://link.springer.com/article/10.1007/JHEP02(2019)177
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112011

Incl. |V

| from g* moments

PRD 104, 112011 (2021)

* Novel theoretical approach to determine incl. |Veb| with a reduced set of higher order
HQE parameters at @(1/m§) in a completely data-driven approach.

« Requires the reconstruction of g* for B — X £v, decays

- Only possible through hadronic tagging at B-factories!

e Main challenge: non-resonant X .Zv, ‘gap’ modelling.
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Incl. |V

| from g* moments

PRD 104, 112011 (2021)

* Novel theoretical approach to determine incl. |Veb| with a reduced set of higher order
HQE parameters at @(1/m§) in a completely data-driven approach.

« Requires the reconstruction of g* for B — X £v, decays

- Only possible through hadronic tagging at B-factories!

e Main challenge: non-resonant X .Zv, ‘gap’ modelling.
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e Combined Belle & Belle Il fit:

Belle I moments: Phy. Rev. D 107 (2023) 7, 072002
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Ratio of |V ,|and | V., | from inclusive decays
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arXiv:2311.00458

- Measuring B — X /v is challenging due to large

background component from B — X Zv.

- Clear separation only possible in corners of phase

space.

e Analysis with full Belle data set using the Belle

hadronic tagging algorithm.

e Splitinto B — X,/v enhanced and depleted sub-

samples using N(K*, K)).

e Extract B — X /v yield from 2D fit to lepton energy
= (pg — px)* with enhanced sample.
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e Unfold B — X, /v & B — X /v yields via singular value decomposition (SVD). arxiv:hep-ph/9509307

e Take ratio and correct for efficiency to form differential ratios.
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Simulated

4 Data

AB(X v)/AB(X D)

1071}

102}

Belle Preliminary

| 4 Data

Simulated !
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e Unfold B — X,/v & B — X /v yields via singular value decomposition (SVD). arxiv:hep-ph/9509307
e Take ratio and correct for efficiency to form differential ratios.

Belle Preliminary f[' dt = 711 fb_l Belle Pre|iminary fﬁ dt = 711 fb_1
Tg [ | B Simulated | Ti [ Simulated _ -
= » 4 Data =, ' 4 Data -
<10 s
Q : \m/l()_l?
<] 1 1
= + =
BN s N
)
: +t :
102 =< =
Q ‘I’ 9 i&q?,f
I R <1 1072¢
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Eg sig [Ge\/‘] q2 [Gev2]

Final step: Extract |V, |/|V,,| with partial BF

Vil  [AB(B — X, l0): AT'(B — X (D)
V| \ AB(B = X.00) AT(B — X t0)

J. High Energ. Phys. 10 (2007) 058 AT'““°Y(B — X, (1) = 58.572% ps~!
Phys. Rev. D 72, 073006 ATBINP (B 5 X, 0v) = 61.5757 ps™!
Eur. Phys. J. C 81,226 (2021)  AT'S"™(B — X /v) =29.7+ 1.2 ps~*


https://arxiv.org/abs/2311.00458
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.073006
https://iopscience.iop.org/article/10.1088/1126-6708/2007/10/058
https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/hep-ph/9509307

Ratioof |V ,|and | V., | from inclusive decays

arXiv:2311.00458

e Unfold B — X,/v & B — X /v yields via singular value decomposition (SVD). arxiv:hep-ph/9509307

e Take ratio and correct for efficiency to form differential ratios.

Belle Preliminary
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Final step: Extract |V, |/|V,,| with partial BF

Ve

J. High Energ. Phys. 10 (2007) 058 AT““°Y(B — X, (1) = 58.573 1 ps~!

Phys. Rev. D 72, 073006
Eur. Phys. J. C 81, 226 (2021)

Vil  [AB(B — X, l0): AT'(B — X (D)
AB(B — X Av).AT(B — X ()

ATBINP(B 5 X, v) = 615154 ps™?

AT (B & X fv) =29.7+1.2 ps™!

AB(X D)/ AB(X D)

|Vub| BLNP

\Z3

|Vub| GGOU

|Ves|

Belle Preliminary [Ldt= 711 fb*

1071}

-S| ——

4 Data

1072}

= 0.0972(1 % 4.2%tat £ 3.9%syst
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o 52%AF(E—>X1L£U) == Z'O%AF(E%XCEE))

= 0.0996(1 & 4.2%tat £ 3.9%syst

o 2'3%AF(§—>XUEU) = 2'O%AI‘(§—>XCKU))
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https://iopscience.iop.org/article/10.1088/1126-6708/2007/10/058
https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/hep-ph/9509307
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Ratioof |V ,|and | V., | from inclusive decays [FAE
arXiv:2311.00458
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Simultaneous determinations of incl. & excl. | V. | \
PRL 131, 211801 (2023)

e Inherits similar analysis strategy from former inclusive |V, | Belle analysis. Phy. Rev. D 104 (2021) 012008

o Simultaneously extract signal for B - z£vand B — X £vin q2 and charged pion multiplicity NV _..

« Normalizations and B — #£v form factors (¢” shape) determined from fit.
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Simultaneous determinations of incl. & excl. |V , | [EELLE
PRL 131, 211801 (2023)

Exclusive |V, |:

e Fit BCL B — n£1r form factors with two
constraints:

- LQCD only, Eur. Phys. J. C 82 (2022) 869

e Combined or separate B — 77/1 &
B - 7%%¢v.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.211801
https://link.springer.com/article/10.1140/epjc/s10052-022-10536-1
https://iopscience.iop.org/article/10.1088/1126-6708/2007/10/058

# 59
. . . . BELLE
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PRL 131, 211801 (2023)

dr/dg? x 1018 GeVv1

N

w

Exclusive |V, |:

e Fit BCL B — n£1r form factors with two
constraints:

- LQCD only, Eur. Phys. J. C 82 (2022) 869

e Combined or separate B — 77/1 &
B - 7%%¢v.

T T T T I T T T T I T T T T I T T T T I T T T T I

== Bkg-subtracted (fit with LQCD & exp. const.) BCL (fit with LQCD & exp. const.)

—A— Bkg-subtracted (fit with LQCD const.) == BCL (fit with LQCD const.)
Input LQCD const.

N

—
T

Inclusive |V, |:

e Use theoretical prediction of inclusive partial
rate. J. High Energ. Phys. 10 (2007) 058

Vb loxel = (3.78 £0.23 +0.16 + 0.14) x 10~
Vb |inel = (3.88 4 0.20 & 0.31 & 0.09) x 10~
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Simultaneous determinations of incl. & excl. |V , |
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dr/dg? x 1018 GeVv1

Exclusive |V, |:

e Fit BCL B — n£v form factors with two

constraints:

- LQCD only, Eur. Phys. J. C 82 (2022) 869

e Combined or separate B — 77/1 &

B — n%v.

5 T T T T I T T T T I T T T T I T T T T I T T T T I
- == Bkg-subtracted (fit with LQCD & exp. const.) BCL (fit with LQCD & exp. const.)
i —A— Bkg-subtracted (fit with LQCD const.) == BCL (fit with LQCD const.)
i Input LQCD const.
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Inclusive |V, |:

e Use theoretical prediction of inclusive partial

rate. J. High Energ. Phys. 10 (2007) 058

Weighted average of excl. & incl:

Vb |ave = (3.84 £0.26) x 107°

e B-mn*fy TX1 Comb.n® = fit SM: % =1
o B-nmdv © Belle (GGOU) W HFLAV (incl. GGOU) i
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Conclusion & Outlook

Belle (ll) offers a unique and fertile environment for
precision measurements of semileptonic B decays.

Very active field, with innovative strategies of measuring V,,, V.,
and tests of lepton flavour universality.

- With the current collected data set, Belle Il already produces
world-leading and unique results!

- The well-understood Belle data set is still used to squeeze out
interesting measurements.

- Collaboration between theory and experiment crucial to solve
ongoing puzzles!
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Belle (ll) offers a unique and fertile environment for
precision measurements of semileptonic B decays.

Very active field, with innovative strategies of measuring V,,, V.,
and tests of lepton flavour universality.

- With the current collected data set, Belle Il already produces
world-leading and unique results!

- The well-understood Belle data set is still used to squeeze out
interesting measurements.

- Collaboration between theory and experiment crucial to solve
ongoing puzzles!
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Summary of today’s results
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. )
C Exclusive Vb |
BY s ¢ty Vus|lLoepiLesr = (3.73 £0.07 £0.07 £ 0.16) x 107
arXiv:2407.17403
Belle II (Submitted to PRD)
Bt — p%ty Vb |Losr = (3.194+0.124+0.17 £ 0.26) x 10~°
\_ ),
( _ )
Exclusive Ve |
Belle IT BY s D*typy Vep|Bar = (40.6 0.3+ 1.04+0.6) x 1073 PRD 108, 092013 (2023)
_ ) _ s arXiv:2310.20286
BELLE B — D*v VeplBaL = (41.0 £ 0.3+ 0.4 £0.5) x 10 (Accepted by PRL)
\_ _J/
|V |BLNP
BELLE |V“”| — 0.0972(1 = 4.2%stas & 3.9%syst
cb
+5.2%r8- x.) T 20%0Ar(B-x.09) arXiv:2311.00458
e (Submitted to PRD)
|| V“b|| = 0.0996(1 £ 4.2%stat £ 3.9%syst
cb

+ 2‘3%AF(§—)XMEU) + 2'O%AF(§—>XCEU))

Incl./Excl. [Vyp | |[Vablavg = (3.84 £0.26) x 1077

PRL 131, 211801 (2023)
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B — X v modelling

# 65

A leading systematic for many analyses (not just semileptonic):

BB" — X'tTy) ~ 10.79%

¢ >
D7y, D*¢ty, D**%¢"y, + Other Gap
2.31 % 5.05 % 2.38 % ~ 1.05%

Decay B(B™) B(B?)

B — D{y, (24+0.1) x 1072 (2.2+0.1) x 107? Fairly well known.

B—D*t"y, (55+0.1)x107% (5.140.1)x 102

B— D¢y, (66+01)x10"° (6.2+0.1)x 107° Broad states based on

B — D30Ty,
B — D} 0"y,
B — Dy 0"y,

(2.94+0.3) x 107°

(4.24+0.9) x 107°

2.74+0.3) x 10°

3.9+0.8) x 107°

B — D"y,

)
)
)
)
(4.24+0.8) x 107°
)
(0.6 £0.9) x 107°
)

B— Dttt vy, (22+1.0)x107°

)}

0.6 +£0.9) x 10~°

(
(
(
(
(3.94+0.7) x 10°
(
(
(2.0+1.0) x 107°

B — XCKVe

(10.8 £0.4) x 1072 (10.1 +£0.4) x 10~*

3 measurements.
(BaBar, Belle, DELPHI)

Some hints from
BaBar & recent Belle
result.

...or is it even
bigger?
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A tale of two ‘gap’ models

()

Candidates norm. in arb. units

Model 1: Model 2:
Equidistribution of all final state particles in phase space Decay via intermediate broad D™™ state
+ 0
Decay B(B™) B(B") Decay B(B") B(B')
B — Dyt y, (0.034+0.03) x 1072 (0.03+£0.03) x 10~2
(= Dnrm)
B — Di(ty, (0.03 £ 0.03) x 102 (0.03 £ 0.03) x 102
B— D {Ty, (66+01)x10"° (6.2+0.1)x107° (< Drn)
B D} ot v, (2.9 +0.3) x 10~3 (2.7 £ 0.3) x 10~3 B = Dynn v, (0.108 £ 0.051) x 1072 (0.101 % 0.048) x 102
B — Dyl v, GnmslE) 10 GERED ) 10 B(‘_) LI))**M)(* (0.108 £ 0.051) x 102 (0.101 + 0.048) x 10~
!+ -3 -3 — Dyl vy, 108 .051) x - : .048) x -
B—> D0y (4.24+0.9) x 10 (3.9+0.8) x 10 \ (o D*r)
B — Drml* v, (0.6+0.9) x 1073 (0.6 +0.9) x 1073 B Ditty, (0.396 4 0.396) x 1072 (0.399 + 0.399) x 107>
B — D*nrndt vy, (2.241.0) x 1073 (2.0 £1.0) x 1072 \ (< Dn)
B — Dny VA v (4.0 +4.0) x 1073 (4.0 £4.0) x 10~2 | ' B - D} (T y, (0.396 + 0.396) x 1072 (0.399 + 0.399) x 102
B — Xy, (10.8 +0.4) x 1072 (10.1 +0.4) x 102
B " 3 Broad D" model | . —— [ BroadD" model 1ol " [ Broad D" model |
10 I Phase space model ] }':} 0.5 I Phase space model ] }’:} ' L Phase space model :
Provides better | 50'4_ Zoos| ]
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