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Semileptonic decays

# 2

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

| qu | limiting the constraining power of global fits.

e Important inputs in predictions of SM rates for ultra-rare
decays.

e Significant tension between inclusive & exclusive

determinations poses a longstanding puzzle.
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Lepton Flavour Universality

R(D¥)

e Semileptonic decays also provide theoretically clean SM
e Differences in angular asymmetries for different lepton

 Form factors and experimental uncertainties partially
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probes in Lepton Flavour Universality (LFU) tests.
flavours are also sensitive to non-SM physics.

cancel in measurements of ratios of decay rates.

Long-standing tension between LFU-sensitive
quantities R(D") and SM predictions!
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Exclusive approach:
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# 4
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From Belle...to Belle |l

e Starting Run 2 after installing two-layer pixel
detector and machine maintenance.

* Re-utilized from Belle: only the structure,
superconducting magnets, calorimeter crystals

and outer barrel of K; & u detector.

* Practically a brand new detector with better
vertexing/tracking than Belle.

Electromagnetic calorimeter (ECL):

Csl(TI) crystals, waveform sampling to measure time,
energy, and pulse-shape.

< Non-projective gaps between crystals.

Vertex detectors (VXD):

2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC):

He(50%):CoH¢ (50%), small cells,
fast electronics
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# 5

Belle Il Online luminosity Exp: 7-26 Run 1

T ERTE R Taay |
mmm Recorded Weekly 387 M BB pairs

Today’s results: 198 M BB pairs [ 300
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KL and muon detector (KLM):
Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

Magnet:

1.5 T superconducting

T4 Gey) Trigger:
= ~— Hardware: < 30 kHz
Software: < 10 kHz

~
Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH)

Total integrated luminosity [fb~1]

(FWD) )




First collisions of Run 2: 20 February 2024 22:12 JST




First collisions of Run 2: 20 February 2024 22:12 JST




Reconstruction at B-Factories

Untagged Tagged

Only reconstruct the signal B meson (B Reconstruct B

sig)- with hadronic decay modes.

tag
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Candidates

Pull

Measurement of R(D¥)
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arXiv:2401.02840

100

80

60

B(B — D*TVT) Tagged

Measure: R(D*) — to cancel many systematics (Full Event Interoretation)
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- - 4 0, + + _— 1*0 0_0 - Signal
Consider three signalmodes: D ™ - Dz"and D "n~, D * - D"n v ! Leptonic t decay

|dentify lepton from 7 — £uvb

0

Completeness constraint require no additional tracks or 7 candidates. 7 AN

Main challenge: understand significant & poorly known B — D**{v
background decays.

- Data-driven validation of background and signal modelling
based on studies of sideband regions.

Extract signal with 2D fit to residual energy in the calorimeter Er;
& mass of undetected neutrinos M2iss = (Dyte- — Pp._ — Pp+ — Pg)’

m tag

Zoom of M7 ;< projection
for D** - D% mode
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https://arxiv.org/abs/2401.02840
https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8
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Measurement of R(D¥)
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arXiv:2401.02840

100

B(B — D*tv,)

Measure: R(D*) —

|dentify lepton from 7 — £uvb

B(B — D*ﬁw)

to cancel many systematics

Consider three signal modes: D** — D%z and D*n~, D™ — D%"

Tagged

(Full Event Interoretation)
Comput. Softw. Big. Sci.

3,6 (2019)

Signal

Leptonic T decay

0

Completeness constraint require no additional tracks or 7~ candidates.

Main challenge: understand significant & poorly known B — D**{v
background decays.

- Data-driven validation of background and signal modelling
based on studies of sideband regions.

Extract signal with 2D fit to residual energy in the calorimeter Er;

: 2 2
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https://arxiv.org/abs/2401.02840
https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8
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Pull

Measurement of R(D¥)
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arXiv:2401.02840

100

B(B — D*tv,)
B(B — D*ﬁug)

Measure: R(D*) —

e Consider three signal modes: D** — D%* and D*z~, D" —» D"

e |dentify lepton from 7 — v

e Completeness constraint require no additional tracks or 7

e Main challenge: understand significant & poorly known B — D**£p

background decays.

- Data-driven validation of background and signal modelling

based on studies of sideband regions.

to cancel many systematics

Tagged

(Full Event Interoretation)
Comput. Softw. Big. Sci.
3,6 (2019)

Signal

Leptonic T decay

0 candidates.

 Extract signal with 2D fit to residual energy in the calorimeter £y~
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m
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R(D") = 0.2627 g30(stat.) “g 35 (syst.)

SM prediction: R(D*) = 0.254 &= 0.005
HFLAV 23: R(D*) =0.284 £ 0.013

Consistent with SM and previous measurements!


https://arxiv.org/abs/2401.02840
https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1140/epjc/s10052-020-8156-7

Belle I # 12

arXiv:2311.07248

Measurement of R(X_, /)

Complementary inclusive study: R(X, / 0) = ( ) (Full Event Interoretation)
B(B — XEVE) Compuc’;., 20(;’[(\;\{'.9?@. Sci.

-~ ~~Signal

* First measurement at a B-Factory with the Y(45)! vV ! Leptonic r decay

* Main challenge: Modelling & characterising backgrounds arising
fromb — ¢ - ¢, eTe” — g (continuum) and mis-identified leptons.

- Data-driven X7 modelling using My, distribution in high-lepton
momentum (p; > 1.4 GeV) sideband region. X G

- Systematics dominated by X v modelling and M, reweighting.

o Extract signal with 2D fit to lepton momentum pfj (in the signal B
rest frame) & mass of undetected neutrinos M?

miss
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https://arxiv.org/abs/2311.07248
https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8

Belle I # 13

arXiv:2311.07248

Measurement of R(X_, /)

B(B— Xt1v L o
Complementary inclusive study: R(X, / 0) = ( ) (Full Event Interoretation)
B(B — XEVE) Compuc’;., E?;t(\;\{l.gl?lg. Sci.

Signal

* First measurement at a B-Factory with the Y(45)! | v} Leptonic T decay

* Main challenge: Modelling & characterising backgrounds arising

LA
fromb — ¢ - ¢, eTe” — g (continuum) and mis-identified leptons. | , _/
. e / v
- Data-driven XZv modelling using My distribution in high-lepton ~ /
momentum (p2 > 1.4 GeV) sideband region. . )( G
- Systematics dominated by X v modelling and My reweighting. |
o Extract signal with 2D fit to lepton momentum pfj (in the signal B
rest frame) & mass of undetected neutrinos M2, .
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https://link.springer.com/article/10.1007/JHEP11(2022)007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.073009
https://arxiv.org/abs/2311.07248
https://link.springer.com/article/10.1007/s41781-019-0021-8
https://link.springer.com/article/10.1007/s41781-019-0021-8

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

Belle II # 14

PRD 108, 092013 (2023)

« Reconstruct D" - DY — K=},

and combine
ow

with appropriately charged lepton (£ = e or p).

* Main challenge: accurate background model,
slow pion (p < 0.4 GeV) tracking and statistical

correlations between bins.

e Reconstruct the angle between B and Y = D*/¢:

2ELES — m

2
— My

cosfpy =

2|pBHpY|

e Extract signal yield with 2D fit to cos 85, and
AM = M(D™") — M(D°) in bins of...

DO

103 entries / bin

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

| V., | from untagged B’ — D™ "¢ v

Belle IT #15

PRD 108, 092013 (2023)

« Reconstruct D" —» DY — K~z*)z, , 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.

e Reconstruct the angle between B and Y = D*?¢:
2
QELES —m% —md
2|Z9B | ‘py|

cosfpy =

e Extract signal yield with 2D fit to cos 85, and
AM = M(D™") — M(D) in bins of cos 0,

DO

103 entries / bin

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

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

Belle II # 16

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.

e Reconstruct the angle between B and Y = D*/¢:

2ELES — m

2
— My

cosfpy =
2|Z9B | ‘py|

e Extract signal yield with 2D fit to cos 85, and
AM = M(D**) — M(D") in bins of cos ¢, cos 0,

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 : 7,
- 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

Belle II # 17

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.

e Reconstruct the angle between B and Y = D*/¢:

2ELES — m

2
— My

cosfpy =
2|Z9B | ‘py|

e Extract signal yield with 2D fit to cos 85, and
AM = M(D*") — M(D") in bins of cos ¢, cos §,, x

103 entries / bin

103 entries / bin
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Belle Il

[rdt=189fb2

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

Signal

| § Data : 7,
- 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/ v

Belle IT # 18

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

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

#19

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
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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

| V., | from untagged B > D"t/ v
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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
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| V., | from untagged B > D"t/ v
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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
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B — D™~ #v angular asymmetries
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e Measure angular asymmetries separately for B - D*ev &
B — D*uv final states; their differences are sensitive to
LFU violation.

Az (w)

e Simultaneous determination of all asymmetries in different
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e

arXiv:2311.00458

- Measuring B — X /v is challenging due to large
background component from B — X Zv.

space.

e Analyse full Belle data set using the Belle Il hadronic

tagging algorithm

- Up to 50% higher efficiency than previous Belle
Full Reconstruction.

e Extract B — X /v yield from 2D fit to lepton energy
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Ratioof |V ,|and | V., | from inclusive decays

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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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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Final step: Extract |V, |/|V,,| with partial BF
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J. High Energ. Phys. 10 (2007) 058 AT'““°Y(B — X, fv) = 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~*
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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.
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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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Conclusion & Outlook

* Many new, exciting measurements from both
Belle and Belle II!

* Only presented a subset of results.

e With half of the collected data set

(189 fb_l), Belle Il already produces world-
leading and unique results!

- New LFU tests from Belle |l consistent with
SM.

- Most recent |V, | results from B — D*Zv shift
exclusive closer to inclusive average.

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

- Ratio of inclusive |V, ,| & | V., | agrees with
exclusive average.

Thank you for your attention!

o

Simultaneous determination
of Incl. & Excl. |V, |
Phys. Rev. Lett. 131 (2023) 21

Differential distributions of
B — D*¢fv
Phys. Rev. D 108 (2023) 1

Angular coefficients of
B — D*tv
arXiv:2310.20286

Branching fractions of
B - DOn(n)fv

Phys. Rev. D 107 (2023) 9

g* moments of B — X £v
Phys. Rev. D 104 (2021) 11

More exciting

results

are on the way!

Test of LFU with
inclusive R(X,,,)
Phys. Rev. Lett. 131 (2023) 5

Lepton mass squared
moments of B — X .£v
Phys. Rev. D 107 (2023) 7

| V., | from untagged
B - ntv
arXiv:2210.04224

| V| from tagged
B — nftv
arXiv:2206.08102

|V.,| fromB — Dfv
arXiv:2210.13143
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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:
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B — X.v modelling & composition

A leading systematic in incl. semileptonic analyses:

BB" — X'tTy) ~ 10.79%

- >
D'¢" Uy D*OFLI/E D**()€+Vg + Other Gap
2.31% 5.05% 2.38 % ~ 1.05%
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. L 9 9 Fairly well known.
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Broad states based on
3 measurements.
(BaBar, Belle, DELPHI)

Some hints from
BaBar & recent Belle
result.
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A tale of two ‘gap’ models m

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
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Diamond frame reconstruction

o Estimate the momentum direction of the signal B meson, p ., for untagged analyses using a
modified diamond frame approach:
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