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The semileptonic b — ¢ decay

Leptonic sector

B meson gEW x

=i}

u

<

]

Hadronic sector

F: izing | i h i t
actorizing leptonic and hadronic currents Access to many observables:

High branching ratios - 20% of all B decays R(DO?), Arg, P<(D ), FL<(D?),

Hadronic influence cancels in ratio
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The semileptonic b — ¢ decay

Leptonic sector

<

B meson gEW x D meson

Hadronic sector

Excl. Ve Incl. V¢p
B-Dv,B-D v,. B - Xc vV
Heavy Quark Expansion
B |[Ve|*f?  f...form factors B =|Vel?[F(b - C V) +1/mp+0s +...

Hadronic matrix elements can not be computed from first principles
— Can be parameterized and extracted from data
- Theory must provide (at least) normalizations!
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Experimental status

A long-standing anomaly
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Inclusive |V,

B — X,y

Inclusive |V,
B — Xty
Operator Product Expansion

B= \V,H,\Z [P — qtv) +1/mey + g+ -]

Exclusive |V,

B — wliy, Ay — pui,

Exclusive |V,

B — DUy, B — D*(iy,

B o [Vl f2
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V,» measurements at Belle Il

[Veo| Exclusive

® B - D v (inclusive tag)
arXiv:2506.15256, submitted to PRD
® B -~ D v (inclusive tag)
Phys. Rev. D 108 (2023) 9, 9

[Vep| Inclusive

® B - Xc v (g% moments, had. tagged)

Phys. Rev. D 107 (2023) 7,072002
JHEP 10 (2022) 068

® B - Xc v (Mx moments, had. tagged)
arXiv:2009.04493
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|Vup| Exclusive

B B% . *v, BY - p® v (untagged)
Phys. Rev. D 111 (2025) 11, 112009
BB -1V
arXiv:2502.04885

|Vub| Inclusive
® B - Xy v partial branching fractions (had.

tagged)
Paper in preparation

- Last talk by Marcel Hohmann on Vyp
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Missing energy decays at Belle Il

(%% University
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The Belle Il Experiment at SuperKEKB

SuperKEKB
@ Operating at Y (4S) resonance (10.58 GeV)
® World-record luminosity: L = 5.1 x 103 cm™2s™*
® 1.1 x 10° BB pairs per ab™!

Belle Il

® Nearly 4m coverage, hermetic design

@ Excellent PID and y reconstruction
® 500 fb~* collected

Why Belle II?

Clean BB factory with known initial state
Full event reconstruction possible
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Dealing with missing energy

Different approaches to reconstruct the event

1. Hadronic tagging: By, By D°
reconstruct Biag by hadronic decay modes. VAR Y(45) "
/! n°

2. :
reconstruct Bgjg. Assign everything else to

the Rest-of-Event (ROE) &

Inclusive Tag
O(100%) efficiency

>
[¢]
> . .
| Semileptonic Tag [2 Reconstruct B meson momentum using tag-side
é’ O(1%) efficiency E
. sig — Pe+e— — Pta
Wl Hadronic Tag Psig = Pee Prag

O(0.1%) efficiency

University
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Candidates

Semileptonic analysis techniques at Belle Il

— 1 missing neutrino — 1 missing neutrino
>1 missing particle —— > 1 missing particle
8
=
E
|®)
1 Il
—2 0 2 —1 0 1
M2 cos Oy

Mr%wiss = (Pere— — PBtag — P )2 cosBgy = 2EgEy — mZB — m\z(
Squared 4-momentum of the 2|pgllpy |
undetected neutrino(s). Angle between B andY = D¢ .
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Exclusive V,, from B — D/y,
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Ingredients to extract V,

dr(Bd—>WD V) (W _ 1)3/2r]éw(1 + BE’O)G(W)|Vcb|2

q2 — (p2 + py)2 - Wmin =1 ... D meson at rest in B rest frame

jﬂi B Wmax = 1.59 ... Zero lepton recoil g> = 0
w- <7
p———F » ]

DO w = VB - VUD




Ingredients to extract V,,

dr(B-D v ) (W _ 1)3/2 r]EWZ(l + 650)G(W)|Vcb|2

dw
q2 — (pz 4 py)2 - Wmin = 1 ... D meson at rest in B rest frame
Wmax = 1.59 ... Zero lepton recoil g = 0
w- TV
b—» e NEW ... Short-distance QED correction

po W = VB *UD
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Ingredients to extract 1/,

IrE-Dv)  (y — 1)32ne2(L + 81 °)G(W)[Vep|?

dw

q2 — (Pz + py)2 - Wmin =1 ... D meson at rest in B rest frame
Wmax = 1.59 ... Zero lepton recoil g> = 0
w- e
b—»—=—>—7C| NEW ... Short-distance QED correction
B~ | |D° W =YB" VD
T——<——10
T 65’0 ... Long-distance QED correction [prD 41, 1736 (1990)]
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dl'/dw [107Y GeV]

Ingredients to extract 1/,

dr(B-D v ) (W _ 1)3/2 r]EWZ(l + 65,0)6 (W)|VCb|2

dw
0 Wmin = 1 ... D meson at rest in B rest frame
lo
0 = Wmax = 1.59 ... Zero lepton recoil g> = 0
30F . E(;], 7 3
St ata 3 . .
’ 4 nEW ... Short-distance QED correction
20
3
15 k3
w0f ) 65‘0 ... Long-distance QED correction [prD 41, 1736 (1990)]
5F > £
op % G (w) ... Form factor, computed in LQCD at low w
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Setup and comparable results ((arxiv:2506.15256 )

Setup
B - D v final state (inclusive tag)
365 fb~1 Run 1 data

Modes
Charged: B~ - D° "v,D° - K™ n*
Neutral: B = D™ *v,D~ - K*n™n~

Comparable excl. measurements

Mode Experiment Dataset Ref.
B -D v
Belle Il incl. tag (2023) 189fb~1  PRD 108092013
Belle angular coeff. (2023) 711fb~1  PRD 108, 012002
B - Dv
Belle had. tag (2015) 7111 PRD 93, 032006
BABAR angular, had. tag(2023) 426 fH~1 arXiv:2311.15071
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https://arxiv.org/abs/2310.01170
https://arxiv.org/abs/2301.07529
https://arxiv.org/abs/1510.03657
https://arxiv.org/abs/2311.15071
https://arxiv.org/abs/2506.15256

((arxiv:2506.15256 |

Reconstruct w in inclusive tag

How to reconstruct q2/w without Btag?
Py=Dy*P,

331 Mey

@ Angle gy between B andY =D from
reconstructed particles
® B meson angular distribution +

Ip)

1 ~ = ;
E(l_pB' pROE)SlnzeB )

® Weighted average over different B meson
momenta on cones of Ogy
O ey
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https://arxiv.org/abs/2506.15256

Events / (0.12)
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= 0 -t
B B Dlv B+ D%, 80007- B Dlv B'»D"e"v,
F . 3 == B-=D'W Prefit
1 B»D'w Prefit
1 Tre D 1 True D
= False D ~ = False D
6000 | .
[ B Contimuum &} 6000 - pmm Continuum
% MC all. unc S wi MC all. unc.
Data — Data
£ 4000
e
=
@

Main backgrounds

Pre-fit in cosfgy

relimi: ; — —1
Belle T Preliminary Belle I Preliminary JL£dt=365fb

JLdt=3651"1

((arxiv:2506.15256 |

Main backgrounds

B -~ D v down-feed
Fake D: Combinatorial backgrounds
True D: SL backgrounds and

B - X¢ » secondaries
Continuum: ee~ - qq where
q [u,d,s,c]

-1
cos Opy

—1
cos gy

@ Suppress backgrounds with selections on ROE, lepton helicity angle, event shape variables, D v veto
@ Control samples to validate signal and backgrounds

September 16, 2025 Philipp Horak: |V p, | measurements at Belle |1
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https://arxiv.org/abs/2506.15256

Signal extraction

Simultaneous fit in four modes

x10* Belle II preliminary [ £dt =365 b !

Lab g Wt X?/ndf=1335.4/318

1.2} Postfit

1.0

Zos
=
0.4
0.2
0.0 B

(cos Oy, w) bin

2d binned fit in cos gy and w
All systematic uncertainties as nuisance parameters
Bin-by-bin migration baked into fit (forward unfolding)
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Source

Uncertainty [%]

Statistical

Systematic

Theoretical

Total

B* lifetime

Signal form factor

B - D v form factor
B(B - Xc V)

B(D - Kn(m))
Tracking efficiency

Ny @s)

foo/Fie

T

Background w modelling
(Ey ., my) reweighting
Lepton identification
Kaon identification
Vertex fit X2 correction
Simulation sample size

Lattice QCD inputs
Long-distance QED

0.9
1.5

0.1
0.1
0.1
0.3
0.5
0.5
0.7
0.1
04
0.3
0.3
0.3
0.6
0.3
0.5

13

12
0.5

21
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https://arxiv.org/abs/2506.15256

Measured |V,;| value ((arxiv:2506.15256 )

Inclusive global fit 2024
[Veb,ger | = (39.2 = 0.4 (stat.) £ 0.6 (sys.) = 0.5 (th.)) < 103 J ——

Belle II Preliminary [ £d¢ =365 fb-! Exclusive HIEERV 2038

40
1o Mew[Ve| x 10°=39.4 + 0.8 ——
35F 20 x2/ndf = 9.7/9
30

30¢ BCL (N=3) i i
= ¥ Data
5 B - L3 2023 Belle B—D " v
&}
2 90t L3
= 3 —7
=
— 15} r V
5 2023 Belle II B — D™ v
= 10f 3
> 10

s s
*
o —%® Belle II Dév
_5ba . . . . . . I
L0 11 12 1.3 14 15 1.6

36 38 40 42 44
[Va| x 103

Most precise measurement of |V¢,| with B — D v to date
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https://arxiv.org/abs/2506.15256

More than just |V,

Bonus measurements:

Light-lepton universality:

B(B - Deve)/B(B — Dpvy) = 1.020 = 0.020 (stat.) % 0.022 (sys.) J

( arxiv:2506.15256 |

Coloumb correction:
32 = 0.023 x (0.09 =+ 0.94)

J

16/21

September 16, 2025

Signal Yield

B [%]

B* - D%"ve 75186
B* - D%ty 61259
B° -~ D e*ve 47617
B% - D u" v 39648

B* . D° *v
B° . D™ *v

B-Dv

2.34+0.05+0.10
2.27+0.05%0.09
2.07+0.06 £0.10
2.05+0.06 +£0.11

2.31+0.04 +0.09
2.06 £0.05+0.10

2.10+0.04 +0.06

Most precise measurement B(B — D V)
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