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Cute graphics, but what about the physics?

Total integrated Weekly luminosity [fb~1]
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| J z @ World record instantaneous
100 £ luminosity!
M 2 — 51x10% cm 251
300 @ .
| € @ Restarted at full swing November 2025
200 % — Run 2 operation until Summer 2026
g @ Current data-sample is ~ 1% of
100 planned sample (50 ab™!)
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Updated on 2026/01/24 03:04 ST

ReSU|tS SO far With 365 fb_l (Be”e 711 fb_l, BaBar 425fb —1)
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The semileptonic b — ¢ decay

Leptonic sector

B meson D meson

gEw X
b c

A

Hadronic sector

High branching ratios: ~ i of all B meson decays
Factorizing leptonic and hadronic currents
Tree-level CKM-favored process - no new physics expected
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The semileptonic b — ¢ decay

Leptonic sector &

B meson gEw X

b

A

Hadronic sector

High branching ratios: ~ i of all B meson decays
Factorizing leptonic and hadronic currents

Tree-level CKM-favored process - no new physics expected

D meson

(o]

b — uly
Similar factorization

(IVaol/|Ven|)* = 1/100
suppressed
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What's so interesting about semileptonic decays?

p
Quark mixing Lepton flavor universality
Up-type quarks s
i W g
Down-type quarks ! Ve
How large are the b <+ » and Does the W couple equally to
b <> ¢ couplings? different lepton flavors?
Vv, Vup puzzle R(D), R(D*) anomaly
N ) N

¥ University
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What's so interesting about semileptonic decays?

Quark mixing Lepton flavor universality

Up-type quarks n

Coupling strength

Ve

Down-type quarks

s the W couple equally to
rent lepton flavors?

How large are the b <
b <+ c couplings?

Vv, Vs puzzl (D), R(D*) anomaly

+ Secret third topic J
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How can we utilize clean e e~ environments?

1. Hadronic tagging:

reconstruct Bi.g by hadronic decay modes.

2.

3. Inclusive tagging:

reconstruct Bi,g without a specific final state.

reconstruct By, by semileptonic decay modes.

Inclusive Tag

Semileptonic Tag
~ 1% efficiency

Efficiency

Hadronic Tag
< 0.1% efficiency

Purity
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Belle Il employs Full Event Interpretation (FEI)
< Over 200 BDTs reconstruct O(10000) distinct

Reconstruct B meson momentum using tag-side

Psig = Pete— — Ptag
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Reconstruction with missing neutrinos

—— 1 missing neutrino

>1 missing particle

! ‘l‘N
-2 0 2

M

miss

2 2
Mmiss = (pe+e_ _thag _pD(*)Z)
Squared 4-momentum of the
undetected neutrino(s).

University
7/23 February 18, 2026 Philipp Horak: Semileptonic decays at Belle II & of Victoria



Reconstruction with missing neutrinos

—— 1 missing neutrino —— 1 missing neutrino
>1 missing particle —— > 1 missing particle
g
S
! A N AR B
-2 0 2 -1 0 1
1\'Irzniss €os GBY

Mr2niss = (pe+e_ - thag - pD(*)Z)2 2EEE;’ — m%’ - m%’
Squared 4-momentum of the 2% 1Py |

undetected neutrino(s). Angle between Band Y = D™,

cosfpy =
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Reconstruction with missing neutrinos

—— 1 missing neutrino —— 1 missing neutrino Signal decay with neutrinos
>1 missing particle — > 1 missing particle Background with
unreconstructed particles

Candidates
Candidates

—2 0 2 —1 0 1 0 1
1\/Igniss cos eBY EEX(tJia
Mr?rliss = (Pete- — PBiag _PD(*)z)2 Ony — 2EEy —mp —my Eger
COosSUpy =
Squared 4-momentum of the 2% |55 | ;
. Sum of energies of neutral
undetected neutrino(s). Angle between Band Y = D™¢.

clusters not used in Biag Or Y.
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Vi, Vip puzzle

= %% university
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Two methods to measure |V,;|, |V

Exclusive

o| P 5 |
Pl T e I
Reconstruct specific final states
B — DMy for V|
B — mlv for [Vyy|

Method: Parameterize the b — u/c
transition with form factors, normalize
using Lattice QCD inputs

B o [Va|* £2(4?)

February 18, 2026

Philipp Ho

Semileptonic c

Inclusive

.X

Sum over all hadronic states
B — X L for |Vep|
B — Xty for [Vys|

Method: Summing over all final states
treats b as quasi-free; Expand decay
rate in 1/ms and a, using Heavy
Quark Expansion

T o [Va[1 + O(1/my) + O(aws)]

AN
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Experimental status on the CKM elements

— —— ——
. R o Exclusive |V,,| 68% CL contours
Inclusive |V, Inclusive |V;| =
B Xt By = Exclusive [V,,| et
— X, vy — Xl 5 .
' / > VollVed IV Gou

Heavy Quark Expansion

V,,|: global it
[ Average

JE 3
B=|Vu?[[(b— qtv) + 1/mep+ag+---] 38:— T E
3.6 3
Exclusive |V Exclusive |V, E 3
B — wlin, Ay — pui, B — DUy, B — D*(p, 32F =
Py 3E HFLAV &
B o |Vl f? - = E
' " oo N = T T S | AN T -
(BULE) = (p+ P)f+ 36 38 40 42 24
-3
[Vl [107]

Long-standing ~ 3o tension
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Experimental status on the CKM elements

@ Evidence for B — Kuvv [PRD 109, 112006]

Inclusive |V, Inclusive |V, SN A verage
v v > 11 (362 fb!, combine:
B — Xl B — X iy —— Belle II (362 ', combined
Heavy Quark Expansion o Belle I1 (362 f", hadronic)

o Belle TT (362 fb!, inclusive)
7|2 = 27407 Th
B=|Vu*[[(b = qtw) + 1/mepy + og + -+ -] e
t
]
| o Belle (711 fbr, semileptonic)
i o0 Vb ool
Exclusive [V Exclusive |V L e Belle (11 M, hadronic)
B — 7l Ay — pub, B — Dliy, B — D*(i BABAR (415 f! semileptonic)
- 3ABA 1, hadronic)
B o< |V 2 f? s L s ms
0 2 1 6 8 10
(BIH,|P) = (p+ Pt 10° x Br(B*—K " vi)

Long-standing ~ 30 tension Fael et al. 2512.19138:

Using the expression for the total rate in Eq. (3.16) and the inputs in Table 1, we
obtain the inclusive branching ratios

Br(B” = X,vp) x 10° = 3.351 £ 0.058y,, £ 0.029r0m + 0.0433qe + 0.065,c0t0 . (4.1)
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V5| and |V,;| in the Belle Il era

Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]

) University
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V5| and |V,;| in the Belle Il era

Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]

g = (pe+p) -

b—»———p»—C

100 w = UB - UD

& HH*HJ
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|Vep| and |V,

in the Belle Il era

@ Exclusive |V | [PRD 112, 112009] (also [PRD 108, 092013]

11/23
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034506
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.64ys. & 0.5¢,.) x 1073

365fb !

11/23

|Vep| and |V,

World-best (fully) exclusive V.,

in the Belle Il era

(]
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+ Lattice QCD: Z
FNAL/MILC + HPQCD

Inclusive tag

20000

15000

10000

Events / (0.12)

5000

3 - 1o 1 2
cos By

Belle IT Preliminary [ £dt = 365fb~!

dr/dw [10

1o new|Va| x

=394+ 08
97/9

Philipp Horak: Semileptonic decays at Belle Il

University
=J of Victoria


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034506
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510

V., and |V,,| in the Belle Il era

@ Exclusive |Vep| [PRD 112, 112009] (also [PRD 108, 092013]
— |Vep| = (39.2 & 0.4ga. & 0.65y5. & 0.5¢,.) x 1073

365fb ! World-best (fully) exclusive V., @J

@ Inclusive |V p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
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V., and |V,,| in the Belle Il era

Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]
[Veb| = (39.2 £ 0.45¢at. £ 0.65ys. & 0.5¢,.) X 1073

365fb ! World-best (fully) exclusive V., @J

Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]

Reconstruct spectral moments of B — X v
Novel method with reduced parameters ({q%) moments)
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V., and |V,,| in the Belle Il era

@ Exclusive |Vep| [PRD 112, 112009] (also [PRD 108, 092013]
— |Vep| = (39.2 & 0.4ga. & 0.65y5. & 0.5¢,.) x 1073

365fb* World-best (fully) exclusive V., @J

@ Inclusive |V p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]

— Reconstruct spectral moments of B — X v
— Novel method with reduced parameters ((¢?) moments)

1.0 == 12
Belle 1 =X Belle 1t — Cubic Spline
[Lat = 628! B B8 Bkg. 10| JLdt=628m" 42> 1.5 GeVict
~08 = eteraq |
g s uncertainy | G
s + Data s 08
]
9 0.6 2
S 47> 15 Gevict 506
= 3
~ 2
2 <04
5 K]
] 2
@ o2
0.0
20 25 3 25 50 75 100 125 150 175 20.0

My [GeV/c?]

q? [GeV?/c*]
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|Ver| and |V

in the Belle Il era

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.64ys. & 0.5¢,.) x 1073

365fb !

World-best (fully) exclusive V., @J

® Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]

— Reconstruct spectral moments of B — X /v
— Novel method with reduced parameters ((¢?) moments)

Events / (0.07 GeV/c?)

11/23

12
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@s1s6evct | 306
s
3
a 04
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& 02
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20 25
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25 50 75 100 125 150 175 200

q? [GeV?/c*]

How to measure moments:

Calibrated 1/3 —
dist. accounting for \\ fReS\dufa\ i}las
data/MC differences ) o~ corr. tactor
(2 2n
. > wilg )(qcalib,i)

(")

Background J/
subtraction weights —

s wi(e?)

X ccal X Cacc N

Correct for resolution ”
& selection effects

Belle Il *
9t Jrdt =628 .
T8
& -
k1 “
%] “
S "
= b
6 o
o
% 4 Measurement
5| % ¢ xc Model
2 3 4 5 7 8
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V., and |V,,| in the Belle Il era

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.64ys. & 0.5¢,.) x 1073

365fb* World-best (fully) exclusive V., @)

® Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)

A5 1 7=
62fb Novel inclusive V., determination @-

1.0 == 12
setle 1t - Xt Belle 1t — Cubic Spline
fLdt = 628 = siskg 10| frot-c2em 47> 15 Geviret
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= S
3 < 04
§ 2
s &
@ @02
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How to measure moments:

Calibrated (/3 — »
dist. accounting for \\ /WReswdufa\ bias
data/MC differences ) - cor. actor

(2 2n

2n\ _ > wilg )(qcalib,i)

() = EO ) o e,

s wi(e?)

Correct for resolution ”

Background )
subtraction weights — & selection effects
Belle Il &
9 [rdt =628 - =
T8 -
g -
3 -
B w
< &
= o
6 -
b
L ¢ Measurement
b ¢ xc Model
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Il era

V| and |V,

@ Exclusive |Vep| [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.65y5. & 0.5¢,.) x 1073

365fb ! World-best (fully) exclusive V., J

@ Inclusive |Vep| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle I1)

2o 1
62fb Novel inclusive V., determination @-

@ Exclusive |V| [PRD 111, 112009]
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V| and |V, Il era

@ Exclusive |V | [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.64ys. & 0.5¢,.) x 1073

365fb ! World-best (fully) exclusive V., @J

@ Inclusive |V 3| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)

2o 1
62fb Novel inclusive V., determination @-

@ Exclusive |V, [PRD 111, 112009]
— B — mfv and B — plv channel

Inclusive tag-side
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Il era

V| and |V,

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.64ys. & 0.5¢,.) x 1073

365fb* World-best (fully) exclusive V., @J

® Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]

10° Events / Bin

— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)
6 1
62fb Novel inclusive V., determination @

@ Exclusive |V, [PRD 111, 112009]
— B — mlv and B — plv channel

Inclusive tag-side
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Il era

V| and |V,

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.64ys. & 0.5¢,.) x 1073

365fb* World-best (fully) exclusive V., @J

® Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]

10° Events / Bin

— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)
6 1
62fb Novel inclusive V., determination @

@ Exclusive |V, [PRD 111, 112009]
— | Vub| = (3.93 £ 0.09stat. & 0.07stat. £ 0.19heo.) X 1073

365fb ! World-best exclusive Vy;,
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V| and |V, Il era

@ Exclusive |V | [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.6y, & 0.5¢,.) x 1073

365fb " World-best (fully) exclusive V., @J

@ Inclusive |V 3| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)

2o 1
62fb Novel inclusive V,;, determination @-

@ Exclusive |V, [PRD 111, 112009]
— |Vub| = (3.93 £ 0.09tat. & 0.07sat. & 0.19pe0.) X 1072

365fb ™! World-best exclusive V., @

@ Inclusive |V, | [PRD 113,032004]
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V| and |V, Il era

@ Exclusive |V | [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.6y, & 0.5¢,.) x 1073

365fb " World-best (fully) exclusive V., @J

@ Inclusive |V 3| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)

2o 1
62fb Novel inclusive V,;, determination @-

@ Exclusive |V, [PRD 111, 112009]
— |Vub| = (3.93 £ 0.09tat. & 0.07sat. & 0.19pe0.) X 1072

365fb ™! World-best exclusive V., @

@ Inclusive |V, | [PRD 113,032004]
— Measure in different regions of ¢2, EB, mx
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Il era

V| and |V,

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]

— V| = (39.2 & 0.4gtat. & 0.6y, & 0.5¢,.) x 1073 Ve ~
o . tag side
365fb* World-best (fully) exclusive V., @J - Ir’ e
\ /
® Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068] e TR /,
) ,
— |Vep| = (41.7 £ 0.7) x 1073 (Belle + Belle Il rs “w v
. o
62fb Novel inclusive V., determination @- ) / \X
e W
@ Exclusive |V, [PRD 111, 112009] 9 I\ )
— |Vub| = (3.93 £ 0.09tat. & 0.07sat. & 0.19pe0.) X 1072
365fb ! World-best exclusive Vy;,
p-value = 0.79 p-value = 0.20 p-value = 0.84
W Preliminary Jedt=365m"1  .Belle Il Preliminary [cdt =365 Belle Il Preliminary [ dt=3651""

@ Inclusive |V, | [PRD 113,032004]
— Measure in different regions of ¢2, Ef, mx

Events.
Events.

DataMC
DataMC
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Il era

V| and |V,

® Exclusive |V_p| [PRD 112, 112009] (also [PRD 108, 092013]

— V| = (39.2 & 0.4gtat. & 0.6y, & 0.5¢,.) x 1073 Ve ~
— . tag side
365fb* World-best (fully) exclusive V., @J - Ir’ e
\ /
® Inclusive |V_p| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068] —0 @ /, ,
) ol sice
— |Vep| = (41.7 £ 0.7) x 1073 (Belle + Belle Il rs “w v
62 Novel inclusive V., determination Gy b= - ‘X
e W
@ Exclusive | V]| [PrD 111, 112009] I\

— | Vub| = (3.93 £ 0.09stat. & 0.07stat. £ 0.19heo.) X 1073

365fb ! World-best exclusive Vy;,

p-value = 0.79 p-value = 0.20 p-value = 0.84
Bel

WPreliminary _[cdt=365m"" ...Belle Il Preliminary _Jcde= 365! Preliminary _[cat=3651-!

@ Inclusive |V, | [PRD 113,032004]
— |Vaup| = (4.01 & 0.19exp. & 0.084e0.) X 1073

Events.
Events.

365fb ! World-bestT inclusive Vi,

[t Depending on model / region, compare BABAR PRD 95 072001]

DataMC
DataMC
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V| and |V,

Il era

@ Exclusive |V | [PRD 112, 112009] (also [PRD 108, 092013]
— V| = (39.2 & 0.4gtat. & 0.6y, & 0.5¢,.) x 1073

365fb™ World-best (fully) exclusive V., @J

@ Inclusive |V 3| [PRD 104, 112011; PRD 107, 072002; JHEP 10 (2022) 068]
— |Vep| = (41.7 £0.7) x 1073 (Belle + Belle 1)

Novel inclusive V,;, determination @-

@ Exclusive |V, [PRD 111, 112009]
— |Vub| = (3.93 £ 0.09tat. & 0.07sat. & 0.19pe0.) X 1072

365fb~" World-best exclusive V., @

@ Inclusive |V, | [PRD 113,032004]

62fb

— |Vaup| = (4.01 £ 0.19¢xp. & 0.08¢pe0.) X 1073

365fb ! World-bestT inclusive Vi,

[t Depending on model / region, compare BABAR PRD 95 072001]
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New era of precision with Belle Il
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Incl. Global Fit 2024 Incl. Global Fit 2024
—— ——
Excl. HFLAV 2024 Excl. HFLAV 2024
== ==
Belle 11 D*fv Belle I mfv
—_— —
Belle I Dfv Belle 11 pfv
— = — e
Belle + Belle IT XA Belle I X1
—— ——
. . . . . . . . . .
34 36 38 40 42 2.0 25 3.0 35 40
[Veo| x 10% [Vap| > 107




Looking ahead

E[PRL 131, 211801]

Simultaneous determinations

g

Events (M < 1.7 GeV)
gz 88

3
g 12
F 100

g o075

@ Measure inclusive and exclusive |V,;| at
Belle

— Eliminate experimental differences!
@ Compatible but statistically limited

= O(10ab™ ') @ Belle II?
= Extend to |V |?

J
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Looking ahead

Simultaneous determinations

E[PRL 131, 211801]

Events (M < 17 GeV)

ta/M

@ Measure inclusive and exclusive |V,;| at
Belle
— Eliminate experimental differences!

® Compatible but statistically limited

= O(10ab™ ') @ Belle II?
= Extend to |V |?

J

12/23 February 18, 2026

‘3 [PRD 112, 072002]

N

Leptonic decays

[arXiv:2602.09800]

+
+ |
il

@ Direct Vg, coupling!
@ Orders of magnitude lower branching
ratios

= O(10ab™') @ Belle II?
= B. — fv @ FCC-ee?

Philipp Horak: Semileptonic decays at Belle Il
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Lepton-flavor universality

= %% university
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Lepton-flavor universality

In the Standard Model, W couples equally to e, u, 7

< Lepton-Flavor Universality (LFU)

Different Non-SM contributions can violate LFU:

14/23

February 18, 2026

Charged Higgs
SUSY
Lepto-quarks
etc.

Philipp Horak: Semileptonic decays

at Belle Il
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Experimental status for R(D™))

® Measurements performed at Belle, BaBar, Belle Il, LHCb

04 ™ 65% T Fortours

R(D*)

0.35

0.3

R (D<*>) -

B(B — DYtv,)
B(B — D®)lyy)

[ Experiment  Channels 7 decay mode Tagging / Notes
- BaBar R(D),R(D*) T = v, Hadronic tag
r Belle® R(D),R(D*) T = v, Hadronic tag
0.25 = Belle” R(D*),P;(D*) 7~ —a (")v,  Hadronic tag
- Belle® R(D), R(D*) E 77 Semileptonic tag
= ] LHCb® R(D), R(D") T W v
LHCb® R(D*) 77 =31 (r")v.  via K(D") ratio
0.2~  $HFLAV SM Prediction R(D) =0342 ++0 026, -] LHCb® R(D*),R(D**) 77 = p vy
I R(D) =0.298 +0.004 R(D ) O 287 0012‘0‘“ 7 Belle Il R(D*) L a7 Hadronic tag
- R(D*) =0.254 +0.005 F’(XZJ 35% =
C.o v v vy vy [ See: [HFLAV]
0.2 0.3 0.4 0.5

R(D
2024 status (before Run 1 Belle Il results): 3.20 ()
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https://arxiv.org/pdf/2411.18639

Belle Il results of R(D™)) and R(X) measurements

R(D*) PRD 110, 072020 R(X_.) PRL132, 211804

Partial Run 1: 189 fb~! Partial Run 1: 189 fb~!
Hadronic tag-side Hadronic tag-side

R(D") constraint R(X) constraint

R(D")
R(D")

Leptonic 7 decay Leptonic T decay

R(D) R(D)

Most recent:

R(D) and R(D™)

:; R(D) - R(D") constraint
Full Run 1: 365 fb~* Full Run 1: 365 fb~! =
Hadronic tag-side
Leptonic T decay Leptonic T decay
PRD 112, 032010 To be submitted R(D)



https://doi.org/10.1103/PhysRevD.110.072020
https://doi.org/10.1103/PhysRevLett.132.211804
https://doi.org/10.1103/fmn3-h8fy

SL vs. hadronic tag-side

Semileptonic tag

SL decay of By, B — D*tv decay of Byjy

1 Higher efficiency

| Lower purity

® Restricted to B® modes only
@ Leptonic 7 — fvv

Signal extraction with High-level features

17/23 February 18, 2026
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Hadronic tag

Tagged

g
(Full Event Interpretation)

-~ -Signal

} Leptonic r decay

1 Lower efficiency
1 Higher purity
+ Both BY and B* modes
@ Leptonic 7 — fvv
Signal extraction with Low-level features
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SL vs. hadronic tag-side

Semileptonic tag

DY |

fitted signal yield 19

J et =5t

D

‘ o ®

ot sttt HﬁM

ot

245052, bin number

252, bin number

2grvS 2, bin number

@ Use BDT classifiers
— z,: Tauonic signal
— zy: Semileptonic normalization
— zpga: Background candidates

@ Fit z- VS. zdig = 20 — Zbgd

17/23 February 18, 2026

e

2452, bin number

Hadronic tag

[Lat=365 10"

F o
o (weszocer)

=

B hadvonic B decay.
3 continuum
oters

Wil il

@ Fitin EECL VS. Méiss
— Low Egqr,: Signal and normalization
— Low M2, .: Normalization
— High M2,_.: Signal

iss*®
® M2, > 1.5CeV & Egcr < 0.4Gev: Nice signal peak!

University
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Comparison: Results & Systematics

Hadronic tag

&) &)

R(D*T) = 0.306 + 0.034stat & 0.018ys R(D*) = 0.242 = 0.0195¢at =& 0.0164ys
R(D+) = 0.418 £ 0.074stat £ 0.051sys R(D) = 0.439 +£ 0.055stat & 0.0455ys
(p = —0.24) (p = —0.4stat — 0.2sys)
[R(D) / R(D*)] [R(D) / R(D*)]
Simulation size 8% /4% Simulation size 8% /5%
Lepton ID 9% / 1% SL Gap 3% /3%
SL Gap 6% /0.1% Continuum bkg 2% / 2%
Total systematic  12% / 6% Total systematic  10% / 7%
Statistical 18% / 11% Statistical 16% / 8%
World average: 0.60 World average: 1.30
SM prediction: 1.7¢ SM prediction: 20 / 1.50

Most precise hadronic tag!

., . University
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R(D), R(D*) in the Belle Il era

Belle Il results in good agreement with each other
and closer to World Average

Bellell  Preliminary [cdt = 365 fo?

0.45
This work (68.3% C) v&‘;[‘i\;’;g{zasg[ezsl
~— Bellelihad. tag 2024[23] 4 gy [5-10]
Belle Il sem.tag 2025 [24]  ___ sM exp. R(Xy)

0.40 == Belle Il had. R(Xz) [24]

0.35
~
Q
= R
& 0.30 R

x> x
N
<
B
+
0.25 [
N
N
™
S
S
0.20 X
=
=

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
R(D)

University
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R(D), R(D*) in the Belle Il era

Belle Il results in good agreement with each other
and closer to World Average

B e S B v oy e e
* - 68% CL ontours B
a) HFLAV ° ]
X o ]
0.35— -
r Bdle -
0.3 -
025 -
r LHCh / Bdlell ]
[ $Heav Sy Preciction el ]
0.2 ROh <635+ 0505 R(D) = 03582 024y, —
r +u QCD FLAGE! (M=2+1 or RD") E(:D ) o 28LE 000, 1
- R{ ) oﬂzgzgougggl L | P(x?) = 27% | 4

O 2 0. 3 0.4 0.5

R(D)
Global tension with Run 1 Belle Il results increases to 3.8¢!

University
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R(D), R(D*) in the Belle Il era

Belle Il results in good agreement with each other
and closer to World Average

g o B H_FTA_V T T T T T T T sy L bontours T
¥ f BeBar 1
0.35- -
. Belle ] L. L

o3f , ] Statistically limited
i &#\ - :
0.25- > -
- LHCb ™ / Bdlell ]
[ FHrLAV SV Prediction — 1
02f | R om0, ]
[ +Lqop FLacea (ni=2+1 for RD*) RED;) =0.281+0.01L,, 4
o R(D) = 0.2938 + 0.0054 P—v07374 .
- (oY = 0288200051 P(X?) = 2% | ]

0.2 03 0.4 05

R(D)
Global tension with Run 1 Belle Il results increases to 3.8¢!

University
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R(D), R(D*) in the Belle Il era

Belle Il results in good agreement with each other
and closer to World Average

g o B H_FTA_V T T T T T T T sy L bontours T

¥ f BeBar 1

New Physics or oasf E

? E Bl ] L L.

T ek p : ] Statistically limited

- &#\ N =

0.25F > 3

- LHCb ™ / Bdlell ]

[ $HFLAY SM Prediction — 1

02f  Roh om0 R(D)=0358+0024,,  —

[ +Lqop FLacea (ni=2+1 for RD*) RED;) =0.281+0.01L,, 4

o R(D) = 0.2938 + 0.0054 P—20}74u .

[, fOp=omesocs ) g ROFEE L

0.2 03 0.4 05

R(D)
Global tension with Run 1 Belle Il results increases to 3.8¢!
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secret third topic

= %% university
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What is the composition of semileptonic decays? | see: k. van Tonder

BB = X't'y) ~ 10.79%

< >
< >
D%y, D*¢ty, D**°¢*y, + Other | Gap
2.31% 5.05 % 2.38% ~ 1.05%
D** and gap leading systematic for many measurements!
28
26 F
E Dy 7 D, 2
o 24 "
3 LP
5 oof
20
£ /  S-wave
F P-wave
18 D-wave
23 February 18, 2026 Philipp Horak: Semileptonic decays at Belle II

Updating with recent
HFLAV gives 1.8%!

University
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

What is the composition of semileptonic decays? | see: k. van Tonder

B(BT - X’ry) ~ 10.79%

A

>
>

D¢ty D¢ty D**%"y, + Other | Gap Updating with recent
2.31% 5.05% 2.38% ~1.05% HFLAV gives 1.8%!

D** and gap leading systematic for many measurements!

Decay B(B") B(B®) Well measured
us B— Dty (2440.1) x 1072 (2.2+0.1) x 10‘2/

E B-D'fTy, (55+01)x107% (51+0.1)x 1072
26 B Dy, (66+0.1)x10"° (6.2+0.1) x107®
F tp B B DyfTy, (29403)x107° (27+0.3)x107% Room for improvement
aik - gy - B Dylty, (42+08)x107° (3.9+0.7)x 107>
s F P B Ditty, (42409)x10™° (3.9+08)x107®
= e B— Drntty, (0.6+£0.9) x10™° (0.6+0.9) x 1072 Some hints from
F B D'rnlty, (22£1.0)x107° (2.0+£1.0)x 1072 BaBar & Belle
20
: /S ?
F P-w
L8| D-wave B — Xty (10.8+0.4) x 1072 (10.1 £ 0.4) x 1072

(%% University
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

What is the composition of semileptonic decays? | see: k. van Tonder

B(BT - X’ry) ~ 10.79%

Updating with recent
HFLAV gives 1.8%!

/ Well measured

< >
D%y, D*¢ty, D**°¢*y, + Other Gap

2.31% 5.05% 2.38% ~ 1.05%

D** and gap leading systematic for many measurements!
Decay B(B") B(B°)
25 B—D(y, (2440.1) x 1072 (2.2+0.1) x 1072
£ B D0y, (55+01)x1072 (5.1+0.1)x 1072
26F B D tty, (66+0.1)x10"° (6.2+0.1)x107®
F B-Dyfty,  (29+03)x107° (27+0.3)x107%
aib B Dyl y, (42408)x10™° (3.9+0.7)x107°
g F B D tty,  (42409)x10™° (3.94+0.8) x107®
= ol B— Drrfty, (0.6+0.9)x 107° (0.6+0.9) x 107°
F B—D'rnlty, (2241.0)x107° (20+1.0)x 1072
20F B—Dnlty, (40+4.0)x10™° (4.0+4.0)x107°
F B—-D'nlty, (40+4.0)x107° (4.0+4.0)x107*
Lsf B — Xty (10.8 +£0.4) x 1072 (10.1£0.4) x 1072
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Room for improvement

Some hints from
BaBar & Belle

“Best guess”
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

What can we do?

High precision D**

PRD 107, 092003]

300 |- Belle
o B"— Dz etu,

— Background
— Continuum|
3

Candidates / (0.025 GeV
8

® Improve the D (m)énu
modes

® Understand the D**
hierarchy

Huge potential with
O(10ab™)
;2/23 February 18, 2026
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What can we do?

PRD 107, 092003]
S

High precision D**

3 300} Belle
o B D7 etu,
o 250
=3 i
S
= 200 = Background
@ e Continuum|
)
T 150 — 3
g
3
& 100
8 |
50 A
5 s
H
o Pl
s |
1 0.5 0 05

T 15 _ 2
U=E, -p_c(GeV)

Improve the D7 (7)énu
modes

Understand the D**
hierarchy
Huge potential with
O(10ab™)
;2 23 February 18, 2026

BELLE had.tag B

0.054 +0.022 + 0.005

BABAR had.tag

0.308 + 0.040 +0.047

Average

0.084 +0.021

HFLA

b)

dof = 1100/ 1 (CL = 0.1%)

0.2

0 0.2
B(B - D1 v) B(D;O - D' ) [%]

0.4
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What can we do?

éPRD 107, 092003]
s

High precision D**

2 300 |- Belle
o B~ D7t
8 250
g
s
= 200
8
T 150
g
3
§ 100
o
50 MR Ay
E 5
0 M\{Fﬂumﬁ%mﬁvwwﬂﬂwn#‘vm
= \

TTos o o5 1152
U=Epy Py, € (GEV)

Improve the Dx(7)¢nu
modes

Understand the D**
hierarchy

Find gap modes

B — D™t never
measured before

Primary candidate for
gap mode

Sensitivity with O(1ab™?)

Huge potential with
O(10ab™)
N
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What can we do?

PRD 107, 092003]
s

High precision D**

300 [ Belle
B DOn~ety,

250

— Background
— Continuum|

— B.

Candidates / (0.025 Ge'

Pull

0 wmrprumn}w-wn wﬁﬂw.#—w‘c‘lml‘i

TTos o o5 1152
U=Epy Py, € (GEV)

Improve the Dx(7)¢nu
modes

Understand the D**
hierarchy

Huge potential with
O(10ab™)

Find gap modes

B — D™t never
measured before

Primary candidate for
gap mode

Sensitivity with O(1ab™?)

Revisiting Bs1,

Bsi(X) (%) Bsu(X) (6)
Belle (E; > 0.6 GeV, - 10.54 £ 0.31
Belle (E; > 0.4 GeV) - 10.58 £ 0.32
CLEO (incl.) 10.91+£0.26  10.72+0.26
CLEO (E¢ > 0.6) 10.69 + 0.25 10.50 £0.25
BaBar (incl.) 10.34 £0.26  10.15+£0.26
BaBar SL E; > 0.6 GeV - 10.68 £0.24
Our Average - 10.48 £0.13

How large is the gap?

Last measurement in
2007

Slight tensions

Different Bsr would have
many implications

N
[N

N

@
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Summary

Belle Il is uniquely positioned for semileptonic decays

@ Pushing precision frontier on V., and V,
@ First R(D), R(D*) runl measurements on the board
@ Best candidate for uncovering the details of the SL spectrum

If not Belle Il, then only FCC-ee!

Thank you!

University
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Back-up



V,» measurements at Belle Il

|V.p| Exclusive

[B — D/ (incl. tag)]
Phys. Rev. D 112 (2025), 032010

B® — D* ¢t (incl. tag)
Phys. Rev. D 108 (2023), 092013

|Vep| Inclusive

B — X v (¢°> moments, had. tag)
Phys. Rev. D 107 (2023) 072002
JHEP 10 (2022) 068

B — X.fv (Mx moments, had. tag)
arXiv:2009.04493

2/2 February 18, 2026

|V | Exclusive
B® — w0t w,, BT — p%*tu, (incl. tag)
Phys. Rev. D 111 (2025) 112009

B — 7v (had. tag)

Phys. Rev. D 112 (2025), 072002
[ B — pv (incl. tag) ]

Paper in preparation

N

|Vus| Inclusive

[ B — X, ¢v (had. tagged)j

Paper in preparation
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