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Introduction
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Lepton flavour universality tests
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Test lepton flavour universality by
studying decays to heavy 1 leptons versus
light e, u leptons

o  Observing lepton flavour universality violation
would be a clear signature of non-SM couplings
with the 3™ fermion generation

Measurements by BaBar, Belle, LHCb and
now Belle Il

Long standing discrepancy currently
standing at 3.8c for the combined value of
R(D(*))

Belle Il also offers the possibility to test
LFUV in angular asymmetries of SL decays
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Experimental setup Belle Ii

S u pe rKE KB Time-of-Propagation
. K, and Muon detector (KLM — caurtter (TOF)
Interaction v el . - |
Region Belle Il detector " e ngimaging |

| ch

K

erenkov counters (ARICH

DEPFET pixels (PXD)

Vertex Detector (VXD):
Double-sided strip detectors (SVD)

electron / positron
linear injector

mber (CDC) I

Ele T KampIE S ~417 spatial coverage
Well known initial state
= Measurements with missing energy
+ Possibility to reconstruct neutral and
soft particles
Run 1 luminosity: 365.37 + 1.70 fb™’

Asymmetric-energy e*e” — Y(4S) — BB
Centre-of-mass energy = 10.58 GeV
World record instantaneous luminosity
5.1 X 103 cm? s (27/12/2024)
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Inclusive Tag
. 1  e=0(100%
B-meson tagging R o Bﬁg
;J Semileptonic Tag /li
e Reconstruct one signal B decay and one partner B~ £ | <= 01(2% R,
. ] . . . i nowledge of By, S
to constrain signal-side kinematics and suppress e .
Hadronic Tag
background c— 0(0.1)% _6
Exact knowledge of B

tag
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B-meson tagging
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Reconstruct one signal B decay and one partner B
to constrain signal-side kinematics and suppress
background

Reconstruct tag B in its hadronic decays

— tight kinematic constraints

Efficiency e

o No tag-side missing energy LS
— high signal purity

— low efficiency ~0.5% g

A

T

Inclusive Tag

e = O(100)% 4@%
Consistency of Bmg
Semileptonic Tag /[E

e=01)% e,
Knowledge of B

tag L

Hadronic Tag g
e=0(0.1)% <<<
Exact knowledge of B

tag
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B-meson tagging
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Reconstruct one signal B decay and one partner B
to constrain signal-side kinematics and suppress
background

Reconstruct tag B in its semileptonic decays

— higher efficiency than hadronic tag ~2%

Efficiency e

o BF(B— D" |v)~10% K
— |less precise constraints
— larger background ™

Inclusive Tag
e = O(100)% 4@%
Consistency of By,,

Semileptonic Tag /]E

e=0W)%  —

Knowledge of By,, v

Hadronic Tag g
e=0(0.1)% —<<<
Exact knowledge of B

tag
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B-meson tagging

e Reconstruct one signal B decay and one partner B
to constrain signal-side kinematics and suppress

background

<G

Don’t reconstruct tag B

— very high efficiency ~100%

— no Kinematic constraints

Rarely used in semileptonic measurements

Efficiency e

Inclusive Tag
e = O(100)% 46%
Consistency of By,,

Semileptonic Tag =
e= 0% —B(\[S

Knowledge of By,, v

Hadronic Tag g
e=0(0.1)% —<<<
Exact knowledge of B L4

tag
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B-meson tagging

Full Event Interpretation

<G

Hierarchical approach to
reconstruct B mesons

~10* decay chains

At each stage, the reconstruction
quality of a particle is determined
using a BDT

Similar method in Belle: Full
Reconstruction (FR)

FEI reconstruction efficiency ~2.5X
larger than Belle FR

Comput Softw Big Sci 3. 6 (2019)
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https://link.springer.com/article/10.1007/s41781-019-0021-8

A quick guide to test LFU at Belle |l
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A quick guide to test LFU at Belle Il

e Pick your hadronic system

o D, D’, inclusive system (unique to Belle I 1)

o Cannot measure R(D) only because of
feed-down background B — D’ 1 v which is
hard to distinguish from B — D v

<G
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A quick guide to test LFU at Belle Il

e Pick your hadronic system

o D, D', inclusive system (unique to Belle I1 !)
e Pick your tagging strategy

o Hadronic, semileptonic, inclusive
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A quick guide to test LFU at Belle Il

e Pick your hadronic system
o D, D’, inclusive system (unique to Belle I 1)
e Pick your tagging strategy

o Hadronic, semileptonic, inclusive
e Pick your r decays

o Leptonic, hadronic
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A quick guide to test LFU at Belle Il

e Pick your hadronic system

o D, D', inclusive system (unique to Belle I1 !)
e Pick your tagging strategy
o Hadronic, semileptonic, inclusive

e Pick your 1 decays S
o Leptonic — \
o Hadronic
m More background from hadronic
decays
m Reconstruction of m°
m 1 neutrino — measure 1 polarisation

T S U VY

T > Ve
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A quick guide to test LFU at Belle Il

e Pick your hadronic system
o D, D', inclusive system (unique to Belle I1 !)
e Pick your tagging strategy
o Hadronic, semileptonic, inclusive
e Pick your r decays
o Leptonic, hadronic
e Pick your D/D" decays
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A quick guide to test LFU at Belle |l

<G

Pick your hadronic system

©)

Pick your tagging strategy
Hadronic, semileptonic, inclusive

©)

D, D', inclusive system (unique to Belle Il )

Pick your 1 decays

©)

Pick your D/D” decays
Pick your fit variables

Leptonic, hadronic

Belle 11 JLdr=189b™"!
00 I Xev Xuyy R
12500 [ e: Background u: Background [
c I c: Continuum u: Continuum [N
o) MC tot. unc. MC tot. unc.
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N
w
o
o

N O N
oNoNele)
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residuals
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A quick guide to test LFU at Belle Il

e Pick your hadronic system

o D, D', inclusive system (unique to Belle I1 !)
e Pick your tagging strategy

o Hadronic, semileptonic, inclusive
e Pick your r decays
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— measure your LFU ratio or asymmetry j b >
- LHCb a
0.25 —AS b
Belle II JLdt =189 fh™! C . 7]
. T —= —— = 7 a . / \ />/ ]
e = - —s) B Belle I - .
S 0.2 : R(D*) = 0.254+ 0.005 g%gl{-ofi’giobogﬁ“‘“ —
- = —— : L-QCD FLAG24 (Nf=2+1 for R(D*)) e ] :
; = = — L B b :
' 2 £ . = 0.2 0.3 0.4 0.5
5 - R(D)
-02 —-01 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2 17

INFN A® = Agn AR — Al AA = AF — A°



Common features

Common variables

e Leptonic system mass squared: g°
o Recoil parameter w

<G

¢ = (pe+pu,)?

 ME+ M} - ¢

2MpMp
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Common features

Common variables

e Leptonic system mass squared: g2
o Recoil parameter w
e Missing mass: M?

miss S 3
— ] missing neutrino

>1 missing particle

Candidates

‘
12
M miss
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Common features

Common variables

e Leptonic system mass squared: g2
o Recoil parameter w

e Missing mass: M?

e cosO,,

miss

2ELEL — M2 — M2

cosfpy = —
2|pBHpY|

Y = DI system

<G

Candidates

— 1 missing neutrino

—— > 1 missing particle
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Common features

Common variables

<G

Leptonic system mass squared: g2
o Recoil parameter w

Missing mass: M?

cos 0,

Total energy of neutral clusters not

used in Btag or hadronic system:

EE CL

miss

Candidates

Signal decay with neutrinos

Background with
unreconstructed particles

extra
EECL
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Common features

Modelling of SL decays to charm mesons

e B—->Dlv

<G

1.8

D158 D-wave
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Common features

Modelling of SL decays to charm mesons

e B—->Dlv
e BD'lv

<G

2.8

2.0

1.8

P-wave
D-wave

23




Common features

Modelling of SL decays to charm mesons

e B—>Dlv . X
* W 2S5
e B—->Dlv - ]
*% L ) D
e BHD"Iv — F D B
- s s O Dy 2&
§ 2.4 __ T T ﬂ”ﬁﬂ- 7r7r\7r
S [ mn | e T 1
S 2.2 =T 771077
2.0 F 77
- A / S-wave
C P-wave
- D18 D-wave
24
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Common features

Modelling of SL decays to charm mesons

<G

B—DIlv~22% Total B — X_/ v inclusive BF ~ 10.6%
B—Dlv~51% ’
B — D/lv

B—D"1v~1.3%
+ small contribution from
o B—-DUmmlv

o B—DO Klv
= about % about B — X_ /v decays not
included

25



Common features

Modelling of SL decays to charm mesons

<G

B—DIlv~22% Total B — X_/ v inclusive BF ~ 10.6%
B—Dlv~51% ’

B—D"1v~1.3%
+ small contribution from
o B—-DUmmlv

o B— D(*) Klv
= about % about B — X v decays not
included T~

= add B — D" L [ v decays simulated

via decays of D" resonances — 100% B — D™y
BF uncertainty

B — Dty

26



Common features

Modelling of SL decays to charm mesons

<G

B—DIlv~22% Total B — X_/ v inclusive BF ~ 10.6%
B—Dlv~51% ’

B—D"Iv~13% B Div
+ small contribution from B - D*fy
o B—DOmmlv

o B—DO Klv
= about s about B — X_ /v decays not A
included S

= add B — D’ n | v decays simulated
via decays of D" resonances — 100%
BF uncertainty

Form factor modelling of all B — X_ /v
decays updated using Hammer
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LFU tests at Belle i

Presented today

R(D) and R(D’) with hadronic tag
R(D*) and R(D™) with semileptonic tag
R(X, /u) and R(X_ )

Angular asymmetries in B — D" | v

<G
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R(D™) measurement with
hadronic tag at Belle Il



R(D™) with hadronic tag To be submitted

e This measurement supersedes the previous R(D’) measurement with hadronic tag
o ~2% more data
o Extends to R(D)

e Efficiency is maximised by reconstructing all D" decay modes and 13 D decay modes
o D™ — D%, D'
o D% — D% D%

D ipoxo). Dipoy’ D" D™
Signal B — D*rtv 124 £+ 10 64+ 5 107 £8 380 &+ 30 63 £ 5
B — Dtv 0£0 240 32+ 4 340 + 43 148 £ 19
Normalisation (B — D/ 2899 £+ 66 1417 £+ 32 2598 £ 59 10638 + 235 1624 + 37
. B — Dlv 440 7T+£0 215 £ 7 2882 4+ 87 1226 + 37
dominates B — D™ 1/(£)v 60+31 29+24 191 +£58 731 134 294 + 64
Dominant gap modes 21 £25 42+£15 5350 240494 90 £ 46
k hadronic B decay 86 £ 25 4412 166 =38 469 95 126 £ 25
bac grounds continuum 3 2 33 181 84
other backgrounds 0 0 0 1 4
Total 3197 1567 3395 15862 3659
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R(D™) with hadronic tag

e Main backgrounds are validated using B — D" 1’ | v events

To be submitted

o From a fit to this sideband, gap modes appear to be smaller than expected

— confirmed in the main fit (40—-80% less)
e Binned extended maximum-likelihood fit to EECL and M?

Belle Il Preliminary

@
3

D**
M2, >1.5 GeVc*

N w IS
S S 3

Candidates/(0.05 GeV)

Q!

T
,éfi”; }

Pull

"0 02040608 1 12141618 2

0 02040608 1 12 14 16 18

Belle Il Preliminary

0 02040608 1 12 14 16 18 % 02040608 1 12141618

0 02040608 1 12 14 16 18

Pull Candidates/

j*Hﬂui*‘ia $
E 0 2 4

}*thiii;;‘

bty g b b

(R TR RS S L

6 8 1
-2

e 4 6 8
M2, [ GeVac*]

B—)D*TV

modes



R(D™) with hadronic tag

Result

Most precise determination of R(D(”)
with hadronic tagging

Belle Il preliminary

0.451 Thi K World average
15 WOl HFLAV 2025
——— Belle Il had. tag 2024 + sMm
Belle Il sem.tag 2025 —.~ SM exp. R(Xgz)

0.40 —— Belle Il had. R(X)

0.351
—
*
Q SN
R 0.301 o

\.\. X
S
&
N
1 +.
0.25 SN
\.
~.
\.
o~
2
&t
0.20 N
0
=
~

020 0.25 0.30 0.35 0.40 0.45 0.50 0.55

R R(D)

R(D*) = 0.242 + 0.019(stat.) + 0.016(sys.)
R(D) = 0.439 + 0.055(stat.) = 0.045(sys.)
p = —0.4(stat.) + 0.2(sys.)

R(D) agrees within 2.00 with SM
R(D’) agrees within 0.50 with SM

Combination agrees within 1.30 with
world average and within 1.50 with SM
prediction
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R(D™) with hadronic tag

Result

Most precise determination of R(D")

0.451
0.40

0.351

R(D")

0.251

0.20+

<G

with hadronic tagging

Belle Il preliminary

R(D*) = 0.242 + 0.019(stat.) + 0.016(sys.)
R(D) = 0.439 + 0.055(stat.) = 0.045(sys.)

p = —0.4(stat.) + 0.2(sys.)

World average

This work HFLAV 2025
——— Belle Il had. tag 2024 + sMm
Belle Il sem.tag 2025 —.~ SM exp. R(Xgz)

~——— Belle Il had. R(X+;)

020 0.25 0.30 0.35 0.40 0.45 0.50 0.55
R(D)

Source R(D*) R(D) p
Simulation sample size 4.8% 8.4% —0.44
gap-mode branching fraction 2.6% 2.6% 0.00
B — D**7~ /(¢”)e branching fractions 0.3% 1.3% 0.25
Hadronic B decay branching fractions 1.6% 1.5% —0.26
Form factors 0.5% 0.9% —0.70
Fraction of misreconstructed D™ 0.5% 1.2% 0.00
Continuum background 24% 2.1% 0.93
Fit biases 0.3% 1.2% 0.00
Low-momentum 7, efficiency 2.2% 2.4% 0.99
Other efficiency corrections 0.7% 1.4% 0.92
B-tagging efficiency of data 0.9% 1.8% —1.00
B-tagging efficiency of B — Dtv 0.1% 1.8% 1.00
M?2;.. resolution 0.5% 0.8% 0.48
Total systematic uncertainty 6.7% 10.2% —0.20
Statistical uncertainty 8.3% 16.3% —0.40
33




R(D™) measurement with
semileptonic tag at Belle Il



PRD 112, 032010 (2025)

R(D™) measurement at Belle Il

e Performed with B® decays and semileptonic tag

o B,,—DD*Iv
e T are reconstructed in their leptonic decay

channels
O 1—>/lvv K

o Reject r on the tag-side to avoid cross-feed
m Lepton momentum > 1 GeV on tag-side w% 7
e D mesons on both sides are reconstructed - @<
through various decays to K*, K, m*, m°
o Tag side: 26 decay modes ve
o Signal side: 13 decays modes ¢

5

35
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https://journals.aps.org/prd/abstract/10.1103/fmn3-h8fy

R(D™) measurement at Belle Il

e ABDT algorithm is used to
separate the events in 3

classes
O  Semitauonic signal events
O

O Background events
e Most discriminating input
feature is cos@,,

<G

0.4

Events (Normalized)
©

0.0

0.3

0.17

PRD 112, 032010 (2025)

B° - D7y,

B - D¢,

B — D**¢-7, + B® = D¥*¢-1,
gap

BB & continuum background

—15

—10 ? 0

Sig )

cos(fpy
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https://journals.aps.org/prd/abstract/10.1103/fmn3-h8fy

R(D™) measurement at Belle Il  PRD 112, 032010 (2025)
Belle II J L£dt = 365"

e ABDT algorithm is used to
separate the events in 3

classes
O  Semitauonic signal events
o)

O Background events
e Most discriminating input
feature is cos@,,
e FEach eventis assigned a BDT
score 7,2, Z,,
e The signal is extracted in a 2D
binned template fit of z and

2y~ 4174y

<R ’ 7 7

Density of data events

kg -25 -20 -15 -1.0 -0.5 0.0 0.5 1.0 -25 -20 -15 -1.0 -05 0.0 0.5 1.0


https://journals.aps.org/prd/abstract/10.1103/fmn3-h8fy

R(D™) measurement at Belle I D1y

Results

D*|v
e Fit performed over 4 separate channels: D*e’,
b e Backgrounds
D*u, D™e", D™ u
Measurement is statistically limited - 50" b | 800
| [ | ::—aD : 'r—v, post-fit s
The leading systematic uncertainties are 100 o 700t 700
o The finite size of the simulated samples Banon b BN s i Ry
o The lepton identification efficiency and fake rate = = i e o

e

B BB and Continuum Bkg. inD"*¢ ©

e ™
Uncertaint:

000 f " 2

corrections g «

g

§

Numbe

1000 kg

R(D*) = 0.418 £ 0.075(stat) & 0.056(syst)
R(D*t) = 0.306 & 0.035(stat) & 0.018(syst)

Data / MC

0 2 4 6 & 10 12 14 16 18 20

Zdiff VS. zy bin number 38
INFN



R(D™) measurement at Belle Il  pro 112, 032010 (2025)

Results
Belle 11 f Ldt = 365fh~!
0.45 1 HFLAV averag
This work (68.3% CI) Belle 11 (?nl(; a[g’;] (68.3% CI)
This work (39.3% CI) World average
Belle II had. tag HFLAV 2024 [25] (68.3% CI)
0.40 - 2024 [23] (68.3% CI) SM exp. R(X,¢) (68.3% CI)
Belle II had. R(X, /) [24] M o e
== (68.3% CI) /€ 4+ SM [2-10] (68.3% CI)
0.351 ,
=l : \ \ b
S5 \ \ X b
@ 030' \'\. N \\\ \l
: \x N P
NG > -
= i e <
0.251 R : —
=
=
~.
=
=
\.\
0.20 1 TN
=
=
0.20 0.2 0.30 0.35 0.40 0.45 0.50 0.55
R(D)

<G

R(D") = 0.418 4+ 0.075(stat) + 0.056(syst)
R(D*+) = 0.306 = 0.035(stat) = 0.018(syst)

Combination agrees within 0.6 with
world average and within 1.70 with
SM prediction
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https://journals.aps.org/prd/abstract/10.1103/fmn3-h8fy

R(X) measurement with
hadronic tag at Belle |



PRL 131, 051804 (2023)
R(X) PRL 132, 211804 (2024)

e Inclusively reconstructed hadronic system X
o No specific requirements applied on hadronic system
e — hadronic tagging is necessary because of presence of multiple neutrinos

e Measure e-to-u and r-to-light lepton ratios
o Both are measured for the first time

T
L BO @ fnnnn
wt .
)
+ S N

L K- \U / DT a ‘

S -\ y. : 4
K_(/DO \‘;71__*_ < 7][ \ S ;

i - »
INFN


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211804

PRL 131, 051804 (2023)
R(X) PRL 132, 211804 (2024)

e Observed mismodelling for the measurement of R(X )

o Suspect #1: D meson decays, in particular decays involving a K,
o — extract correction factors in bins of hadronic system mass in
high-lepton-momentum region

e Fit to lepton momentum to extract R(Xe/,,)

e Fit to lepton momentum and MZmI.SS to extract R(X )

Belle II JLdr=189fb!

M2 €(1,23]| M3 €(23,4]| M2 E(4,6] | W Xr—ewly
B Xev
[ BB Background
I Continuum
MC tot. unc.
¢ Exp. data

Ml’%‘liSS € (6’ 8] MI%liSS >3

- MI%liSS<1

N
o
T

2.4r

20

=
[o)]
T

1.6 |

=
N
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o]
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(O]

o
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(O]
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- E

(e}

— 4

i)

()]

(U] g:

n:_ g: ~ = e &

e2¢, b
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211804

R( )() PRL 131, 051804 (2023)
PRL 132, 211804 (2024)

Results

° R(Xe/y) compatible with SM prediction: 1.006 £ 0.001
e R(X ) compatible with SM prediction: 0.223 £ 0.005

Uncertainty [%]

Source . o ¢
Experimental sample size 8.8 12.0 71
Simulation sample size 6.7 10.6 5.7
R(X.;,) = 1.007 + 0.009 (stat) + 0.019 (syst) Tracking efficiency 29 33 30
& Lepton identification 2.8 5.2 2.4
X lv reweighting 7.3 6.8 71
R(XT/E) — 0.228 + 0.016 (stat) + 0.036 (Syst) BB backgro.und rewseighting 5.8 11.5 5.7
X /v branching fractions 7.0 10.0 7.7
X7v branching fractions 1.0 1.0 1.0
X.7(0)v form factors 74 8.9 7.8
Total 18.1 25.6 17.3

@?l\l 43


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211804

R( )() PRL 131, 051804 (2023)
PRL 132, 211804 (2024)

Results
° R(Xe/y) compatible with SM prediction: 1.006 £ 0.001
e R(X ) compatible with SM prediction: 0.223 + 0.005
e Subtract contribution from D™, gap and charmless
hadronic systems yields constraint on R(D) and R(D’)

+ = with expected SM contributions of D,.* | X, removed
p (2ap)

035 _ 86//6'[] 68.3% CL contours
(?ijfl
R(X,,,) = 1.007 4+ 0.009 (stat) = 0.019 (syst) _ 030 :_\i:\ 5’917,\7
Q L ‘\::\\
R(X, ;) = 0.228 £ 0.016 (stat) & 0.036 (syst) = oas} gAY 2
020} R

o
SO~y L
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211804

Angular asymmetries in B — D" | v decays



PRL 131, 181801 (2023)

Angular asymmetries

e 3relevant angles in B — D"/ v decays
e 4D differential decay rate expressed as 8 helicity
amplitudes

d‘r 9
= I sin? 6% + IS cos? 8*) + (I3 sin? @* + IS cos? %) cos 20,.
dg*dcos@*dcosf,dy 32rx (7 1 )+ 25 2 ) ¢
+ I5 sin” 0" sin® @, cos 2y + 1, sin 20* sin 20, cos y + I5 sin 20* sin O, cos y

+ (1§ cos® % + I sin® 0%) cos O, + 17 sin 20" sin O, siny
+ I sin 26" sin 20, sin y + I sin® * sin® 6, sin 2y],

<G


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.181801

Angular asymmetries PRL 131, 181801 (2023)

e 3relevant angles in B — D"/ v decays
4D differential decay rate expressed as 8 helicity
amplitudes

e —> construct 5 angular asymmetries from integral

differences
o A S S S S

FB’

x =cos/sin@,, 6, X

ao=(5)" [ - [)oae

<R


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.181801

Angular asymmetries PRL 131, 181801 (2023)

e 3relevantanglesin B— D'/ v decays Ni(w)— N3z (w)
4D differential decay rate expressed as 8 helicity —
amplitudes

— construct 5 angular asymmetries

Measure number of events in two regions to measure

an asymmetry
o Experimental uncertainties cancel

Ar(w)

4 NE(w) + Nz (w)

<G


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.181801

Angular asymmetries PRL 131, 181801 (2023)

<G

3 relevant angles in B — D"/ v decays

4D differential decay rate expressed as 8 helicity
amplitudes

— construct 5 angular asymmetries

Measure number of events in two regions to measure
an asymmetry

o Experimental uncertainties cancel
Measure difference between the electron and muon

asymmetry

o Ag S, and S, are highly sensitive to LUV via their
asymmetry differences

AA(w) = Ax(w) — A3 (w)

_ Ni(w) = Ny (w)
Ni(w)+ N (w)

Ar(w)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.181801

Angular asymmetries PRL 131, 181801 (2023)

<R

: 2 : Belle 1T Ldt =189 fh!
e Fitof M° . in 3 regions of w - _ J
o Low (w < 1.275), high and full range [ ¢ ExpData
| B Signal

800 k- B Background

oo
AFB - Wipel.

600

400

Events per bin

200

-1.0 -0.250.25 0.751.25 -1.0 -0.250.25 0.75 1.25 2.0
2 2
Mmiss [Gev ]
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Angular asymmetries

Ss3
Ss

S7

<G

PRL 131, 181801 (2023)

Fit of M?____in 3 regions of w
miSsSs . L ] ]
Measurement is statistically limited
All measured quantities are consistent with the SM
Leading systematic uncertainty: size of the simulated samples
Belle 1T [Ldt =189 fb~!
Winel. 555 —— —~a 2]
(—— —— Ylow ——]
. Belle II (2023)
;. = (no tag) —
2 Belle (2023)
=1 .
-02 —01 4.0 0.1 0.2 —-0.2 —0.1 0.0 0.1 0.2 —0.2 —-0.1 0.0 Pl 0.2
A — Ay A* — Aghq AA = A* — A®
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Belle measurements

<G



Belle measurements

e 3 measurements of R(D”) used by HFLAV
o R(D"), hadronic B-tagging: PRD 92, 072014 (2015)
o R(D’), hadronic r decay, hadronic B-tagging: PRL 118, 211801 (2017)
o R(D"), semileptonic B-tagging: PRL 124, 161803 (2020)

e + 1 measurement of angular coefficients and asymmetriesin B — D" | v
events: PRL 133, 131801 (2024)

<G
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072014
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.211801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.131801

Belle measurements

2.8

e Key difference w.r.t. Belle Il - modelling

of gap modes :
o Included decay modes

m Radially-excited D/7(2S) modes < 24
m D decaystoa D" and 1 or2

&

pions, a p/n 2.2
m — BF computed from quantum
numbers, phase-space, isospin 2.0
arguments
1.8
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Discussion and conclusions
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Status of R(D"))

e HFLAV averages with all public results as of September 2025

o R(D) exceeds the SM prediction by 2.50
o R(D’) exceeds the SM prediction by 2.30
o Combination exceeds the SM prediction by 3.80

7~ .4 L] L] T T T L] T T T L) L T T
*D L | HELAV J I 68% CL {iontours
z r BaBar

0.35
3 measurements = |

|

Belle
0.3

i'

3 measurements 025

IIIIAIIIIIIIIII

B Belle II
| - HFLAV SM Prediction
R(D) = 0.296 + 0.004
0.2 R(D*) = 0.254 £ 0.005 R(D) = 0.358 i+0~024m1
- $1-Qop FLAG24 (NE=2+1 for R(D™) R 0) 3’72-281 +0.011%,,
B R(D) = 0.2938 £ 0.0054 p=-0.374
- R(D*) = 0.2582 + 0.0051 P(2) = 27%
1 I 1 1 1 1 1 1 1 1 I L L 1 1
0.2 0.3 0.4 0.5
INFN R(D)



Preliminary BaBar measurement

Very preliminary so take it with a grain of salt

Experiment R(D) R(D¥*) Correlation
BABAR 12 (hadronic tag) 0.440 £ 0.058 £0.042 | 0.332+0.024+0.018 -0.27
HFLAV (CKM 2025 average) | 0.281+0.011 0.358 +0.024 -0.374
BABAR 25 (leptonic tag) 0.316 £0.062 £0.019 | 0.226 +0.022 +0.012 -0.82
PRELIMINARY

-X’-\ 04 l I T T | T T

a 68% CL contours

~ Belle® BABAR 12

0.35

Violation of Fundamental
Symmetries with B mesons  ;
workshop

0.25

0.2

<G

mcf

Belle” (

\

—
jast
@)
o

q

Belle

\ 4

This average
does not include
the BABAR 25
preliminary result

|IIIIIIIIIIIIIIIIIIII
—

-+ HFLAV SM Predi

R(D) =0.296 + 0.004

R(D*)=0.254+

'I' L-QCD FLAG24 (Nf=2+1 for R(D*))

R(D)=0.2938 +

R(D*)=10.2582+ 0.0051
I 'l 'l 'l Il

0.0054

. BABAR 25 Belle II°
LIMINAR
0.005

0.2

0.3

0.4 0.5

R(D)
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Discussion

Can we explain the tension without non-SM physics?

e Modelling of B— D" | v decays
o Modelling of D™ lineshapes relies on
narrow-width approximation
m — Breit-Wigner lineshape

But off-shell effects play an important role!

|
m Use on-shell recursion and HQET
|

PRD 110, L091502 (2024) .

JHEP05(2025)239

I : : : ! .
m' = 2460 MeV

D,(—Dmlv -z |
—— OSR+HQET

Fixed-width ]
Breit-Wigner

[10713|Vy g2
o8

ar
dm
—
o

2.0 2.1 22 2.3 24 2.5 2.6 2.7 2.8
Mmpr [GCV]

Generalise the BGL parametrisation to —

decays with multiple final state hadrons
m Heavy hadron chiral perturbation theory
JHEP06(2025)190]
o What is the true mass of the D', ?

[EPJC 85, 1289 (2025)]
<R

Events/(7.5 MeV/c?)

100

-D-n*ttv

—— Combined

— -0 3 contributions!

B - (Dn)stv
80 -

—— B-DJIv
4+ Belle (2023)

Mpn (GeV)


https://inspirehep.net/files/54c65b9727b4c29faa0b1512ffb73380
https://link.springer.com/article/10.1140/epjc/s10052-025-15035-7
https://inspirehep.net/files/ea4485c3d1bb2b91dc46ac52abe9fc73
https://inspirehep.net/files/14e38b36919f3e93944c9acb102530d7

Discussion

Can we explain the discrepancy without non-SM physics?

e Modelling of gap modes? e Modelling of D decays?

o B — D) nlvdecays have never been observed o Multibody D decays are
and are used as an ad hoc solution simulated via phase-space

o Latest semileptonic (and hadronic) studies in Belle I modelling instead of decay
show a tendency to prefer smaller gap mode BF specific models

o Ongoing investigation of decay modes which could o Ongoing effort to
fill this gap implement Dalitz models

m B->DXIv?B—DK K Iv? taken from BESIII

m Decays to hadrons?
e B — D’ |vform factors?
o See talks from yesterday
m S. Simula, A. Vaquero,
O N. Gubernari 59

o B->Aplv,B—>phphluv...



https://agenda.infn.it/event/49469/contributions/281869/attachments/146138/222340/LNF26.pdf
https://agenda.infn.it/event/49469/contributions/281870/attachments/146134/222332/Frascati-Talk.pdf
https://agenda.infn.it/event/49469/contributions/282141/attachments/146156/222472/talk_Frascati.pdf

Discussion

What can we improve now?

<G

Develop and implement improved modelling of signal and background
contributions as shown on previous slides
Align the Belle Il and LHCb decay cocktails

o Important beyond LFU and semileptonic decay measurements
Unify relevant selections within Belle Il in view of R(D(”) combination
Measure optimised R(D”) to minimise the theoretical form factor
uncertainty [EPJC 80, 1078 (2020)]
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https://link.springer.com/article/10.1140/epjc/s10052-020-08653-w

T = e VeVt

Discussion

Can we reduce the statistical uncertainty?

T > U VY

T~ -onnntve

e Belle Il LFU tests are limited by statistics

o Currently collecting data
o Goal: 1/ab by the end of 2026

e Use the inclusive tag? B

T - Ve T~ >,

o Large background yields make the measurement extremely difficult
o Tight selections required and largely reduce the efficiency
e Include more 1 decay channels?
o Hadronic decay modes make the measurements harder because of large hadronic
background
o Allows to measure the 1 polarisation because there is only one neutrino in the r decay
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Prospects

<G

Current uncertainties

o R(D): 16-22% (365/fb)

o R(D): 10-13% (365/fb)

o R(X): ~17% (189/fb)
Extrapolating to 1/ab without changing
systematic uncertainties and central

values

o R(D): 13-15% (365/fb)
o R(D’): ~8% (365/fb)

o  R(X): ~16% (189/fb)
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Prospects

Snowmass Wh|te Paoer (2022)

_ R(X) (had FEI, lep 7)

e Current uncertainties 16! ggg)(glac}i?ﬁll) o
A a ,1ep 7
o R(D): 10-13% (365/fb) 12D R(D*) (had FEI, lep 7)

o  R(X): ~17% (189/fb) 10> = ggg*) (SL FEI, lep 7)

e Extrapolating to 1/ab without changing
systematic uncertainties and central
values

o R(D): 13-15% (365/fb)
o R(D): ~8% (365/fb)
o R(X): ~16% (189/fb)

*) (had FEI, had 1)

Total uncertainty [%]

Data sample in ab~!
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https://arxiv.org/abs/2207.06307

Prospects

Snowmass Whlte Paper

18 — R(X) (had FEI, lep 7
e Current uncertainties 16 ggg)%ac}i 1;EEII) =
. —— a ,lep 7
o F\’(D)k 16—-22% (365/fb) § 141 ---- R(D) (SL FEI], lep 7)
o R(D): 10-13% (365/fb) & 1,8 —— R(D*) (had FEL lep 7)
o  R(X): ~17% (189/fb) £ "% --- R(D") (SLFEL lep 7)
e Extrapolating to 1/ab without changing & /& G )f,},lad i
systematic uncertainties and central 5
values g
o R(D): 13-15% (365/fb)
o R(D’): ~8% (365/fb)
o R(X): ~16% (189/fb)

Data sample in ab~!
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Prospects

Snowmass Whlte Paper

_ R(X) (had FEI, lep T)

e Current uncertainties 164~ ﬁﬁ?ﬁﬁﬁ? o
o R(D): 16-22% (365/fb) 143 -~ R(D) (SL FEL lep

o R(D): 10-13% (365/fb) 120 R(D*) (had FEI, lep 7)

o  R(X): ~17% (189/fb) 10> R ggg*) (SL FEL lep 7)

*) (had FEI, had 1)

e Extrapolating to 1/ab without changing
systematic uncertainties and central
values

o R(D): 13-15% (365/fb)
o R(D): ~8% (365/fb)
o  R(X): ~16% (189/fb)

Total uncertainty [%]

Data sample in ab~!
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Prospects

<G

Current uncertainties
R(D): 16—22% (365/fb)
R(D’): 10-13% (365/fb)
R(X): ~17% (189/fb)

@)
@)
@)

Extrapolating to 1/ab without changing

systematic uncertainties and central
values
R(D): 13—15% (365/fb)
R(D’): ~8% (365/fb)

@)
@)
@)

R(X): ~16% (189/fb)

Can be reduced with improved
modelling and better knowledge
of form factors and BF

Total uncertainty [%]

Snowmass White Paper

g p——

1
14 ----

—_
N

—
=)

X) (had FEI, lep 7)
7) (had FEI)

D) (had FEI, lep 7)
D) (SL FEI, lep 7)
D*) (had FEI, lep 7)
D*) (SL FE], lep 7)
D*) (had FEI, had 7)

Data sample in ab~!
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Prospects

<G

Current uncertainties

o R(D): 16—22% (365/fb)

o R(D): 10-13% (365/fb)

o R(X): ~17% (189/fb)
Extrapolating to 1/ab without changing
systematic uncertainties and central

values

o R(D): 13—15% (365/fb)
o R(D’): ~8% (365/fb)

o  R(X): ~16% (189/fb)

Belle Il plays a crucial role for
testing LFU via SL B decays so
stay tuned for more results!
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Thanks for listening!



