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Lepton-flavour universality in semileptonic B decays

Motivation

« Wboson couples equally to e, 4, 7in the SM— Lepton Flavour Universality (LFU).
. Non-SM contributions (H*, LQ, SUSY...) can generally violate LFU.

- Different ways to investigate LFU with semileptonic B decays:

1. Asymmetries in B - D*£v angular distributions.

2. Ratio of rates suppress most theoretical and experimental uncertainties.
k
BB — D)

BB - DO¢E)

Persistent anomaly observed between 7 and light lepton ratios, e.g. R(DT(/?) =

- In this talk, I will focus only on the latter.
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R(D(*)) and R(X_,,) measurements at Belle II

Overv1ew

Various Belle II measurements of the ratio between 7 and # BRs in both exclusive and inclusive B decay:

R(D ) with hadronic B tagging using 189 fb~! [PRD 110. 072020]

+ R(D,;y) — R(D? ) measurements using 365 fb~! [arXiv.2504.11220, submitted to PRD]

First result using semileptonic B tagging.

First combined R(D,,,) — R(D ) Belle II measurement.

R(X_,,) with hadronic B tagging using 189 fb~! [PRL 132. 211804]

DESY.


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020
https://arxiv.org/abs/2504.11220
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211804

Belle II experiment

Experimental setup

Belle (II) ideally suited to study decay with missing energy: hermetic detector, at-threshold BB production

with precisely known energy.

Supel‘KEKB Interaction

Region Belle Il detector
S

electron / positron
linear injector

positron damping ring

N

Asymmetric-energy ete™ — Y (4S) — BB
Centre-of-mass energy=10.58 GeV
World record inst. luminosity= 5.1 X 103**cm™

DESY.
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Belle II

Ju—"
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Electromagnetic calorimeter (ECL):

Csl(TD crystals

waveform sampling (energy. time, pulse-shape)

KL and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

|

7Gev

Magnet: ]

15 T superconducting

|

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD, partially instalied)
4 layer double-sided silicon strip detectors (SVD)

|

Central drift chamber (CDC):

He(50%).C2Hs (50%), small cells,
fast electronics

Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)

Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

l

Run 1 luminosity: (365.37 = 1.70) fb~!
First Run 2 collision: 20 Feb 2024, 22:12 JST

Between 2019-2024, ~575 fb~! collected.



Dealing with missing energy

Reconstruction techniques

The measurements discussed in this talk are based on two different methods to deal with non-signal

side B meson (By,,):
1 High 1 Low e
. . D°
1. Hadronic tagging: B, ‘/B,ag
. A Y(4S) n'_
reconstruct Btag by hadronic decay modes. / y 0
VA
Purity Efficiency et _
e -
. . . / Ve
2. Semileptonic tagging: B, Ys) B,, Do
O R
reconstruct B,, by semileptonic decay modes. / P < p
Low High
v v +

Reconstruction efficiency is 0(0.1%) and ©(1%) for the hadronic and semileptonic tagging, respectively.

DESY.



Dealing with missing energy

Fit variables

Fully reconstruct the partner B meson in hadronic/semileptonic decay modes. Match remaining particles

with signal decay. Identify invisible particles using:

1. Missing mass of undetected particles M~ = (D,+,- — Pyisinie) -

QEXES — mZ — m
by b " with Y = D¢ system.

2. Use available kinematic constraint cos 05, =

*k
%
2|pg |1 pyl
. : 3 extra
3. Residual energy in the calorimeter £, “.
A A A
% . . @ . : 0
2 — 1 missing neutrino % — 1 missing neutrino =
% — >1 missing particle g — >1 missing particle % — background with
S = S unreconstructed particles
o o o
> /_ > /_\ >
-2 0 2 4 2 1 1 2 0 0.5 1
M? cos Oy EZ 6

DESY. miss



R(D;‘; Lﬂ) with hadronic B tagging

DESY.



R(D*

Strategy

. Measure R(D;’; f) by reconstructing D' — Dz*, D*z%and D™ — D7

T/t

) with hadronic B tagging

Identify lepton from 7t — £iv.

. Extract signal/normalisation yields using a 2D likelihood fit to E<7¢ and M>

DESY.
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800 Bellell D** — D7+ —— Data
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700 J ) Dy
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400 [] Other BG
300 E_ Fit uncertainty
200 |
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020

PRD 110, 072020

R(D - Lﬂ) with hadronic B tagging

Results

« Main challenge: validate modelling of background fit templates.
Data-driven validation of background and signal model based on studies of control regions.

. Main sources of systematic unc.: PDF shapes: T2'1%  MC statistics: t72% ,B(B — D**¢v) : T48%

—8.3%* ~7.5%* —3.5%
. Statistical uncertainty: experimental sample size: ﬂi';? HFLAV
R 0.4 T 177 68% CL tontours
e A
(a1

, R(D )_ o 26+8 8;‘;(st8 ggg(syst) .

Compatible with the previous measurements.

HFLAV 25: R(D*) = 0.288 = 0.012

0.25

III'I‘.?-'{-;‘IIIIIIIIII

Overall mean of all R(D ) measurements 0217 HHFLAY S preicion ROb ool ]
- R(D¥) = 0.254 + 0.005 X (;2)0 ot " .
indicates a tension of 2.7¢0 w1th SM prediction. N Y T

DESY. 9


https://hflav-eos.web.cern.ch/hflav-eos/semi/spring25/html/RDsDsstar/RDRDs.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020

R(D,, ;) — R(D;‘; f) semileptonic B tagging

DESY.



R(D_,,) — R(D;’; Lﬂ) semileptonic B tagging

Reconstruction

« First R(D(*)) Belle Il measurement using semileptonic B tagging.

Reconstruct B,, = Dfv,and B,,, = D*¢v,.

ag ag

. Reconstruct B, candidates in D*#~ and D™*#~ final states not

associated with the B,._candidate.

tag

- Identify signal 7 decays fromt™ = £ U v,.

« DD mesons reconstructed in multiple hadronic decays on both sides:

Tag side: 26 decay modes

Signal side: 13 decay modes

. Require cos (9];2‘5 € [-1.75, 1.1] and cos (9]311% e [-15,1.1].

DESY.

arXiv.2504.11220
submitted to PRD

Signal side
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https://arxiv.org/abs/2504.11220

R(D_,,) — R(D;’; Lﬂ) semileptonic B tagging

Strategy

Belle II

- BDT used to separate the events in 3 different types:

1. Semitauonic signal events: B — DVzw,
2. Semileptonic events: B — D'/vand B — D**/v.

3. Background events: continuum and BB.

- BDT trained on five input variables: the most

. . . . . extra
discriminating variables are cos gy and E; "

11 {12 {13{14 15

- Each event is assigned a BDT score: z,, Zy, Zpkg-

Deﬁne Zdlff == Zf — Zbkg ZT
Good separation of all three event types.

DESY.

arXiv.2504.11220
submitted to PRD

[ L£dt =365fb7"

B - D¢y

0.4

0.3

Density of data events

-25 -20 -15 -1.0 -0.5 0.0 0.5 1.0

e
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https://arxiv.org/abs/2504.11220

R(D_ ;) — R(D?*

Fit extraction

T/t

) semileptonic B tagging

arXiv.2504.11220

- Extract signal and normalisation yields using a 2D binned likelihood fit of z_and z;;.

. The fit is performed over 4 separate channels: DTe~, D u~=, D Fe=, D"y~

- 10 fit parameters: 2 for the signal, 2 for the normalisation and 6 for the background.

0.5

0 2 4 6 8 10 12 14 16 18 20

Belle II
Dte~

800
600 :
fitted signal yield g
’ 400 fc;
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200

0
T--o- r‘*‘-"‘-».«-’/-*/t'cv@*"/*i(/;%’/{*ft

Data / MC

1500

0.5
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| 9¢/ /H-+ ¥y ** ﬁ‘

02468101214161820
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o

—
o
o

t
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o

Number of events
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Data / MC

0.5

 Dfu~
—B—> D%y
— B - D*¢v
— B = D**¢fyp
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Data / MC

submitted to PRD
[ £dt = 365!
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1.0 ,-H‘i,‘

0.5

Zgife VS 2, bin number

DESY.

Zgige VS 2, bin number

Zgige VS 2, bin number

Zgige VS 2, bin number
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https://arxiv.org/abs/2504.11220

arXiv.2504.11220
submitted to PRD

R(D_,) — R(D

Results

" Lﬂ) semileptonic B tagging

« Main sources of syst. unc. RD50). MG statistics: 477 BB — D**Cv) : - 0.1% Muon eff. [misID]: %1% [0-9%,

R(D,p)’ 8.0%’ ' 6.4% 5.1% 12.9%

5e). : . 11.0%

- Statistical uncertainty » (ij; ) experimental sample size: |g'e -
04 HELAV
% / - """ " 68% CLtontours = A
R(D,%) = 0.306 + 0.034(star) = 0.018(sysr) 5 [HACAA -
035 LHCb* ]
R(DY,) = 0.418 £ 0.074(star) = 0.051(sys?) ) A :
B Belle e 1 | __
The tension between the LFU-sensitive quantities 0.3 :_ < N -
R(Df/f) —R(DD?)) anql SM predlctlons increases to 3 0 . -  LHC’ LHCb>
- . ) | [ A )
| R(D*+) = 1.08 £ 0. O4(stat) + 0. 02(syst) E .
v; 0.2 — 4 HFLAV SM Prediction Egg)) 003%8 +000%?2 -
~ R(D;) = 1.07 £0.05(star) £ 0.02(syst) oy O :
| e ——— I U T S RS ST . ]
Consistent with the SM W1th1n 166—1.20 respectlvely 0.2 0.3 0.4 0.5 R(D)

DESY. 14


https://hflav-eos.web.cern.ch/hflav-eos/semi/spring25/html/RDsDsstar/RDRDs.html
https://arxiv.org/abs/2504.11220

DESY.

R(X_,,) with hadronic B tagging
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R(X_,,) with hadronic B tagging

PRL 132, 211804
Strategy

- Measure R(X,;,) by combining events with B, ,, + Z.

Inclusive meas

Remaining particles attributed to X.

- Innovative and complementary measurement w.r.t. R(D(*)) potentially more
precise with different sources of systematics.

- Extract signal and normalisation yields using a simultaneous 2D likelihood fit

Belle 11
to lepton momentum plB

JCdr=189fb"
Bg;—»X[‘r*—)f*W]t/,f:e,u —bkg
2 i — Xtv
(B rest frame)and M . . | Ly,
2
B — X7vand B — X?v well separated in the 2D plane. S
R
. . . . 3()
« Main challenge: modelling the X system. Corrections based on comparison ol LTt i)
of simulation with control regions. ol
05 1.0
DESY.

15 2.0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211804

PRL 132, 211804

R(X_,,) with hadronic B tagging

Results

« Main sources of systematic unc.: X.£v My shape: 7.1%, B(B — X¢v) :77%, X ©(£)v form factors: 7.8%

- Statistical uncertainty: experimental sample size: 7.1%

Belle 11 Electron channel [Ldi=189b"" Belle IT Muon channel J£dt=1891b~"
| Mg <1 | M5 €(1.2.3]| Mg €(2.3.4] €46 | W Xz cul | My <1 [$| My €(1.23]| M3, €(2.3.4]) My, €(4.6] | HEE Xir— vl
3 1 iss miss ml“ - X(p 3 - Xl‘l/

20¢ 2.4¢ » 3 BB Background 20 2.4} [ BB Background
3 I Continuum 3 EE Continuum

L6 F 2.0 w22 MC tot. unc. 16 @22 MC tot. unc.
- ¢ Exp. data 2 Exp. data

12 1.6 M2, €6.8] M2 >8 12f

H
T

Norm. Resid. 103 events per bin
(o]

Norm. Resid. 103 events per bin
(o]

0E
2| o
20 ot e R TSN <N P S T S
sggEggn TERET )
P LGeV] \nted signal yield Pﬂ [GeV]
1= S ——— =)

SM predlctlon R(X,,) =0.. 3 + 005
DESY. Compatible with SM and R(DT ’ f) measurements. 17


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

summary

 Various Belle Il measurements of the ratio between 7 and Z BRs in both exclusive and inclusive

semileptonic B decay were presented in this talk: the results are compatible with the previous

measurements and consistent with SM predictions.

. Including the new combined R(D,,,) — R(D;’; f) result from Belle II using semileptonic B tagging, the

tension between the LFU-sensitive observables R(D_,,) — R(D;‘; Lﬂ) and SM predictions increases to 3.80.

. Many other R(DT(/?) measurements from Belle I are on the way: expected higher precision using the

full collected data set. Some systematic uncertainties could also be reduced with improved modelling.

DESY. 18
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PRD 110, 072020

R(D ;‘; Lﬂ) with hadronic B tagging

Modelling validation

- Main challenge: validate modelling of background fit templates.

Data-driven validation of background and signal model based on studies of control regions.

AM,. sideband: Reconstruct D*z’¢v:
validate fake D* modelling o validate D** modelling

__200F Belent D D%  —~ Dpaa 20 _ Belle Il —— Data
:g 180F [/ dt=189.3 10" [ S 20F det=189.3 fy”! Bl D*rv
> 160 O piv & 18F 1.0<M, <50GeVict C Dt
G 140 F «  EED(T)y - 16F I D*#i(r)
© 100 3 , Fake D [ Hadronic B S 14E 3 [ Hadronic B
c 'eUE [ Fake D" % 12F D* v [ Fake D
o 100 3 ’ [] Other BG L 10FE [_] Other BG
S"‘é 80 e 77772 MC stat. unc. 8 8 E 777 MC stat. unc.
B 60F o -
T E S 6F
© 40 F O 4¢E
O 20 oF 1 | IS

ot 0 Eebesseettgel -

2F . 2F
E 0 . . E 0 " A ' ffff;’ff e

_2—_'"I"‘l"‘l"'l"'l"' _2:_..|...|...|...|...|...|...|...|...|...
2 0 2 4 6 8 10 0 0204 06 08 1 12 14 16 18 2
2 274 extra
M. [GeV-/cT] E - '1GeV ]

All the major sources of background are well described in the sideband regions.

DESY. 20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020

R(D

) with hadronic B tagging

Systematic uncertainties

Fractional contributions to the total uncertainty of R(D;‘; Z/ﬂ).

DESY.

Source Uncertainty
+9.1%
PDF shapes +9.1%
' I i +7.5%
Simulation sample size 71.5%
B — D**¢"v, branching fractions +4.8%
~3.5%
1 +2.7%
Fixed backgrounds 277
Hadronic B decay branching fractions j22-llgg
Reconstruction efficiency +2.0%
~2.0%
Kernel density estimation +2.0%
—0.8%
Form factors +0.5%
—0.1%
i i . +0.4%
Peaking background in AMp +04%
- /A7 I i +0.2%
7° — £ v, U, branching fractions +02%
* +0.1%
R(D*) fit method +0.1%
+13.5%

Total systematic uncertainty

-12.3%

PRD 110, 072020
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arXiv.2504.11220
submitted to PRD

R(D_,,) — R(D;’; Lﬂ) semileptonic B tagging

Systematics uncertainties

Fractional contributions to the total uncertainty of R(D,,,) — R(D% ).

Systematic Uncertainty

AR(DY)  AR(D*)

Additive
MC sample size
Gap B
LID efficiency (u)
Fake rates (e)
7% from D* — Dr
Continuum fraction
B — DWiw, / o, FFs
Gap FFs
B(B — D**t,)
B — D™ ¢y, FFs
BDT modeling
LID efficiency (e)
Fake rates (u)

0.033 (8.0%) 0.014 (4.7%)
0.027 (6.4%) 0.001 (0.1%)
0.022 (5.1%) 0.001 (0.1%)
0.012 (2.9%) 0.003 (0.9%)
0.003 (0.7%) 0.001 (0.1%)
0.002 (0.6%) 0.001 (0.2%)
0.002 (0.5%) 0.002 (0.7%)
0.002 (0.5%) 0.001 (0.2%)
0.002 (0.5%) 0.001 (0.1%)
0.001 (0.3%) 0.001 (0.2%)
0.001 (0.3%) 0.001 (0.2%)
0.001 (0.1%) 0.001 (0.2%)
0.001 (0.1%) 0.001 (0.1%)

Multiplicative
B — D™i¢p, / 1. FFs
MC sample size
LID efficiency (e)
B(r — ¢ vuw,)
LID efficiency (u)
Tracking efficiency
7+ from D* — Dn

0.009 (2.1%) 0.011 (3.5%)
0.007 (1.7%) 0.004 (1.2%)
0.001 (0.2%) 0.001 (0.2%)
0.001 (0.2%) 0.001 (0.2%)
0.001 (0.1%) 0.001 (0.1%)
0.001 (0.1%) 0.001 (0.1%)
- (=) 0.001 (0.2%)

Total Multiplicative Uncertainty

0.012 (2.8%) 0.011 (3.7%)

Total Syst. Uncertainty

0.051 (12%) 0.018 (6.2%)

Total Stat. Uncertainty

0.074 (18%) 0.034 (11%)

Total Uncertainty

0.090 (22%) 0.039 (13%)

Total Additive Uncertainty

0.050 (12%) 0.015 (4.8%)

DESY.
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PRL 132, 211804

R(X_,,) with hadronic B tagging

Modelling validation
« Main challenge: modelling the X system. Detailed adjustments to simulation: form factors, B and D
branching fractions. Corrections based on comparison of simulation with control regions.

before My reweighting after My reweighting

E—— = - - — = f——

|

| Belle II JCdi=1891b" Belle II Jedi=189fb~" § Belle IT JLdi=189fb~" Belle IT JLdi=1891b"
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S

0 0 0 0

3 E. 3 E ...... 3 E 3 E

0F 0F aeterrett 7 I T I eeoe et 0= " =2

3 3 et . . , ] -3f ) 3L . . . . .
-25 00 25 50 75 100 0 ] > 3 4 5 -25 00 25 50 75 100
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[GeV?]

[GeV?] w My[GeV] M>

miss

Adjusting My distribution in high plB sideband also improves modelling in anu.s o
DESY.
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R(X_,,) with hadronic B tagging

Systematics uncertainties

Relative uncertainties on the value of R(X_,,) for electrons, muons and their combination (£).

DESY.

Uncertainty [%]

Source e U 4
Experimental sample size 8.8 12.0 7.1
Simulation sample size 6.7 10.6 5.7
Tracking efficiency 2.9 3.3 3.0
Lepton identification 2.8 5.2 2.4
X v reweighting 7.3 6.8 7.1
BB background reweighting 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(¢)v form factors 7.4 8.9 7.8
Total 18.1 25.6 17.3

PRL 132, 211804

24
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PRL 132, 211804

R(X_,,) with hadronic B tagging

Results

LS

T = with expected SM contributions of D),

68.3% CL contours

X, removed

0.35}

R(D)
Compatible with SM and R(D"")) measurements.

DESY. T/t 25
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PRL 131,051804

R(X,,,) with hadronic B tagging

Results

BB — Xev,)
BB — Xuv,)

- o Signal side

» Goal: measure R(X,,) =

The most precise test of e — u universality in semileptonic B decays.

 Extract signal with simultaneous maximume-likelihood templates

fits to p” and p” spectra. Belle II PRL 131051804 /L dt=189fb™"!
¢ K 15000
F [ Xev Xuv [
[ [ e: Background u: Background [
: . . 12500 f F oAk packg
« Main challenge: modelling XZv, fake leptons and secondaries. S oo T o e ponenuum T
- n Data cocfweey  Data
) i .
Use a sideband to validate these components. S 7500 fasi®
| . e g 5000
. Main source of systematic unc.: lepton e/u identification (1.9%) D oo
N N g 2.0
| = @© OF o °
| e,ﬂ(X) = 1 007 +OOO9(stat) +O 019(syst) 1‘ T2 00f ettt et
b= —_—— —— =9 2.0¢f .
o "TL0———
Compatible Wlth SM and previous measurements. = 1416 18 2.0 2.2 1.4 1.6 1.8 2.0 2.2

B B
DESY. p. [GeVic] p, [GeVic] o
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.051804

Angular analysis

Basics

B — D*{fv decay: rich phenomenology due to different decay
amplitudes. Encoded in angular distributions as a function of the

recoil energy w of the D*.

Comparing angular observables between muons and
electrons gives powerful LFU tests.

Belle II JLdt =189 fh!
. 1000 s
Experimentally: 4 ExpData
| B Signal
. . . . . . 800 |- EEE Background
1. Reconstruct the distributions by measuring signal yields 'PRL 131181801
. . . . . E I .
in bins of (combinations of) angular variables. Sl cosf<0 cost) > 0
o} .
. . . 2 2
2. Signal/background separation by fitting M. . § ol
3. Correct for detector acceptance, reconstruction 200 -
efficiencies and resolution effects using simulation.

-1.0 -0.250.25 0.75 1.25 -1.0 -0.250.25 0.75 1.25 2.0
2 2
DESY. M [GeV? 27
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PRL 131,181801

B — D*#v angular asymmetries

Results

Measure 5 angular asymmetries and compare them for e and y in 2 bins of the recoil energy w:
- App : tendency of the lepton to travel along the W direction.
- 53,9y : sensitive to alignment of lepton and D* direction.

- S5, 5, : measure coupled alignments in the orientation of the D with respect to the D*.

Belle 11 [Ldt =189 b~ L
—==7
Reconstruct D meson in different modes: App| —
D - K(n)rand D — KK. S3 —— . g
. . . . 55 —— %?El:;gl)(zoza)
All asymmetry measurements are statistics limited. [ )
S7 = e
Compatible with SM, no evidence for LFU violation. So | pRL 131181801

—-0.2 -0.1 0.0 0.1 0.2
DESY. AA = A — A¢ 08
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