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Introduction



| HCb detector | JINST 3 (2008) 508005

Ecar HCAL
SPD/PS M3

RICH2 M .

- Single-arm spectrometer covering

Magnet

most of the region where

o(pp = bbX) is maximal

- InRun 1 and 2, around 2 x 10'?

and 8 x 102 bb pairs produced in

LHCb acceptance, respectively.

- Excellent vertexing and PID

0,/p~(0.1-0.6) HIDEIT%, 06% m > p
elDEIS%, 1% T— e
at5-100 GeV/c KIDE90%, 3% m > K

capabilities to perform high precision GeV/c

measurement of semi-leptonic B decay.

_ _ Tracking Particle identification
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005

Why b-hadrons charged-current decays ?

Test of Lepton Flavour

Universality b-hadron production

CKM parameters Form factor parameters and
(e.g. [Vepl, |Vyp | measurement) Wilson coefficients
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Why b-hadrons charged-current decays ?

Test of Lepton Flavour

Universality

Will focus on this topic today
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Lepton Flavour Universality (LFU) in the SM

What is LFU ? If""'ef/:f/;‘.
. SM | |
In Standard Model (SM), electroweak couplings to §< ) J
W S omom om o o mm mm mm
each lepton generation are identical. ¢ Same coupling strength

How can LFU be violated ?
The couplings could be affected by New Physics (NP) contributions.

e.g. Leptoquarks, two Higgs doublet, non-universal left-right model
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Test LFU with charged-current decays in LHCDb

LFU can be tested in decay ratios
BF (Xp—X lv)

R(X,) = BF (X, X.0'0) ° Xp(c) is a meson or baryon containing a b or ¢ quark
Advantages Challenges
High precision : Missing neutrinos in the final state :
Large statistics due to b — c transition Affects the resolution of the observables
and large cross-section of pp — bb in
LHCb. Large background contamination due to

partial reconstruction.
Theoretically clean :

Uncertainties from common systematic Uncertainties from template statistics :
and hadronic form factor mostly cancel by Large simulation samples needed for
measuring the decay ratio modelling signal and background.
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Experimental and theoretical status for R(D™)

Currently, we have R(D(*)‘)T/ﬂ
Link of HFLAV R(D™) average in 2025

measurements using hadronic and
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring25/html/RDsDsstar/RDRDs.html

Semi-leptonic LFU measurements in LHCDb

Muonic T decays Hadronic 7 decays

Run 1 (2015) PRL 115 11803 Run 1 (2018) PRL 120 171802

R(D**) = 0.336 + 0.027 (stat) + 0.030 (syst) R(D*") = 0.291 + 0.019 (stat) + 0.026 (syst) + 0.013 (ext)
Run 1 (2023) PRL 131 11802 Part of Run 2 (2023) PRD 108 (2023) 012018 Erratum
R(D*) = 0.281 £ 0.018 (stat) * 0.024 (syst) R(D**) = 0.260 + 0.015 (stat) + 0.016 (syst) + 0.012 (ext)

R(D®) = 0.441 + 0.060 (stat) + 0.066 (syst)

P, 7 e1eo Run 1 (2022) PRL 128 191803
Part of Run 2 (2024) PRL 134 06180 R(AY) = 0.242 + 0.026 (stat) + 0.040 (syst) + 0.059 (ext)

R(D**) = 0.402 + 0.081 (stat) + 0.085 (syst)

R(D*) = 0.249 + 0.043 (stat) + 0.047 (syst)

Run 1 & 2 (2025) PRL 135 021802
R(D;%) = 0.13 £ 0.03 (stat) £ 0.01 (syst) + 0.02 (ext)

Run 1 (2018) PRL 120 121801

R(J/¥) =0.71+£0.17 (stat) £+ 0.18 (syst)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.119902
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1

Semi-leptonic LFU measurements in LHCDb

Muonic T decays Hadronic 7 decays

Part of Run 2 (2023) PRD 108 (2023) 012018 Erratum
R(D**) = 0.260 + 0.015 (stat) + 0.016 (syst) + 0.012 (ext)

Part of Run 2 (2024) PRL 134 061801
R(D**) = 0.402 + 0.081 (stat) + 0.085 (syst)

R(D*) = 0.249 + 0.043 (stat) + 0.047 (syst)

Runl1l &2 (2025) PRL 135 021802
R(D;%) = 0.13 £ 0.03 (stat) £ 0.01 (syst) + 0.02 (ext)

Introduced in this talk
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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R(D™™) measurements



R(D™) and R(D*") with muonic t decays
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PRL 134 061801
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Measure BF(B® - D®*t7v,)/BF(B® - D™ *u~v
with D** - D*(-» K ntn*)n?

-E_)Dt;—v g0_03;—9.44<q2<11‘80eV31c“ LHCb 2667 3

B 3-D* < 0.025f :
. . . . . . §—>D XX 0.0
Determine signal yields using 3-D fit with B B> D** Uty 7 0015
Comb + misID s F
2 — _ 2 B Dty S 0.01F
— (pBO pD(*)) S 5D v £ 0.005F
B 3 ->D*uv STF

Mrznlss = (ppo — Ppt) — pu)z
E;;: muon energy in B rest frame

Where the templates are derived from simulation and control data
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Candidates / (0.67 GeV*/c%)
=
=

0.005 E

10

0 1000 2000
E,[MeV/c?]

R(D**) = 0.402 £+ 0.081 + 0.085
R(D*) = 0.249 + 0.043 + 0.047
Correlation : p = —0.39
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061801

I?(D>l< ) Wlth hadrOnlC T decayS PRD 108 (2023) 012018 Erratum

10000

=]
=
=
=

6000

Data collected in 2015-2016 corresponding to

4000 5000

2 fb ! integrated luminosity

Candidates / (0.117)

2000

Candidates / (1.375 GeV%/c?)

0
0.2 0 0.2 0.4

Anti—Df BDT output

Measure BF(B® - D*~t%v,) with D*~ - D'x

- Using normalization mode B® » D* nwtn~nmt

¢ Dﬁta Total
3 DT, CB8-D"t'v,

10000

Deri = usine k 0 -+ =T i’ﬁ?’ — 3(&;
- Derive R(D*7) using known BF(B® - D* " u™v,) ol ] Comb. 5’ B Comb. D'
5 1 Comb. D™

Candidates / (0.25 ps)

Determine signal yields using 3-D fit with

2 = (pgo — pp*-)?, Anti-DF BDT output and 7 decay time (t,) R(D™) = 0.260 + 0.015 + 0.016 + 0.012

Ratio of background B — D**ttv_ is fixed using PDG value. R.omp (D*7) =0.267 +0.012 + 0.015 + 0.013

Templates are derived from simulation and control data. *Combined with previous results
PRD 97 (2018) 072013 PRL 120(2018) 171802
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.119902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

I?(D>l< ) Wlth hadrOnlC T deCayS PRD 108 (2023) 012018 Erratum

&> 8000 - 10000

Data collected in 2015-2016 corresponding to

5000 =

2 fb ! integrated luminosity

Candidates / (1.375 GeV?/¢?

Candidates / (0.117)

—0.2 0 0.2 0.4
Anti—Df BDT output

Measure BF(B® - D*"t%v,) with D*~ - D%z~

- Using normalization mode B® » D* nwtn~nmt

Both measurements using muonic and hadronic t
.| decays are compatible with the world average and agree

R with SM prediction (PRD 107 (2023) 052008) within 1o
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.119902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https:/journals.aps.org/prd/pdf/10.1103/PhysRevD.107.052008

B~ - D%t v, study



Introduction

Goals of the analysis

- Search for B~ - D**%t~#, with hadronic T decay - Due to limited knowledge of the D*t~ v,

D**9 states in this study
D;(2400)° : m
D,(2420)° : m
D;(2460)° : m

contamination by D**°t~ 7, , this

=2412+9, T =314+ 29 measurement is an important input for

= 24221+ 0.6,T =313 + 1.9 other R(D*) measurements.
= 24611408, =473+038 ) B
Unit: m [MeV/c?],T [MeV/c] - Measure R(D;¥) = BF(B”=Di;t o)

BF(B~—=D;u~7,)
SM prediction : 0.09 + 0.02

- Measure BF(B™ - D; ¥t #,;) x BF(D;% - D**n™) PRD 97 (2018) 075011

with normalization channel B~ - D**OD(*)‘
where D% involves D, (2420)°, D;(2460)°

Ching-Hua Li
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.075011

Analysis strategy

Dataset : 9 fb'1 Run 1 & 2 data

Suppress B » D*9n~n~wt (X) with flight distance
requirement on the 7~

Three multivariate BDTs to reject

- Fake D**° candidates

- Background D%’ —» D**n~
where = from 5-prong D decay

- D} - ntn~nt(X) mimicking hadronic 7*decay
(denoted as anti-D; BDT)

3D Binned fit to extract the yields
-Am = Mp*x0 — Mp*+

- anti-D& BDT output

-q% = (pgo — Pp»)* =m? of T~ U, system

Candidates / (25 MeV/c?)

Candidates / 0.09

0
200

PRL 135 021802

- B'—)DTL%'FT - B — fake Dt
- B —D,(2400)" tV, . B—D"D"(X)

B™—D | D(X) . B—D"(DK)”

f why
400 500 600 700 B D,(2400)° D5(X) . B—D “z°r"m* prompt
Am [MeV/c?]

0.1

=]
=
o

600

400

Candidates / (1 GeVZ/ %)

200

0.2 0.3 0.4 0.5 4 6 8 10
BDT-antiD, output ¢ [GeV¥/

123 + 23 B~ - D{% 1~ ¥, candidates
220 + 34 B~ -» D**%t~ ¥, candidates
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https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1

Results

3. 50 significance of B~ - D**°t~ v, decay
- Pure D,(2460)° contribution excluded at 2.7 ¢
The branching ratio measurement

BE(B _)D**OT_ET) #x0 1y (¥)—
BF(B-—D"9p) ™) = 0.19 +£ 0.04 £+ 0.02, with BF(B™ — D;,"D; * ) value in PDG Phys. Rev. D 110, 030001 (2024)
1,2 "s

BF(B™ - D;Yt ¥,) X BF(D;y - D**n™)
= (0.051 + 0.013 + 0.006 + 0.009)
From uncertainty of BF(B~ - D;*SD(*)_) in PDG

Measured for the first time !

With known BF (B~ — D15’ ,) value in PDG,

x BF(B~-D;%1 ;) . .
R(Di?) = BF (B ﬁDif)u 5y~ 0131003£0.01£0.021 Measured for the first time !

Agree with SM prediction 0.09 + 0.02 ! PRD 97 (2018) 075011

Ching-Hua Li Recent results from LHCb on charged-current decays of b-hadrons 18


https://academic.oup.com/ptep/article/2022/8/083C01/6651666
https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.075011

Results

3. 50 significance of B~ - D**°t~ v, decay
- Pure D,(2460)° contribution excluded at 2.7 ¢
The branching ratio measurement

BF(B~—>Di1™ y) #x0 1y () —
P TN OEN = 0.19 +£ 0.04 £+ 0.02, with BF(B™ — D;,"D; * ) value in PDG Phys. Rev. D 110, 030001 (2024)
1,2 ~'s

BF(B™ - D;Yt ¥,) X BF(D;y - D**n™)
= (0.051 + 0.0

Agree with SM prediction 0.09 + 0.02 ! PRD 97 (2018) 075011 JHEP 05 (2022) 29 arxiv:2102.11608
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https://academic.oup.com/ptep/article/2022/8/083C01/6651666
https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.075011
https://link.springer.com/article/10.1007/JHEP05(2022)029
https://arxiv.org/abs/2102.11608

Measurement of
A - pu~v, branching ratio



Semi-leptonic Hyperon Decays

Isospin =0 Isospin=1

The LFU test observable defined as the ratio between muon
¥ Y~  and electron modes
~ BF(B; » Bye~1,)

ZO
© & is sensitive to non standard scalar and tensor contributions.

Isospin =112 sspin-0  *B(1,2) indicates hyperon

RHe — BF(Bl - lel—ﬁu)

In the SM, the dependence on the form factors is
anticipated to simplify when considering the ratio

2 2 4 4 2
m 9 m m 15 m m
R§§i= 1——‘”(1—- L4 ju!)+——'ua.rctanh( 1——‘“)

Approximate SU(3)-flavour symmetry

A? 2 A? A* 2 A* A?

where A= Mg — Mg, PRL 114 161802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.161802

Experimental and theoretical status for R*

Investigate whether LFU also breaks in charged-current decays of s — u transition.

The RY¢

exp

- Since the electron mode has already been measured very precisely
Value in PDG : BF(A - pe™v,) = (8.34 + 0.14) X 10~% Phys. Rev. D 110, 030001 (2024)

- Best branching fraction measurement until now from BESIII (2021):
BF(A - pu~9,) = (148 £ 0.21) x 10~* PRL 127 121802

The experimental result and the theoretical prediction value :

= BF(A - pp™v,)/BF(A - pe™¥,) can be evaluated by only measuring BF(A - pp™v,,)

Rg;;’e setion, = 0-1880 £ 0.0083 arXiv:2507.09970 [hep-lat]

Ri., = 0.178 £ 0.028
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https://arxiv.org/abs/2507.09970
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.121802
https://academic.oup.com/ptep/article/2022/8/083C01/6651666

Analysis strategy

To identify background from A - p (™ - u~v,) , kinematic

strategies developed for two different scenarios :

-Prompt pion decay (muon at VELO)
-Late pion decay (pion at VELO)

M, (P) variable computed using the corrected p,, for
distinguishing different components.

Two-dimensional binned maximum likelihood fit :

]
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https://cds.cern.ch/record/2936210/files/LHCb-PAPER-2025-030-1CWR.pdf

Analysis strategy

To identify background from A - p (™ - u~v,) , kinematic

strategies developed for two different scenarios :

-Prompt pion decay (muon at VELO)
-Late pion decay (pion at VELO)

M, (P) variable computed using the corrected p,, for
distinguishing different components.

Two-dimensional binned maximum likelihood fit :
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=
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Results

LHCb has performed the world best BF(4 — pu~7,) measurement, total uncertainty of 6.9%
BF(A - pu~9,) = (1.462 + 0.016(stat.) + 0.100(sys.) £ 0.011(norm)) x 10~* = (1.46 + 0.10) x 10~*

The result is in good agreement with BESIII measurement.

Since there is a long-standing tension in the determination of V5, we indirectly measured Vi :
Vs = 0.253 £ 0.011
Uncertainty very large compared to the PDG extractions using kaon decays:
Vus = 0.22431 £ 0.00085, considered both K;3 and K, results PDG V,,s 2024
This measurement implies new constraints in R*¢ (LFU in s — u transitions).
The extracted R#¢ = 0.175 + 0.012 agrees with the SM prediction
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Conclusion

- The muonic T decay R(D™*) and hadronic T decay R(D*~) measurements are consistent with
the SM prediction and previous measurements.

- B~ - D**°t~ 7, decay are observed, the branching ratio of B~ - D%t~ v, with D;; -» D**n~ and
R(D;%) are measured for the first time.

- LHCb has the best BF(A — pu~v,) for now, extracted R#¢ = 0.175 + 0.012 is consistent with SM

prediCtiorL g 25— _ ogo (13.6 TeV): 5.30 fb™! /
— — 2024 (13.6 TeV): 9.56 fb
. . = —2023 (13.6 TeV): 0.37 fo!
- Several semi-leptonic programs on LFU measurement 3 0 pielevomly
: . € ¢ THRTviigrh
s ongoing 5. _ilied
- R(D*7)w,, R(D$) R(J/¥) measurements S : e Ls2
- Angular analysis : B® » D®W*u=5, ,B® » DO*c=5,, A% » Afp~p, = © y / rach
*= : : s 5 LSt/ ﬁg‘
- R(D*7)7/, and angular analyses using Run 3 data is under > /
< jrd
preparatiOn - 20009 2011 20|‘|3 20|15 2016 20|18 20|20 2022 20|24 2026
Year
Run 1&2 Run 3
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Conclusion

- The muonic T decay R(D™™*) and hadronic T decay R(D*~) measurements are consistent with
the SM prediction and previous measurements.

- B~ - D**°t~ 7, decay are observed, the branching ratio of B~ - D%t~ v, with D;; -» D**n~ and
R(D;%) are measured for the first time.

- LHCb has the best BF(A — pu~v,) for now, extracted R#¢ = 0.175 + 0.012 is consistent with SM
prediction.
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- Several semi-leptonic programs on LFU measurement
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- Angular ana

- R(D*_)T/e and

H 2009 2011 2013 2015 2016 2018 2020 2022 2024 2026
preparation

Year

Run 1&2 Run 3
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R(D™*) with muonic t decays — control sample

Split the data into four regions with isolation tool
Region 1

- No track is in the vicinity of the signal candidate. Used as signal region.
Region2 & 3

- One or two additional =¥ are around the signal candidate. Used for modeling
B - D**t v, background. D** involves
D,(2420),D;(2460), D;(2430) and D§(2300) for region 2
D5(2740),D(3000)° for region 3
Region 4
- One additional KT is around the signal candidate. Used for modeling
B - D*(X, -» u X)(X") background
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R(D*™) with hadronic T decays — control sample

Control region used in this study

PRD 108 (2023) 012018 Erratum

o0fF - L g4 200 W S
1 0 ;z iﬂj-ll :% 150
Region for B - D*~D¥, Df - 3nX background = .} 4 ¢
. . = L + ] ;
- Selected with reverse anti-DJ BDT i ] =
. S 100r } 1 2
requirement for B® - D*~D}, D} - 3nX R !* ="
background study T = w0 % ; 10
m(D™3m) — m(K ﬂ.")_ﬁ,, — m(3mr) [MeV/c?] g2 [GCVEIL"“']
_ Jnu: _ 300:
Region for B - D*"D°X B —» D*~D*X backgrounds ..| S s
- Selected with isolation tool and reverse £ s
PID requirement S S
0 E— 0.2 0 0.2 0.4
Anti—D! BDT output
¢ Data Total mmm 3°—D D}
1 B =D D (2317) mm B'—D D! 1 B"=D"D,_,(2460)
03 B—>D"'DiXx ) Bi—D™DIX [ Combinatorial
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Background sources in B~ - D**%t~ v, study

PRL 135 021802

TABLE L. List of the various background categories. The first, second and third columns indicate the decay chain
producing each background, the control sample dedicated to its study, and an estimate of its relative contribution in
the selected sample, reflected by the number of stars, respectively.

Background source Control sample Size
Fake D***
Fake D" or fake D*" D° and D** sidebands *
Genuine D*"; fake D**Y WS sample Ak
B — D*"D*(X) *
B — Dt (DK)~(X) o
Genuine D**°
B- D" nrntX B~ - D" g x" *
B~ — D"'D7(X) B™ - D""D{ (= nnn")(X) Aok
B~ — D*Y(DK)~ B— D*""D%(—= K ntztz)(X) Negligible
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Selections of B~ —» D**0¢~

Dataset : 9 fb! Run 1 & 2 data

Select signal with

- Trigger and pre-selection requirements

- Flight distance requirement on the ¢~ for
B - D™~ n*(X) suppression

Three multivariate BDTs to reject

- Fake D**° candidates

- Background D;y - D**n~
where 7~ from 5-prong DS decay

- D » ntn~nt(X) mimicking hadronic t*decay
(denoted as anti-DJ BDT)

Ching-Hua Li

PRL 135 021802
% 700
S "F LHCb
Q I~ —
= 600F 9 fh! ¢ Data
00 - —— Total
— = * 0
: 500 } D2(2460)0
L e L R — D,(2420)
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= I
<
O 300/
200
100
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m(D* ) [MeV/c?|

Mass distribution of D*** - D**1r~ in data

after all the selection
for better investigatio

s. To have more statistics
n, the plot is fit without

anti-DJ BDT requirements.
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Signal yield extraction - PRL 135 021802
=
3D Binned fit to extract the yields S | ENSEAEN  FEYPRRTOS
- Am —_ mD**O - mD*+ § - B —D,(2400)° 7V, . B—D™D™(X)
- anti-D; BDT OUtpUt g B™—D,Di(X) . B—D " (DK)”
B q2 = (pBO —p D(*))z = m? of T~ Vg system %0 300 400 500 600 700 B~ D,(2400)"D5(X) . B—D "z x* prompt

Am [MeV/c?

Signal templates from simulation
- Combined D;(2420)° and D,(2460)° template
- Relative size of D;(2420)°, D;(2400)° and

D;(2460)° are fixed in simulation.

Candidates / 0.09

0.1 0.2 0.3 0.4 0.5 4 6 8 10
BDT-antiD;, output ¢ [GeV¥ ct]

Backgrounds templates from simulation and

control samples 123 + 23 B~ - D{5’t~ ¥, candidates
220 + 34 B~ » D**%t~ ¥, candidates
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Signal selection of A - pu~v, LHCh-PAPER-2025-030
(in preparation)

study

Select signal based on kinematic variables:

o =175 .
% (120 Preliminary LHCb Simulation, Py (v,) >0 ;: * A-puy, LHCb Simulation, Py (v,) >0
= 3 ) 2150F e A—pn Prelimina
= e G A=p(m —p V) -
& 1100k s A Z125f '
EllOO; A=p(m —p v, o
100 -
1080
75}
Muon at VELO level
s0f
1060 .o : . . .
e Derive Py, using A flight direction,
' ‘ | - -
1040 i \ | 8 1 | | 1 | 1 1 p”_’ pp and mA
0 20 20 60 %0 50 055 060 065 070 075 080 085 090
pr (vy) [MeVic] o

pTiporm”
p :porm

_pL—Pp

Where « T -
pL +pyg

Ching-Hua Li Recent results from LHCb on charged-current decays of b-hadrons


https://cds.cern.ch/record/2936210/files/LHCb-PAPER-2025-030-1CWR.pdf
https://cds.cern.ch/record/2936210/files/LHCb-PAPER-2025-030-1CWR.pdf

Systematic uncertainties in A - pu~v, study

Source Relative Uncertainty (%)
B(A — pm™) 0.78 %
Correction TISTISTIS Effs. 3.0 %
Correction Tracking Effs. 1.6 %
Correction PID Effs. 3.5 %
NormLine Fit expected to be negligible
Binning PidCalib SignalLine 1.61 %
Binning PidCalib NormLine 1.04 %
Intrinsic Tracking Uncertainty 1.8 %
A — pu~ 7, yield (fit binning) 3.9 %
Signal fit template expected to be negligible
MC TruthMatch 0.69 %
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