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Introduction

o T
o Exclusive [V,| A= 1.0 contours
o CKM matrix elements are fundamental parameters in the Ep Bxclusive [V, | G0
Standard Model > ' VIV, IV, global it
I HFLAV Average

@ Probe closure of the Unitarity Triangle

o Long standing tension for jVpj and jV¢pj

o Complementary methods yield inconsistent results

o Experimentally extracted from semileptonic decays '3
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o Theoretically clean ¥ involve one hadronic current 2.8 PO2) - 8.9%
P S S R BRI B

o Typically large branching fractions 36 38 2 44
IV, | [10%]
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/html/ExclusiveVub/exclVubVcb.html

The LHCb detector in Run 1 and 2 [JINST 3 (2008) S08005][Int.J.Mod.Phys.A 30 (2015) 07, 1530022]

@ Single arm forward spectrometer
@ All b-hadrons species accessible

o Large samples of semileptonic b-hadron decays X, ¥ X+t .
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http://dx.doi.org/10.1088/1748-0221/3/08/S08005
https://inspirehep.net/literature/1335135

The LHCb detector in Run 1 and 2 [JINST 3 (2008) S08005][Int.J.Mod.Phys.A 30 (2015) 07, 1530022]

@ Tracking stations upstream and downstream of dipole magnet

o Momentum resolution Ap=p  0:5% for p <20GeV and 1% forp 200 GeV

o Decay time resolution A 45fs

Magnet
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http://dx.doi.org/10.1088/1748-0221/3/08/S08005
https://inspirehep.net/literature/1335135

The LHCb detector in Run 1 and 2 [JINST 3 (2008) S08005][Int.J.Mod.Phys.A 30 (2015) 07, 1530022]

@ Ring-Imaging Cherenkov (RICH) stations and calorimeters
o Kaon ID efficiency 95% for <5% ¥ K mis-ID probability
o Muon ID efficiency 97% for <3% ¥  mis-ID probability

ECAL HCAL
SPD/PS

RICH2 Ny
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http://dx.doi.org/10.1088/1748-0221/3/08/S08005
https://inspirehep.net/literature/1335135

Semileptonic X, ¥ X** . decays at LHCb

Advantages at LHCb
@ All species of b-hadrons accessible
o Large samples of b-hadrons decays
Challenges at LHCb
@ Hadronic environment
¥ Large backgrounds

o Unreconstructed neutrino

¥ Use corrected mass as discriminating variable
mcorr(xb) = m2(x‘+)+Pi(x‘+)+PL(X‘+)

from significant flight distance and excellent decay vertex
resolution
¥ Two-fold ambiguity in g2 = m?(“* -)
o Large uncertainty on bb-production rate

¥ Use normalization decays to cancel bb-production rates
¥ Requires external inputs (branching fractions, form-factors,...)

Fabian Glaser CKM 2025
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X
primry vertex vertex »

[JINST 3 (2008) S08005]
[Int.J.Mod.Phys.A 30 (2015) 07, 1530022]
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http://dx.doi.org/10.1088/1748-0221/3/08/S08005
https://inspirehep.net/literature/1335135

Measuring jVypj and jVqpj at LHCb

Results from LHCb:
1 [Vepjin B ¥ D™+

[Phys. Rev. D 101 (2020), 072004]

decays
2 The differential decay rate of B ¥ D&~ +
[J. High Energ. Phys. 2020, 144 (2020)]

3 Extraction of jVpj=jVcpj and observation of
B ¥ K- +

[Phys. Rev. Lett. 126 (2021), 081804]
Not covered in this talk:

@ New result on jVysjin A ¥ p +
[LHCB-PAPER-2025-030 (in preparation)]

¥ See Alessandra’s talk tomorrow

© jVubj=iVenj in AQ B pt —= decays

[Nature Physics 11 (2015)]

Fabian Glaser

decays

48
4.6
244
42

|[107]

\%

3.8
3.6
3.4
32

2.8

CKM 2025

T

Exclusive |V |

Exclusive |V, |

T

T

Ay? = 1.0 contours

Inclusive

= |V, J: GGOU 3
E Vv |V, J: global fit 5
E [ wrrav average E
] HFLAV |
E 2021 9
PO)=89%

PP R N S R RS R=

36 38 40

2 44
v,/ [10°]

[HFLAV Spring 2021]

September 16th 2025 7/23


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004
https://link.springer.com/article/10.1007/JHEP12(2020)144
https://inspirehep.net/literature/1835347
https://indico.cern.ch/event/1440982/contributions/6579479/
https://www.nature.com/articles/nphys3415
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/html/ExclusiveVub/exclVubVcb.html

Measurement of JV ] with
B, ¥ DS( )+ decays

[Phys. Rev. D 101 (2020), 072004]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

AnaIySiS Strategywws Rev. D 101 (2020), 072004]

p p

Dataset: 1fb lat' s=7TeV +2f lat' s=8TeV

(Run 1, 2011+2012)

Signal: BO! D{’) *

Normalization: B®! D() +

Strategy:
Signal and normalization reconstructed from D(s) I [K K*]
I Reduced systematic uncertainty

Simultaneously determinejV,j and form-factors from t to
di erential decay rate in data

Fabian Glaser CKM 2025
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S [Phys. Rev. D 101 (2020), 072004]

Di erential decay rate forB? !

Di erential decay rates:

d(BY! Ds * ) _ GEm}

*(mag + Mpy)? By | Venl®(W? )% jG(w)j?

- 3
dw 48 S
1FF
0 + 3G2Zm2 m2
d(Bg! Ds ) F7Bs Dy 2 oy 2002 1y3=2[iAiws - ne )i
aw d d q - 16(4 )2 gw | Ve (w ) JA(MW; 5 by )i
w dcos COS pg 4) | z }
3FF
with the qz-dependent hadronic recoilw = vgg VD( ) and the three helicity angles , pg and
S

Form factor parametrizations from
CLN: Caprini, Lellouch, Neubert iuci. phys. 8530 (1998) 153]

BGL: Boyd, Grinstein, Lebed [phys. rev. Lett. 74 (1995) 4603]
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A novel method to infer FFSuys. rev. o101 2020), 072004

Usually, FF parameters are extracted as function ofq2 or hadron

recoil w(g?) = vg, Vo)
S

This analysis usesp» (Ds )

Fully reconstructed observable
I removes two-fold ambiguity in g2
Strongly correlated with w(qg?) and thus with FFs
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Fit results [Phys. Rev. D 101 (2020), 072004]

Signal t with CLN parametrization
Signal and normalization vyield from 2D t to

Meorr (Ds  *) and p» (Ds )

O N

sig — Bnorm fq Ds ! K K* Bs " horm
z
g 482 Dl
d
| {z }
jVepi and FFs

Background subtracted distributions
[Phys. Rev. D 98, 030001 (2018)]

From LHCb measurement[Phys. Rev. D 100, 031102 (2019)]

E ciencies from simulation

Phase-space parameters =[w]; [w; ; pg; |

Using external input on the dependence of the normalization

B’
decay onjVpj decouples
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Extraction ijvcbj [Phys. Rev. D 101 (2020), 072004]
First exclusive extraction of V] at a hadron collider and rst using B? decays

jVepjon = (41:6  0:6(stat)  0:9(syst) 1:2(ext)
jVepjgeL = (42:3  0:8(stat)  0:9(syst) 1:2(ext)

CLN and BGL extractions are compatible
Agree with previous determinations in exclusive B*:? decays and
inclusive determinations
Uncertainty dominated by external inputs
2% relative uncertainty on % B

[Phys. Rev. D 100, 031102 (2019)]
2% relative uncertainty on normalization branching fraction

B
Dg ! K K* S

Leading systematic uncertainty from D(S) I K K* model
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Measurement of the shape of the
B: | D ° di erential decay rate

[J. High Energ. Phys. 2020, 144 (2020)]
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Form factor tS . vigh energ. phys. 2020, 144 (2020

Dataset: 1:7fb ! at P s=13 TeV (Run 2, 2016)

Signal: B! Ds (! Ds ) *
Soft reconstructed in a cone aroundDg
Ds reconstructed in [K K*] and [K* ] oK
Strategy:
Signal yields determined from ts to mcorr (BY) in seven bins
of reconstructed w

MeasuredB?! Ds *  spectrum is unfolded intrue w

Accounting for experimental resolution
Correcting for reconstruction and selection e ciencies

Unfolded spectrum wyns is tted with
CLN [Nucl. Phys. B530 (1998) 153]

Phys. Rev. Lett. 74 (1995) 4603]
hy

Fabian Glaser CKM 2025

Both ts describe the measured spectrum
well and are compatible

Results allow to constrain FF
parametrizations

September 16th 2025 15/23



First observation of the Decay B ! K 7
and Measurement of |V pj=]Veb]

[Phys. Rev. Lett. 126 (2021), 081804]
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AnaIySiS Strategywws Rev. Lett. 126 (2021), 081804]

Dataset: 2fb 1 at P

5=8 TeV (2012)
Signal: B! K 7
Normalization: B! Ds * with Ds ! K K*

CKM extraction:

Theory Input Experiment
R e O
Vuni® (PR ¢ _ B(BY! K * )
iVei? | FFe0r b, B(BY! Ds * )
Ngoy k + "BOI Kk *
= 5 s B(Ds ! K K* )
NBg! Ds * B! Dg * [ {z }
| {7 } | {7 } External input
Fit Simulation
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AnalySiS Strategwws Rev. Lett. 126 (2021), 081804]

Extraction of jVypj2=jVebj2 in two bins of q2:

Theory Input Experiment
23] ]

JVubi? PPeg k  _ B(BY! K * )
iVei2 | FFegr b, B(BY! Ds * )

Nwo . "o
B! K B! K
= = s B(Ds ! K K* )
Ngo, p, + BOI Dy * | {z }
s 175 1 | s f% } Le= S
| 8 ) 8 External input
Fit Simulation

Theory input on signal form-factors
g% < 7GeV?2 from LCSR pHep 2017, 112 (2017)]
q2 > 7GeV? from Lattice QCD [phys. Rev. D 100, 034051 (2019)]
I Minimize uncertainty on FF inputs
Theory inputs on normalization form-factors
Full g2 from Lattice QCD [phys. Rev. D 101, 074513 (2020)]

Fabian Glaser CKM 2025

External input

B(Ds ! K K* ) from

[Prog. Theor. Exp. Phys. 2020, 083C01 (2020)]
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Fits to data [Phys. Rev. Lett. 126 (2021), 081804]

Fitted yields:

N(BJ! K * )gec7gevz =6922 285
N(BJ! K * )gzs7cev2 =6399 370
N(BO! Ds * )=201450 5200
Signal t at low @? Signal t at high g2

Fabian Glaser CKM 2025

Normalization t full g2
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Extraction ijvubj :chbj [Phys. Rev. Lett. 126 (2021), 081804]

2 » B(BJ! K * ) 3
?< 7Gev2 os = B ) _1.66 008(stat) 0:07(syst) 0:05(Ds) 10
B(BY! Ds * )
B(BY! K * ) .
2> 7Gev? 28 = 7 =325 0:21(stat) "% 18(syst) 0:09(D 10 8
q B(BY! Ds * ) (stat) "5 17(syst) (Ds)

With FF predictions from LCSR rep 2017, 112 (2017)] @nd LQCD [phys. Rev. D 100, 034051 (2019)]

iVubj=iVepj = 0:0607 0:0015(stat)  0:0013(syst)
0:0008(Ds)  0:0030(FF)

iVubi=iVenj = 0:0946 0:0030(stat) *9;9%2% (syst)
0:0013(Ds)  0:0068(FF)

I Tension is driven by di erence in FF calculation
I Leading systematic uncertainty from t template
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Summary

Exclusive and InCIUSIVeJVCbJ [Phys. Rev. Lett. 126, (2021) supplementary]

0 + 2 2
LHCb result [Phys. Rev. D 101 (2020), 072004] Bs ! K+ ' qz - rcev ) [Phys. Rev. Lett. 126 (2021)]
| _ )
updated with latest fs=fg[Phys. Rev. D 104, 032005 (2021)] b' P ) an> 1+5 cev [Naturiphys'cs 11 (2015)
i i updated with recent B( o ! pK ) [Eur. Phys. J. C (2021)]
Plot taken from this talk by M. De Cian, FPCP (2021) BS I Kt g2< 7GeV 2 [Phys. Rev. Lett 126 (2021)]
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Upcoming measurements at LHCb

1. Extracting jVypj from B! K * andBJ! K FF parameters with Run 2 data
Measure shape of di erential decay rate in eight bins ofg?

2. Extracting jVypj from B* 1 0 * andB* ! O FF parameters with Run 2 data
Measure shape of di erential decay rate in 10 bins ofg?

3. Extracting jVuj=jVej from B | D)0 +  with Run 2 data

Normalize to B | J= *
Pro t from LQCD B: I D° FF across fuIIq2 [Phys. Rev. D 105, 014503 (2022)]

4. Extracting jVej form 21 &~ with Run 2 data
Measure shape of di erential decay rate

5. Extracting B! D  FF from B%! D *  using Run 2 data

) Many exciting Run 2 results upcoming

) Already collected more data in Run 3 than in Run 1+2 combined

Fabian Glaser CKM 2025 September 16th 2025
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Thank you for your attention
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Appendix
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Measurement of jV,] with
B ! Dé )+ decays

[Phys.Rev.D 101 (2020), 072004]
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Normalization channel T iPhys Rev.D 101 (2020), 072004]

Fabian Glaser CKM 2025 September 16th 2025 26 /23



External in putS[Phys.Rev.D 101 (2020), 072004]
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Fit result with CLN and BGL parameterizationsrevo 101 020 07200
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Summary of the t parameters and uncertainties,s revo 101 (020, 072001
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Measurement of the shape of the
B: | D ° di erential decay rate

[J. High Energ. Phys. 2020, 144 (2020)]
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Reconstruction of thd:)s IMEeSO0N. High Energ. Phys. 2020, 144 (2020)]

Distribution of the reconstructed Dg~ mass,m(Dg ), with the t overlaid
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Signal t in bins of w [J. High Energ. Phys. 2020, 144 (2020)]

Binned maximum likelihood tto mcor(Ds *) in 7 bins of reconstructed w
Binning optimized to ensure comparable signal yield in each bin

bin 1 2 3 4 5 6 7

w 1.1087 1.1688 1.2212 1.2717 1.3226 1.3814 1.4667
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Systematic uncertainties on unfolded yieldS e erys. 2020, 144 2020y
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Reults on the FF parameters (s g eners phye 2020, 124 (2020)]

Table 3: Results from different fit configurations, where the first uncertainty is statistical and
the second systematic.

CLN fit
Unfolded fit p? =1.1640.05+0.07
Unfolded fit with massless leptons p? = 1.17 £ 0.05 £ 0.07
Folded fit p?=1.1440.04 £ 0.07
BGL fit

. = —0.002 £+ 0.034 £ 0.046
Unfolded fit 005006
= 093755 05

af
a
. af = 0.042 £ 0.029 + 0.046
Folded fit
al
2

0.05 4+ 0.06
=0.9379% "

0.20 - 0.38
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Systematic uncertainties on FF parameters (i wis eners. phys 2020, 144 (2020)]

Fabian Glaser

Table 2: Summary of the systematic and statistical uncertainties on the parameters p25 a{ and
ag from the unfolded CLN and BGL fits. The total systematic uncertainty is obtained by adding

the individual components in quadrature.

Source o(p?) o(ad) o(ad)
Simulation sample size 0.053 0.036 g
Sample sizes for efficiencies and corrections 0.020 0.016 ove
SVD unfolding regularisation 0.008 0.004 -
Radiative corrections 0.004 - -
Simulation FF parametrisation 0.007 0.005 -
Kinematic weights 0.024 0.013 -
Hardware-trigger efficiency 0.001 0.008 -
Software-trigger efficiency 0.004 0.002 -
Dy selection efficiency 0.008

D7~ weights 0.002 0.014 -
External parameters in fit 0.024 0.002 0.04
Total systematic uncertainty 0.068 0.046 +o.00
Statistical uncertainty 0.052 0.034 o0

CKM 2025
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https://link.springer.com/article/10.1007/JHEP12(2020)144

First observation of the Decay By ¥ K
and Measurement of |V ,]J=]Vb]

[Phys. Rev. Lett. 126 (2021), 081804]
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https://inspirehep.net/literature/1835347

Form factor calculations i rev. tete 126 (2001, supplementary]
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https://inspirehep.net/literature/1835347

BR result across full g2 and systematic uncertainties .. re. e 126 zoon)

Ratio of branching fractions across full g2:
BB ¥ K~ .
W = (4:89 0:21 (stat) 7920 (syst) 0:14(Ds)) 1073
s = S

Systematic uncertainties:

TABLE 1. Relative systematic uncertainties on the ratio
B(B? — K~p'tv,)/B(BY - Dyp'y,), in percent.

Uncertainty All ¢? Low ¢° High ¢*
Tracking 2.0 2.0 2.0
Trigger 1.4 1.2 1.6
Particle identification 1.0 1.0 1.0
(Meorr) 0.5 0.5 0.5
Isolation 0.2 0.2 0.2
Charged BDT 0.6 0.6 0.6
Neutral BDT 1.1 1.1 1.1
¢* migration e 2.0 2.0
Efficiency 1.2 1.6 1.6
Fit template 33 s 29
Total a8 43 3
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