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Semileptonic b-hadron decays provide various opportunities for the searches of the New
Physics (NP) beyond the Standard Model (SM). This proceeding covers three recent relevant
studies at the LHCb experiment. There are two new contributions to R(D*)), including the
simultaneous measurements of R(D) and R(D*) with the muonic 7+ decay using the LHCb Run 1
data, and the R(D*) measurement based on the hadronic 7+ decays using the 2015-2016 data.
With these latest results included, the combination of R(D) and R(D*) shows a tension over
three standard deviations from the SM predictions. The first LHCb result of the D* longitudinal
polarisation in the B — D*~7*v, decay is also presented, where the result is consistent with the

SM prediction.
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1. Introduction

Semileptonic decays of b-hadrons offer a crucial platform for the searches of New Physics (NP)
beyond the Standard Model (SM). Particles that are not included in the SM , e.g. charged Higgs
and leptoquarks [1], could contribute to the b — clv and b — ulV transitions in addition to the W
boson in the SM, causing relevant physics observables deviating from the SM predictions. Precise
measurements of these observables in experiment provide crucial tests of the SM and probes of NP.

This proceeding presents three latest LHCb measurements related to NP searches in semilep-
tonic b-hadron decays, covering the topics of the Lepton Flavour Universality (LFU) tests and the
D™~ longitudinal polarisation measurement. These analyses benefit from the dedicated design and
the excellent performance of the LHCb detector for reconstructions of b-hadron decays.

2. Lepton Flavour Universality tests

The LFU is tested in B — D) [*v decays (I € {u, t}) via the branching-fraction ratios

B(B — DW1*y,)

() =
R(DY) = BB DO,

)

The SM states that the couplings between the electroweak gauge bosons and the different lepton
generations are universal, and thus the deviation of R(D ")) from unity is only due to the different
masses of the charged leptons. The R(D ")) quantity is an ideal experimental probe to NP because
the hadronic uncertainties largely cancel in the ratio and the NP effect could be enhanced in the
decay involving the 77 lepton.

There is a longstanding tension of R(D)) from the SM predictions at the level of three
standard deviations (o) [2], attracting great interests in the particle physics community to explore if
this tension is from the NP. The LHCDb experiment recently contributed to this effort by improving the
R(D ™)) measurements using two different kinds of 7* decays, i.e. the muonic mode 7+ — Hrvuve
and the hadronic modes t* — 37 (7°)v, where 37 = n*n 7.

2.1 R(D™)) with the muonic 7* mode

Using pp collision data collected in the LHC Run 1 operating period, the combined measure-
ment of R(D) and R(D*) is performed [3]. The D°u~ and D**u~ candidates are reconstructed.
Trigger independent of the muon candidate is required to preserve the low-momentum muons that
are mainly from 7~ decays. The identification of muons is improved using a dedicated multivariate
selector to reduce the misidentified background from hadrons which contributed to the dominant
systematic uncertainty in the previous R(D*) measurement [4].

The B — D™1 v,and B — D®) u~ v, signal yields are determined from a three-dimensional
binned template fit to the variables g* = (pg — pp), m%. = (ps — pp — pu)? and the muon
energy E7,, where pyx is the four-momentum of the particle X that is estimated with the topological
and kinematic constraints taken into account. The fit is performed simultaneously in eight distinct
subsets of D)y~ samples, and in each subset the candidates from dedicated signal or background
contributions are enhanced. The modelling of the various backgrounds are well constrained in this
way.
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Figure 1: Distributions of (left) m. . and (right) E}, in the specified ¢* bin of the (top) D° um and (bottom)

miss
D** um signal data, overlaid with projections of the fit model.

The results of the fit to the fully isolated (signal) sub-samples are shown in Fig. 1. The R(D*))
values are determined to be

R(D) = 0.441 + 0.060 = 0.066, R(D*) =0.281 = 0.018 + 0.023, )

with a correlation of p = —0.43. Here, the first uncertainty is statistical and the second systematic.
These results are consistent with the current average of these quantities and agree with the SM
predictions within 20. [2]

2.2 R(D*) with the hadronic 7" modes

With pp collision data collected in the LHC operation years of 2015-2016, the R(D*)
value is updated following the similar strategy of that in the Run1 analysis. [5-7] The B® —
D*~t*v, branching fraction is measured relative to that of the control mode B — D*~3x as
K(D*) = B(B° - D* 1*v;)/B(B® — D*~3x). The R(D*) value can then be extracted using the
external inputs of the B — D*~ u*v, and B® — D*~ 37 branching fractions [8], i.e.

B(B" - D* 37)
B(BY - D*~ptv,)

R(D") = K(D") 3

The selection is improved by employing four multivariate classifiers for background suppression
compared with that in the Run 1 study [5, 6]. The dominant background B — D*~3xX decays
with X being unreconstructed objects are significantly suppressed by a classifier which mainly
benefits from the detachment feature of the B® and 7+ vertices. Two additional classifiers are
designed to suppress the combinatorial and partially reconstructed backgrounds. A dedicated
boosted decision tree (BDT) classifier is employed to discriminate the dominant double charm
backgrounds B — D*"D}X, D! — 37X’ from signal decays. It takes advantage of the different
resonant structures in the 7 — 37V, and D} — 37X’ decays.

The B — D*~ 1%y, signal yield is determined from a three-dimensional binned template
fit to the variables g> = (pgo — pp+)?, the T proper lifetime ¢, and anti-D¥ BDT output. The
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Figure 2: Distributions of (top left) g, (top right) anti-D} BDT out and (bottom left) 7 in the B® - D* 1%y,
data sample with the fit result overlaid.

momenta used to determine related quantities are from approximations with kinematic and topo-
logical constraints applied. The template shapes are obtained from simulation samples for partially
reconstructed backgrounds, and from data for combinatorial backgrounds. To improve the back-
ground templates involving the DY — 37X’ decays, the D} — 37X’ branching fractions in the
simulation samples are aligned to those expected in data. The improvement is also applied to the
B — D*~ D} X background templates, where relative branching fractions of double charm decays
are constrained using data.

The fit results are shown in Fig. 2. With the B — D*~3r yield determined from the fit to the
D*~3x invariant mass, the efficiencies obtained from simulation samples and the external inputs of
the relevant branching fractions, R(D*) is determined to be

R(D*) = 0.247 + 0.015 + 0.015 + 0.012, )

where the first uncertainty is statistical, the second systematic and the third is due to the uncertainties
on the external inputs. Combining this result with the Run 1 measurement [6], the R(D™) value is

R(D™)comb = 0.257 £ 0.012 £ 0.014 £ 0.012, 5)

which is one of the most precise measurements of R(D*) to date. With these results included, the
R(D)-R(D*~) combination is still in tension from the SM prediction over 3o [2]
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Figure 3: The cos 6p distributions in two q2 regions for the (left) Run 1 and (right) Run 2 B — D*tty,
data samples with the fit results overlaid.

3. D™ longitudinal polarisation

Using the same dataset as that in the R(D*) measurements with the hadronic 7% modes, [5-7]
the D*~ longitudinal polarisation is measured. The D*~ longitudinal polarisation fraction F I’? Cis
extracted from the angular distribution

d’r
dg*dcosép

2 2
« aep(q°) +cay(q?)
=ag, (¢%) + cg, (¢*) cos Op, FP =2 D

= , 6
3ag, (q%) + cap (4?) ©

where 6 is the angle between the D° momentum and the opposite of the B momentum in the
D*~ rest frame, and the coefficients a¢(g?) and c¢(g?) contain information of hadronic effects and
fundamental couplings.

The coefficients ay(g?) and cgy(g?) are determined from a four-dimensional binned template
fit to qz, t7, cos Op and anti-DF BDT output. In addition to the corrections introduced in Sec. 2.2,
an extra correction is also applied to the cos 8p distributions for the template shapes of double
charm backgrounds. The fit projections for the cos 8p distribution are shown in Fig. 3. Using the
determined coefficients, F' LD " is extracted in the two ¢ bins and also with ¢ integrated out:

g% <7GeV?/c* :0.51 +0.07 + 0.03,
g% > 7GeV?/c* :0.35 +0.08 + 0.02,
g* integrated : 0.43 + 0.06 + 0.03,

(N

where the first uncertainty is statistical and the second systematic. These results are most precise to
date. They are consistent with the SM predictions within 1o. [9, 10]

4. Conclusion and prospects

Two recent LHCD results of R(D ")), measured using the muonic and hadronic 7+ decay modes,
respectively, are presented. The global picture of R(D)-R(D*) combination is largely unchanged
and the tension with the SM is still at the 30~ level. The first LHCb measurement of the D*~
longitudinal polarisation in the B® — D*~7%v, decay is introduced. The most precise result to date
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is obtained, and is found to be consistent with the SM prediction. These measurements contribute
to the continuous effort of searching for NP in semileptonic decays of b-hadron.

There are a lot physics topics to be studied with the ongoing experiments. The R(D)-R(D")
tension is expected to be better understood with more precise measurements using larger dataset
in the future. Full angular analyses of the semileptonic decays can be performed where different
angular coefficients are sensitive to different NP scenarios. With the increase of the accessible
dataset, the decays with low statistics can be explored, e.g. those involving excited charm and
charmless hadrons, providing new insights for the NP searches in semileptonic b-hadron decays.

References

[1] A. Crivellin, J. Heeck and P. Stoffer, A perturbed lepton-specific two-Higgs-doublet model
facing experimental hints for physics beyond the Standard Model, Phys. Rev. Lett. 116 (2016)
081801 [hep-ph/1507.07567].

[2] Y. Amhis et al., Averages of b-hadron, c-hadron, and t-lepton properties as of 2021, Phys.
Rev. D107 (2023) 052008 [hep-ex/2206.07501].

[3] LHCb collaboration, Measurement of the ratio of branching fractions R(D*) and R(D°) ,
Phys. Rev. Lett. 131 (2023) 111802 [hep-ex/2302.02886].

[4] LHCb collaboration, Measurement of the ratio of branching fractions
B(B"— D*t7v,)/B(B"— D**u~v,), Phys. Rev. Lett. 115 (2015) 111803
[hep-ex/1506.08614].

[5] LHCb collaboration, Measurement of the ratio of the B(B*— D*~t*v;) and
B(B’— D*~ u*v,) branching fractions using three-prong t-lepton decays, Phys. Rev. Lett.
120 (2018) 171802 [hep-ex/1708.08856].

[6] LHCDb collaboration, Test of lepton flavor universality by the measurement of the
BY — D*~t*v, branching fraction using three-prong T decays, Phys. Rev. D97 (2018)
072013 [hep-ex/1711.02505].

[7]1 LHCD collaboration, Test of lepton flavour universality using B — D*~t*v, decays, with
hadronic T channels, Phys. Rev. D108 (2023) 012018 [hep-ex/2305.01463].

[8] Particle Data Group, Review of particle physics, Prog. Theor. Exp. Phys. 2022 (2022)
083COl.

[9] Z.-R. Huang, Y. Li, C.-D. Lu, M.A. Paracha and C. Wang, Footprints of New Physics in
b — ctv Transitions, Phys. Rev. D98 (2018) 095018 [hep-ph/1808.03565].

[10] S. Bhattacharya, S. Nandi and S. Kumar Patra, b — ctv; Decays: a catalogue to compare,
constrain, and correlate new physics effects, Eur. Phys. J. C79 (2019) 268
[hep-ph/1805.08222].


https://doi.org/10.1103/PhysRevLett.116.081801
https://doi.org/10.1103/PhysRevLett.116.081801
https://arxiv.org/abs/hep-ph/1507.07567
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/hep-ex/2206.07501
https://doi.org/10.1103/PhysRevLett.131.111802
https://arxiv.org/abs/hep-ex/2302.02886
https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/hep-ex/1506.08614
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevLett.120.171802
https://arxiv.org/abs/hep-ex/1708.08856
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1103/PhysRevD.97.072013
https://arxiv.org/abs/hep-ex/1711.02505
https://doi.org/10.1103/PhysRevD.108.012018
https://arxiv.org/abs/hep-ex/2305.01463
http://pdg.lbl.gov/
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.98.095018
https://arxiv.org/abs/hep-ph/1808.03565
https://doi.org/10.1140/epjc/s10052-019-6767-7
https://arxiv.org/abs/hep-ph/1805.08222

	Introduction
	Lepton Flavour Universality tests
	R(D(*)) with the muonic  + mode
	R(D *) with the hadronic  + modes

	D*- longitudinal polarisation
	Conclusion and prospects

