
Beatriz García Plana (IGFAE-USC) ICHEP 2020

Beatriz García Plana
On behalf of the LHCb Collaboration

Universidade de Santiago de Compostela

Lepton Universality tests using 
semileptonic b-hadron decays



Beatriz García Plana (IGFAE-USC) ICHEP 2020 2

v Lepton Flavour Universality
v LFU tests in semileptonic decays

INTRODUCTION LHCb	RESULTS PROSPECTS CONCLUSIONS

v Muonic R 𝐷∗
v Hadronic R 𝐷∗
v R(J/ψ)

v Future analyses
v Future strategies

v Global picture
v Conclusions

Today’s outline



Beatriz García Plana (IGFAE-USC) ICHEP 2020 3

Lepton Flavour Universality
o SM	predicts Lepton Flavour Universality (LFU):	equal couplings between gauge	bosons and	
the three lepton families

o Observation of	violation of	LFU	would be	sign of	new	physics (NP)

o A	large class of	BSM	models contain new	interactions that involve third generations of	
quarks	and	leptons:
• Charged Higgs
• Leptoquarks
• Z’
• W’
• …

o Tensions between SM	expectation and	experimental	results:
• Charged currents: b → c l ν
• Neutral currents: b → s l l

NP?

b c

l

νl

In	this talkJ
See	talk 31st July

https://indico.cern.ch/event/868940/contributions/3815646/
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Tree	level	decays	in	the	SM,	mediated	by	a	W boson

with

o Clean	prediction	from	SM
• Partial	cancellation	of	hadronic	form	factor	uncertainties	in	the	ratio
• High	rate	of	charged	current	decays:	ℬ(B→D*τν)~1.2	%	in	SM
• Deviation	from	unity	due	to	different	lepton	masses	(τ,	μ)

Hb = B0, B+
(c),⇤

0
b , B

0
s ...

<latexit sha1_base64="RppctvLtLmXsRMp4gk8xuRm/iGU="></latexit><latexit sha1_base64="RppctvLtLmXsRMp4gk8xuRm/iGU="></latexit><latexit sha1_base64="RppctvLtLmXsRMp4gk8xuRm/iGU="></latexit><latexit sha1_base64="RppctvLtLmXsRMp4gk8xuRm/iGU="></latexit>

LFU tests in semileptonic decays

b c
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𝜈̅ℓ𝑊%

Hc = D⇤+, D⇤0, D0, D+, Ds,⇤
(⇤)
c , J/ ...
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4

o Missing momentum of	neutrinos:	Missing kinematic constraints
o B	momentum unknown:	needed approximations to	reconstruct it
o Two reconstruction channels for τ

• Muonic mode:	τ−	→	μ− )𝝂μντ	
• Hadronic mode:	τ−	→	π−π+π−	(π0)ντ

At	LHCb…

𝜏%
𝜈,
𝜋%𝜋.𝜋%

𝜏% 𝜇%
𝜈,

𝜈̅0
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R (D⇤) = B(B
0!D⇤+⌧�⌫⌧ )

B(B
0!D⇤+µ�⌫µ)

R 𝐷∗ muonic at LHCb
First measurement of	R(D*)	in	a	hadron collider,	using the muonic decay of	τ−	→	μ− )𝝂μντ	LHCb muonic R(D*) 
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•  First measurement of  R(D*) in a 
hadron collider. 

•  τ reconstructed with τ→µνν. 

•  Difficult, due to missing kinematic 
constraints (ϒ(4S)). 

•  B boost along z >> boost of  decay 
products in B rest frame. 

•  The B momentum approximated by: 

•  18% resolution on pB good enough to 
preserve signal and background 
discrimination in m2

miss , Eµ* and q2. 

(γβz )B = (γβ)D*µ ⇒ (pz )B =
mB

m(D*µ)
(pz )D*µ

[Phys. Rev. Lett. 115, 111803 (2015)] 

[LHCb-PAPER-2015-025] 
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LHCb muonic R(D*) 
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m(D⇤µ) (pz)D⇤µ

Features of	the analysis:
o Missing kinematic constraints:		Rest frame
approximation

B
0

D⇤+

µ�

m2
miss

o 18	%	resolution on pB, good enough to	preserve	
signal and	normalization discrimination

[PRD	115,	111803	(2015)]

o Variables:
• 𝐸0 (B rest frame)
• 𝑚3455

6 = 𝑝9 − 𝑝;∗ − 𝑝0
6

• 𝑞6 = 𝑝9 − 𝑝;∗
6

MC	truth	(before	detector	effects)

MC	reconstructed	(including	detector	effects)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
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• ML		fit	to	m2
miss,	Eµ,	q2		distributions	with	3D	templates	representing	

B0àD*tn,		B0àD*µn and	background	sources.	
• Templates	validated	with	separate	fits	on	data	control	samples

D*tn

D*µn

PRL 115, 11804 (2015)

2.1	s higher		than	SM					

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)

Result:	separate τ and μ components via a	3D	binned template fit to:	

R(D⇤) = 0.336± 0.027(stat)± 0.030(syst)

E*μ q2

~2.1	σ from SM

[Run	1	data]

R 𝐷∗ muonic at LHCb
• 𝐸0 (B rest frame)
• 𝑚3455

6 = 𝑝9 − 𝑝;∗ − 𝑝0
6

• 𝑞6 = 𝑝9 − 𝑝;∗
6

6

m2 miss

[PRD	115,	111803	(2015)]
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B0àD*tn,		B0àD*µn and	background	sources.	
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D*tn
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PRL 115, 11804 (2015)

2.1	s higher		than	SM					

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)

[HFLAV	2019]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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R 𝐷∗ hadronic at LHCb

τ decay mode BR (%) 
[PDG-2017]

τ→	μνμντ 17.39	± 0.04
τ→	eνμντ 17.82	± 0.04
τ→	π+π−π+	ντ 9.31	± 0.05
τ→	π+π−π+π0ντ 4.62	± 0.05
τ→	πντ 10.82	± 0.05
τ→	ρντ 25.49	± 0.09

• Approximations are	done	to	reconstruct the B and	τmomentum
• Signal and	normalization same visible	state:	D*−	π+π−π+	
• Most of	the theoretical and	experimental	uncertainties are	cancelled
out in	the ratio

• R(D*)	obtained from:

[4.0	%	precision]

[2.2	%	precision]

Overlapping signal
decay mode

First measurement of	R(D*)	using the hadronic τ decay with τ+→π+π−π+(π0)ντ

[PRD	97,	072013	(2018)]
[PRL	120,171802	(2018)]

K(D⇤) =
B(B0 ! D⇤�⌧+⌫µ)

B(B0 ! D⇤�⇡+⇡�⇡+)
=

Nsig

Nnorm
⇥✏norm

✏sig
⇥ 1

B(⌧+ ! ⇡+⇡�⇡+(⇡0)⌫⌧ )
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R(D⇤) = K(D⇤)⇥ B(B0 ! D⇤�⇡+⇡�⇡+)

B(B0 ! D⇤�µ+⌫µ)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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Result:	
o N(B0→D*−π+π−π+) unbinned likelihood fit to	M(D*−π+π−π+	)
o N(B0→D*−τ+ντ)	three dimensional	binned fit to	data
Variables:	τ decay time,	q2,	BDT	output
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R 𝐷∗ hadronic at LHCb

[Run	1	data]

~1	σ from SM

[PRD	97,	072013	(2018)]
[PRL	120,171802	(2018)]

[HFLAV	2019]

K(D⇤) = 1.93± 0.12(stat)± 0.17(syst)
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R(D⇤) = 0.280± 0.018(stat)± 0.029(syst)
<latexit sha1_base64="SOwYF059xYurLTf4UNBcp9CiJfE="></latexit><latexit sha1_base64="SOwYF059xYurLTf4UNBcp9CiJfE="></latexit><latexit sha1_base64="SOwYF059xYurLTf4UNBcp9CiJfE="></latexit><latexit sha1_base64="SOwYF059xYurLTf4UNBcp9CiJfE="></latexit>

Updated by HFLAV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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R(J/ψ) muonic at LHCb
Generalization	of	R(D*)	in	the	Bc sector,	with τ+→μ+νμ)𝝂τ	

o Form factors unconstrained experimentally.									
Significant uncertainties from theory
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Figure 1: Distributions of (top) m2
miss, (middle) decay time, and (bottom) Z of the signal data,

overlaid with projections of the fit model with all normalization and shape parameters at their
best-fit values. Below each panel di↵erences between the data and fit are shown, normalized by
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systematic uncertainty is assigned using half the di↵erence between the two minima.246

The systematic uncertainty due to the combinatorial background cocktail is determined247

by varying the linear correction made to its J/ µ+ mass distribution, described above,248
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the J/ peak region is determined by varying the normalization of this component within250
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Result:	3D	binned maximum likelihood fit to	data.	Variables: m2
miss,	decay time,	Z(Eμ,	q2)

R(J/ ) = B(B+
c !J/ ⌧+⌫⌧ )

B(B+
c !J/ µ+⌫µ)

R(J/ ) = 0.71± 0.17(stat)± 0.18(syst)

[Run	1	data]

[PRL	120	(2018)	121801]

~2	σ from SM

RSM (J/ ) 2 [0.25, 0.28]
[PLB	452	(1999)	129]
[arXiv:0211021]
[PRD	73	(2006)	054024]
[PRD	74	(2006)	074008]
[arXiv:2007.06956]

https://arxiv.org/abs/1711.05623
https://arxiv.org/abs/hep-ph/9812514
https://arxiv.org/abs/hep-ph/0211021
https://arxiv.org/abs/hep-ph/0602050
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.074008
https://arxiv.org/abs/2007.06956
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v R(D*) world average is in tension
with the SM at the level of 2.5 σ

vWA combination of R(D) and R(D*) is in
tension with SM at the 3.08 σ level

[HFLAV	2019]

R 𝐷(∗) global picture

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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Future prospects
[a
rX
iv
:1
80
9.
06
22
9]

[a
rX
iv
:1
80
8.
08
86
5]

v New	results	are	expected	from:
o Run	2	updates	with	a	total	uncertainty	reduction
o Ongoing	analyses:	

• R(𝐷?):	𝐵. → 𝐷?𝜏𝜈
• R(𝐷.):	 B𝐵? → 𝐷.𝜏𝜈
• R 𝐷5

(∗) :	𝐵5 → 𝐷5
(∗)𝜏𝜈

• R(𝐷∗∗): 𝐵.→ 𝐷∗∗(2420)0𝜏𝜈
• R Λ𝑐 ∗ :	ΛG → Λ𝑐 ∗ 𝜏𝜈
• R(J/ψ):	𝐵H. → J/ψ 𝜏𝜈
• R(𝑝): ΛG→ 𝑝𝜏𝜈
• Combined	measurement	of	R(𝐷)	and	R(𝐷*)	

o Form	factor	measurements
• ΛG → ΛH 𝑙𝜈
• ΛG → Λ𝑐∗𝑙𝜈
• 𝐵5 → 𝐷𝑠 ∗ 𝑙𝜈

o Angular	analyses
v In	the	Upgrade	I,	LHCb will	collect	~50fb-1 (luminosity	×5)

[arXiv:2003.08453]

https://arxiv.org/abs/1808.08865
https://arxiv.org/pdf/2003.08453
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Intriguing	tensions	with	SM	in	ratios	of	branching	fractions	in	b → c l ν decays	
LFUV road to new physics! 

v Presented the latest LHCb results on LFU using Run	1 data

v 9	fb-1	recorded at	the end of	Run	2.	Exciting program ahead!	

v Systematic uncertainties:

• Many are	assumed to	scale with the accumulated statistics at	the LHCb upgrade

• Others will be	improved with external measurements
Belle	II

BESIII

Conclusions

STAY TUNED!
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Thank you for 
your attention!
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Back-up slides
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Lepton Flavour Universality tests
using semitauonic decays at LHCb
Beatriz García Plana
*beatriz.garcia@usc.es

RX G2TiQM 6H�pQm` lMBp2`b�HBiv
• Lepton Flavour Universality (LFU): equal couplings between gauge bosons

and the three lepton families.

• LFU is a key ingredient of the Standard Model (SM). Tensions between SM
predicƟons and experimental results have been found.

• Semitauonic decays allow to perform tests of LFU:

R(Dú≠) =
B(B0 æ Dú≠· +‹· )
B(B0 æ Dú≠µ+‹µ)

kX h?2 G>*# /2i2+iQ`
Single arm spectrometer in the forward direcƟon, opƟmized for the study of
beauty and charm hadrons in a pseudorapidity range 2 < ÷ < 5.

Ref.: LHCb collaboraƟon, Alves Jr., A. A. et al., The LHCb detector at the LHC. J. Instrum. 3 (2008) S08005.

jX �M�HvbBb bi`�i2;v
First measurement of R(Dú≠) using the hadronic decay of the tau:

· + æ fi+fi≠fi+(fi0)‹·

• B æ Dú≠fi+fi≠fi+X (neutrals): most important background, where 3
pions come from the B vertex.
Requirement: decay topology with minimum distance between B and ·
verƟces�z > 4‡�z .

• B æ Dú≠D+
s X : Most abun-

dant background aŌer the�z cut.
MulƟvariate analysis to remove it.

Ref.: LHCb collaboraƟon, Test of lepton flavor universality by the measurement of the
B0 æ Dú≠·+‹· branching fracƟon using three-prong · decays, PRD 97, 072013 (2018).

9X h?`22 /BK2MbBQM�H }i `2bmHi
Signal yield obtained from a 3-dimensional template fit. Variables:

• · decay Ɵme, t·

• Squared transferred momentum, q2

• Output of a mulƟvariate algorithm (Boost Decision Tree, BDT)

R(Dú) = 0.291 ± 0.019(stat) ± 0.026(syst) ± 0.013(ext)
Ref.: LHCb collaboraƟon, Test of lepton flavor universality by the measurement of the
B0 æ Dú≠·+‹· branching fracƟon using three-prong · decays, PRD 97, 072013 (2018).

Global picture

Combined experimental average
of R(D) and R(Dú) is in tension
with the SM predicƟon at the
3.1‡ level.

Ref.: HFLAV.

8X 6mim`2 T`QbT2+ib
• Lepton Flavour Universality ViolaƟon is a road to new physics.

• 9.2 ĩ≠1 recorded at the end of Run 2 will allow to reduce both systemaƟc
and staƟsƟcal uncertainƟes.

Analysis ongoing:
Measurement of R

!
D(ú)",

with the selecƟon
B æ D{≠,0}3fi.
Analyzed modes:

• D≠ æ K+fi≠fi≠

• D0 æ K≠fi+

• Dú≠ æ D0fi≠

• Dú≠ æ D≠fi0

• Dú0 æ D0fi0

Projected absolute uncertainƟes

Recorded luminosity for LHCb phase 1 up-
grade: 22 ĩ≠1 (2021-2023) and 50 ĩ≠1

(2026-2029).

Ref. LHCb collaboraƟon, Physics case for an LHCb Upgrade II, arXiv:1808.08865.

LHCb detector
[Int.	J.	Mod	Phys.	A30,	1530022	(2015)]

https://arxiv.org/abs/1412.6352
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LHCb upgrade in a nutshell

New	pixel	
vector	detector

New	silicon upstream tracker New	optics and	photodetectors

New	scintillating fibre tracker New	electronics
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R(D*),	tàµnn

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)

M
.	C
al
vi
	-
FC
CP

	

25

Background	
modelling;
depends	on	control	
sample	size

PRL 115, 11804 (2015)

Systematics:

[PRD	115,	111803	(2015)]

R 𝐷∗ muonic at LHCb

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
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R 𝐷∗ hadronic at LHCbHadronic R(D*) at LHCb

18/04/2018 A. Romero Vidal 15
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• Measurement of R(D*) using 3-prong 

hadronic τ+→π-π+π-(π0)ντ decays.

• Most abundant background BàD*-π+π-

π+(+neutrals) suppressed by requiring a 

significant displacement between the τ and 

B vertices.

• B0→D*-π+π-π+ used as normalisation.

• Main remaining background due to BàD*-

DX decays, with Dàπ+π-π+X.

• Signal yield extracted from a 3D fit to q2, τ

decay time a BDT (includes kinematic and 

isolation variables).

• R(D*) = 0.285 ± 0.019(stat) ± 0.025(syst) ±

0.014(ext)
arXiv:1711.02505

o Largest	background due to	B→ D*−π+π−π+X,	where 3	pions come	
from the B	vertex (100	higher than the signal)
• Requirement:	decay topology with minimum distance between
B and	τ vertices:	 Δz	>	4	σΔz

• Suppressed by 3	orders of	magnitude
o 2nd	largest background is	the	double	charm B→ D*−Ds+X : 
Multivariate Analysis (BDT)

zDsz/D
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LHCb simulation

)Xppp*DPrompt (
)DX*DDouble-charm (

)nt*DSignal (

[PRD	97,	072013	(2018)]
[PRL	120,171802	(2018)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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R 𝐷∗ hadronic at LHCb
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Signal
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LHCb simulation

BDT	used as	variable	in	the fit to
extract signal yield

o Most important background after the inversion cut comes	
from B→ D*-Ds

+X
o Multivariate Analysis:	18	variables	combined in	a	BDT:

• 3 π variables
• D*-3π dynamics
• Neutral	isolation variables

-0.075

[PRD	97,	072013	(2018)]
[PRL	120,171802	(2018)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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R 𝐷∗ hadronic at LHCb
Systematics:

[PRD	97,	072013	(2018)]
[PRL	120,171802	(2018)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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R 𝐷∗ hadronic at LHCb
Main systematic uncertainties due to:
• Size of	simulated simple
• Shape of	the background B→	D*−Ds+X
• D(s)+→π+π−π+X decay mode.	BESIII future measurement will reduce	this uncertainty.	Improvement as	well

of	the upgraded ECAL
• Branching fraction of	normalisation mode B0→D*−π+π−π+	known with ~4%	precision.	Belle	II can	measure

it precisely

Hadronic R(D*) at LHCb: systematics

18/04/2018 A. Romero Vidal 16

]2c) [MeV/+π−π+π(m
500 1000 1500 2000

)2 c
C

an
di

da
te

s /
 (1

0 
M

eV
/

0

200

400

600

800

1000
LHCb +

sD

+D

Dominated by
Dsàπ+π-π+X

• Main systematic uncertainties due to:

• Size of simulated sample: it will be reduced by producing 
larger samples.

• Shape of the BàD*DX backgrounds: scales with statistics.

• D(s)
+ à π+π-π+X decay model. BESIII future measurement will 

help to significantly reduce this uncertainty. Also, most of 
the inclusive Ds

+ à π+π-π+X decays emit photons or π0’s. An 
upgraded ECAL would help very much in reducing this (the 
largest) background.

• Branching fraction of normalisation mode B0→D*-π+π-π+

known with ~4% precision. Belle II can measure it precisely. 

• The situation is worse in the case of, i.e.: R(D0), where the 
B+→D0π+π-π+ branching fraction is known with ~40% 
precision. ]2c) [MeV/+p-p+p-*D(m
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arXiv:1711.02505
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• Main systematic uncertainties due to:

• Size of simulated sample: it will be reduced by producing 
larger samples.

• Shape of the BàD*DX backgrounds: scales with statistics.

• D(s)
+ à π+π-π+X decay model. BESIII future measurement will 

help to significantly reduce this uncertainty. Also, most of 
the inclusive Ds

+ à π+π-π+X decays emit photons or π0’s. An 
upgraded ECAL would help very much in reducing this (the 
largest) background.

• Branching fraction of normalisation mode B0→D*-π+π-π+

known with ~4% precision. Belle II can measure it precisely. 

• The situation is worse in the case of, i.e.: R(D0), where the 
B+→D0π+π-π+ branching fraction is known with ~40% 
precision. ]2c) [MeV/+p-p+p-*D(m
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