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Abstract: A search is presented for physics beyond the standard model (SM) using elec-
tron or muon pairs with high invariant mass. A data set of proton-proton collisions collected
by the CMS experiment at the LHC at √

s = 13TeV from 2016 to 2018 corresponding to
a total integrated luminosity of up to 140 fb−1 is analyzed. No significant deviation is
observed with respect to the SM background expectations. Upper limits are presented
on the ratio of the product of the production cross section and the branching fraction
to dileptons of a new narrow resonance to that of the Z boson. These provide the most
stringent lower limits to date on the masses for various spin-1 particles, spin-2 gravitons in
the Randall-Sundrum model, as well as spin-1 mediators between the SM and dark matter
particles. Lower limits on the ultraviolet cutoff parameter are set both for four-fermion
contact interactions and for the Arkani-Hamed, Dimopoulos, and Dvali model with large
extra dimensions. Lepton flavor universality is tested at the TeV scale for the first time by
comparing the dimuon and dielectron mass spectra. No significant deviation from the SM
expectation of unity is observed.
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What is LFUV and why it matters
• SM: 3 generations of leptons with 

the same gauge couplings
• Difference in masses and Higgs coupling

• SM fields do mix:  
• Quarks à CKM matrix
• Neutrinos à PMNS matrix

• For charged leptons the matrix 
seems purely diagonal

• Lepton Flavor Violation: out of diagonal term 
• Lepton Flavor Universality Violation: diagonal terms 

not all equal
• Sensitive to physics beyond the standard model
• Tensions or anomalies observed in various channels

• Accidental symmetry, not coming from first principles
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What is the origin of Quark 
and Lepton Mixing?

New physics from flavour Sheldon Stone

1. Introduction: Reasons for physics beyond the Standard Model

Although the Standard Model (SM) of particle physics provides an excellent description of
electroweak and strong interactions, there are many reasons that we expect to observe new forces
giving rise to new particles at larger masses than the known fermions or bosons. One oft noted
source of this belief is the observation of dark matter in the cosmos as evidenced by galactic angular
velocity distributions [1], gravitational lensing [2], and galactic collisions [3]. The existence of dark
energy, believed to cause the accelerating expansion of the Universe, is another source of mystery
[4]. The fine tuning of quantum corrections needed to keep, for example, the Higgs boson mass at
the electroweak scale rather than near the Planck scale is another reason habitually mentioned for
new physics (NP) and is usually called “the hierarchy problem” [5].

It is interesting to note that the above cited reasons are all tied in one way or another to
gravity. Dark matter may or may not have purely gravitational interactions, dark energy may be
explained by a cosmological constant or at least be a purely general relativistic phenomena, and the
Planck scale is defined by gravity; other scales may exist at much lower energies, so the quantum
corrections could be much smaller. There are, however, many observations that are not explained
by the SM, and have nothing to do with gravity, as far as we know. Consider the size of the quark
mixing matrix (CKM) elements [6] and also the neutrino mixing matrix (PMNS) elements [7].
These are shown pictorially in Fig. 1. We do not understand the relative sizes of these values or nor
the relationship between quarks and neutrinos.
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Figure 1: (left) Sizes of the the CKM matrix elements for quark mixing, and (right) the PMNS matrix
elements for neutrino mixing. The area of the squares represents the square of the matrix elements.

We also do not understand the masses of the fundamental matter constituents, the quarks and
leptons. Not only are they not predicted, but also the relationships among them are not understood.
These masses, shown in Fig. 2, span 12 orders of magnitude [7]. There may be a connections
between the mass values and the values of the mixing matrix elements, but thus far no connection
besides simple numerology exists.

What we are seeking is a new theoretical explanation of the above mentioned facts. Of course,
any new model must explain all the data, so that any one measurement could confound a model.
It is not a good plan, however, to try and find only one discrepancy; experiment must determine a
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Lepton Flavour in the Standard Model
• Leptons appear in the Standard Model in the gauge and in the Yukawa sectors:

⇠ g �ij • Global symmetry

• Gauge interactions are Lepton Flavour Universal (LFU)

U(3)LL ⇥ U(3)ER

• Yukawa sector breaks the universality in two ways LSM � Y
E
ij L

i
LE

j
R H + h.c

1) In the mass terms
2)  Higgs interactions (negligible for flavour physics)

me 6= mµ 6= m⌧

• The Standard Model is Lepton Flavour Non Universal (LFNU) but it is NOT Lepton 
Flavour Violating (LFV)

• Anomalies in flavour physics suggest a pattern similar to SM (LFNU without LFV)

• (Neutrino physics is LFV, a possible link with the anomalies?)

µ ! e�, ⌧ ! 3µ, B ! K⌧µ, . . . forbidden because of U(1)e ⇥ U(1)µ ⇥ U(1)⌧
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Possible sources of LFUV
• LFUV experimental bounds can be intepreted as constraints on 

New Physics
• Effective Field Theory

• Modified 𝑊ℓ𝜈 couplings
• Four-lepton operators
• Two-quark-two-lepton operators

• Specific NP models
• W’ boson
• Vector-like leptons
• Additional SU(2)L scalars
• Z’ boson
• Leptoquark
• Charged Higgs

Jul 9, 2024 F.Forti, LFUV 4

May 28, 2024             FPCP2024                      Steven Robertson 3

Introduction

Test LFU in ratio of b →clν decays to 3rd 

generation τ relative to light e and μ  

● In particular, can study the ratio of
exclusive branching fractions, e.g:

Leptoquark

Standard model W boson has equal
couplings to the three lepton generations

● Ratios of semileptonic branching fractions can probe
possible new physics in tree-level processes

● Long-standing “anomaly” in Lepton Flavour
Universality (LFU) related to 3rd generation leptons: 

Charged Higgs   

H-

Annu. Rev. Nucl. Part. Sci. 2022. 72:69–91

https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-110121-051223


How can we observe LFUV
• Measure ratios of processes with different 

leptons to reduce systematics
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Are the boson couplings the same for all charged leptons?

Higgs boson coupling to leptons: depends on the lepton mass

W/Z couplings assumed to be independent of mass

,! lepton flavour universality, fundamental axiom in the Standard Model

How can we test this assumption?

Measure ratio R of boson decay rates:

�

A.Knue

M.Rotondo FPCP24 2

LFU with b → c l ν 

● Electroweak couplings to all charged leptons are universal in 
the SM

● Differences only driven by lepton masses

● Any deviations from LFU is a key signature of physics 
beyond SM

Powerful test of LFU from ratios of BF to different 
leptons

● Hadronic uncertainties mostly cancel in the ratio
● Reduced experimental systematic uncertainties 

● Most precise measurements done with B → Dτν  and B → D*τν

● Deviations from SM in R(D)-R(D*) seen in various measurements, and the World Average is 
in tension with the SM at ~3σ

– R(D)-R(D*) with muonic tau (τ → μνν)  PRL131,111802

– R(D*) with hadronic tau  (τ → 3π(π0)ν)   PRD108, 012018
LHCb

1

1 Introduction
In the standard model (SM) of particle physics [1–3], the charged leptons (electrons e, muons µ,
and t leptons) have identical couplings to the gauge bosons and thus exhibit a similar behavior,
up to the kinematic differences related to their different masses. This is commonly known as
lepton flavor universality (LFU). Several tests of LFU have been performed in W and Z boson
decays, which are generally found to be in excellent agreement with the SM predictions [4].
The only hint of possible LFU violation (LFUV), at 2.7 standard deviations (s) in the decay of
W bosons to t vs. light leptons from the CERN LEP era [5], was ruled out by the ATLAS [6]
and CMS [7] experiments at the CERN LHC.

Rare b hadron decays provide an excellent and complementary environment to test LFU. In
particular, the B+ ! K+`+`� process where a bottom antiquark (b) decays into a strange an-
tiquark (s) and a lepton (` = µ or e) pair is forbidden at tree level and only proceeds via loop
diagrams, e.g., the one shown in Fig. 1 (left). Therefore, the SM branching fractions (B) for
these decays are very small (⇠10�7) [4]. This process is referred to as a b ! s`+`� transition
(in what follows, the charge-conjugated states are implied unless explicitly stated otherwise).

Since both the electron and muon masses are negligible with respect to the B meson mass, the
available phase space for the two decays (B+ ! K+µ+µ� and B+ ! K+e+e�) is the same to
an excellent approximation, which makes the ratio of these branching fractions very close to
unity in the SM. On the other hand, beyond-the-SM (BSM) physics processes could modify
the corresponding branching fractions differently for different lepton species, as illustrated in
Fig. 1 (right) for the case of a leptoquark with flavor-dependent couplings, thus resulting in
LFUV in b !s`+`� transitions. A recent review of various BSM models describing LFUV in B
meson decays can be found in Ref. [8] and references therein, as well as in an extensive list of
references in Ref. [9].

Figure 1: Representative Feynman diagrams for the decay of a B+ meson into a K+ meson and
a lepton pair in the SM (left) and in a BSM scenario that introduces a leptoquark (LQ) with
flavor-dependent couplings (right).

Over the past decade, the LHCb experiment has reported mounting evidence for LFUV in
B+ ! K+`+`� [9–11], B0 ! K⇤(892)0`+`� [12], B0 ! K0

S`
+`�, and B+ ! K⇤(892)+`+`� [13]

decays with the significance reaching 3.1s in the first channel [9]. In these analyses the muon
decays are measured to be suppressed compared to the electron ones. In addition, multiple
measurements of branching fractions of several b ! sµ+µ� decays by LHCb indicate their
suppression with respect to the available SM predictions [14–17]. These predictions, however,
are subject to potentially large and poorly understood uncertainties from long-range charm
loop contributions [18]. While the claim of possible LFUV in B meson decays has largely dis-
appeared in the latest LHCb publications [19, 20], the interest in b ! s`+`� decays in general
and in potential LFUV in these processes remains strong [21].

In this paper we describe a search for LFUV in B+ ! K+`+`� decays using data collected by
the CMS experiment at the LHC in 2018. A special trigger and storage strategy was used to

How can we use top-quark events for this measurement?

�

top-quark pair production: large cross-section at the LHC
,! ��� million events produced in Run � dataset in ATLAS alone !

top quarks decay to almost ���� intoW boson and b quark

decay with two leptons: very clean source with twoW bosons:
,! still �� million events before selection

,! small background contamination
,! small systematic uncertainties

W and Z decays
Leptonic decays of 

strange, charm, beauty 
hadrons, and tau

Semileptonic decays 
of strange, charm and 

beauty hadrons

Rare decays of beauty 
hadrons

LFUV

Charge conjugated processes implied



Experiments and data sets
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data
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The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data

Beam energy:                1.0-2.3 GeV
Optimum energy:         1.89 GeV
Designed luminosity:    1.00×1033     cm-2s-1

Data taken from:           2009
Achieved luminosity:    1.00×1033    cm-2s-1

10.58GeV

10.58GeV
CM energy Data set

3.773 GeV 7.9 fb-1

4.178 GeV 7.3 fb-1

4.6 GeV 4.5 fb-1
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From Belle…to Belle II

18

From 1999 to 2010 at KEK (Japan). 

3.5-on-8 GeV  collider at   
resonance. 

Collected    pairs.

e+e− Υ(4S)

772 ⋅ 106 BB̄

Belle Belle II 
From Belle: structure, magnets, calorimeter 

crystals,  &  detector. 

Run 1: collected   pairs. 
Starting Run 2 after improving vertex detector. 
First Run 2 collision: 20 Feb 2024, 22:12 JST.

KL μ
387 ⋅ 106 BB̄

Promising with multiple neutral particles and neutrinos in the final states.

2 LEPTON FLAVOUR UNIVERSALITY TESTS

1 Introduction

The Standard Model (SM) predicts the electroweak interactions to have the same amplitudes for
all the three different lepton generations, except for phase-space differences or helicity suppression
effects. This property is called Lepton Flavour Universality (LFU) and it has been experimentally
verified in meson decays [1] [2] [3], ⌧ decays [4] and Z boson [5] decays. Nevertheless, evidence
of LFU violation has been recently observed by the LHCb collaboration in B+! K+`+`� (`= e,µ)
decays [6]: yet another piece in the larger set of anomalies observed in the last decade in B
meson decays, which are showing a consistent tension with the SM predictions (usually referred
to as flavour anomalies). A review of these anomalies, measured in b! s`` decays (Section 2.1)
and in b! c⌫` decays (Section 2.2), is given in this proceeding.
Beyond Standard Model (BSM) theories that could explain the anomalies, e.g. leptoquarks [7–10]
or new heavy gauge boson such as Z 0 [11–14], generally also imply a sizeable Lepton Flavour
Violation (LFV), for which evidence has been already observed in decays involving neutrinos [15].
An overview of the searches for decays breaking the lepton flavour conservation is reported in
Section 3. Finally in Section 4, conclusions and future prospects, given the upgrade of the LHC
and the LHCb detector, are presented.

2 Lepton Flavour Universality tests

The main purpose of the LHCb detector shown schematically in Figure 1a, is the study of heavy
meson decays. LHCb has good particle identification performances, from the two RICH detec-
tors, the electromagnetic calorimeter and the muon stations, excellent momentum resolution
(�p/p = 0.5% at low momentum) and vertex identification (impact parameter resolution: 15+29/pT [GeV]µm)
and good low momenta trigger performances, especially on di-muon tracks (⇠ 90% of efficiency) [16].
LHCb is a forward detector, which covers a range of pseudorapidity 2 < ⌘ < 5, with a large ac-
ceptance (⇠ 27%, Figure 1b) for the wide variety of B mesons (B+, B0, Bc , Bs, ⇤b etc.) produced
from proton-proton collisions at LHC, whose decays constitute ideal probes for New Physics (NP).

(a) (b)

Figure 1: Schematic view of the LHCb detector (a) and angular distribution of bb̄ quark
pairs produced from proton-proton collision at LHC (b) [16]. The red quadrant repre-
sents the LHCb angular acceptance.
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𝜇/𝑒:Light meson decays
• Pseudo scalars leptonic decays
• 𝑃 = 𝜋/𝐾

• Helicity suppressed because of  V-A
• Can be calculated at 10-4 level with 

radiative corrections
• Recast in terms of ratios of  coupling 

constants

• Compatible with SM
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ratios (BRs) R[D(∗)] = Br[B → D(∗)τντ ]/Br[B → D(∗)ℓνℓ], where ℓ = µ or e (8–10), and R[K(∗)] =
Br[B → K(∗)µ+µ−]/Br[B → K(∗)e+e−] (11–13), deviate from the SM expectation by more than
3σ (14–18) and 4σ (19–22), respectively.2 In addition, anomalous magnetic moments (g − 2)ℓ
(ℓ = e,µ, τ ) of charged leptons are intrinsically related to LFUVbecause they are chirality-flipping
quantities. Here, there is a long-standing discrepancy in (g − 2)µ of 4.2σ (24–26), which can be
considered a hint of LFUV because, when compared with (g − 2)e, the bound from the latter on
flavor-blind NP is much more stringent. In addition, there is a hint of LFUV in the difference in
the forward–backward asymmetries (%AFB) in B → D∗µν versus B → D∗eν (27, 28). In another
possible indication of LFUV, the CMS Collaboration (29) observed an excess in nonresonant di-
electron pairs with respect to dimuons. Furthermore, the possible deficit in first-row unitarity of
the Cabibbo–Kobayashi–Maskawa (CKM) matrix, known as the Cabibbo angle anomaly (CAA),
can also be viewed as a sign of LFUV (30, 31).

The connection between the CAA and LFUV can be seen as follows. The determination
of Vud from beta decays, which is most relevant for a possible explanation of the CAA, is af-
fected by a modified Wµν coupling (31). Importantly, a modification of the Wµν coupling, if
not compensated for by an effect inWeν, would also affect, for example, the ratios of decay rates
Rπ
e/µ = '(π → eν )/'(π → µν ) and Rτ

e/µ = '(τ → eνν )/'(τ → µνν ), which provide the best tests
of LFU. In fact, recent global fits to EW observables and tests of LFU show a preference for a
value of Rπ

e/µ that is smaller than its SM expectation (30, 32). Furthermore,R(K∗) can be correlated
to Rπ

e/µ (33), and a combined explanation of the deficit in first-row CKM unitarity and the CMS
excess in dielectrons even predicts that Rπ

e/µ should be smaller than its SM value (34).
These considerations provide an additional motivation for us to review, summarize, and reex-

amine the different searches for LFUV in the charged current, with a focus on π , K, τ , and beta
decays. In the next section, we discuss the experimental and theoretical status of these processes.
We then consider the impact on NP searches, first in a model-independent way by a global anal-
ysis of modifiedWℓν coupling and four-fermion operators and then by considering different NP
models, with a focus on those that can explain the CAA in Section 3.3 We then give an outlook
for future experimental and theoretical prospects in Section 4 before we conclude in Section 5.

2. STANDARD MODEL THEORY AND OBSERVABLES
2.1. Light Meson Decays
The ratios of the decay rates

RPe/µ = '[P → eν̄e(γ )]
'[P → µν̄µ(γ )]

, 1.

where P = π or K, provide some of the most stringent tests of LFU of the SM gauge interactions.
In the SM, the decay rates '[P → eν̄e(γ )] are helicity suppressed because of the V–A structure of

2Even though the ratios R(D) and R(D∗) point toward NP as they show deviations from µ–τ LFU, we do
not include them in the observables discussed in this review. The NP effects required are so large that these
ratios cannot be explained by modified Wℓν couplings, which are more stringently constrained by τ decays.
Therefore, effects in two-quark–two-lepton operators are required in order to explain R(D) and R(D∗), which
in general have no direct correlations with the tests of LFUV discussed in this review, unless a flavor symmetry
is assumed.However, some of these scenarios give rise to large radiative corrections to τ decays, such that they
are excluded by low energy probes of LFUV (23).
3Here we focus on models with heavy NP components such that the effective Lagrangian contains only SM
fields.However, light butmassive right-handed neutrinos (35–38),majorons (39), and lightDMcandidates (40,
41) can also have an impact on the tests of LFUV studied in this review; these effects are searched for in π , K,
and τ decay experiments (42–44).
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the charged current. Moreover, their ratios can be calculated with extraordinary precision at the
10−4 level (45–48) because, to a first approximation, the strong interaction dynamics cancel out
in the ratio RPe/µ and the hadronic structure dependence appears only through EW corrections.
Because of these features and the precise experimental measurements, the ratios RPe/µ are very
sensitive probes of all SM extensions that induce nonuniversal corrections to Wℓν couplings as
well as ēνūd and ēνūs operators, in particular, if they generate a pseudoscalar current or induced
scalar current (49).

Themost recent theoretical calculations of RPe/µ (47, 48) are based on chiral perturbation theory
(ChPT), the low energy effective field theory (EFT) of QCD (50–52), generalized to include
virtual photons and light charged leptons (53). This framework provides a controlled expansion
of the decay rates in terms of a power counting scheme characterized by the dimensionless ratio
Q ∼ mπ , K, µ/$χ , where $χ ∼ 4πFπ ∼ 1.2 GeV (Fπ ≃ 92.4 MeV is the π decay constant), and the
electromagnetic coupling e. In this setup, one can write

RPe/µ = R̄Pe/µ

[

1 + &P
e2Q0 + &P

e2Q2 + &P
e2Q4 + · · · + &P

e4Q0+ · · ·
]

, 2.

where

R̄Pe/µ = m2
e

m2
µ

(
m2
P −m2

e

m2
P −m2

µ

)2

. 3.

Here we have kept all the terms needed to reach an uncertainty of∼10−4 for the ratio.The leading
electromagnetic corrections &P

e2Q0 correspond to the pointlike approximation for πs and Ks, and
their expressions are well known (54). The hadronic structure dependence first appears through
the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC

QCD (where NC is the number of colors) (47, 48) and found to contribute negligibly to the error
budget.

2.1.1. Pion decays. In the π case (P = π±), one usually defines the ratio to be fully photon
inclusive, such that it is infrared safe. As a consequence, one has to include in RPe/µ terms arising
from the structure-dependent contribution to π → ℓν̄ℓγ (55), which are formally of O(e2Q4) but
are not helicity suppressed and behave as &P

e2Q4 ∼ (α/π ) (mP/$χ )4 (mP/me )2. Finally, at the level
of uncertainty considered, one needs to include higher-order corrections in α, namely &P

e4Q0 . The
leading logarithmic correction &P

e4Q0,LL = (7/2)(α/π logmµ/me )2 was calculated in Reference 45,
and the effect of subleading contributions was estimated in Reference 47 as (α/π )2 logmµ/me ∼
0.003%.Numerically, one finds&π

e2Q0 = −3.929%,&π
e2Q2 = 0.053(11)%,&π

e2Q4 = 0.073(3)%, and
&

(π )
e4Q0 = 0.055(3)%, which lead to the SM expectation4

R(SM)πe/µ = (1.23524 ± 0.00015) × 10−4. 4.

We reiterate that (a) this prediction includes structure-dependent hard bremsstrahlung correc-
tions to )[π+ → e+ν(γ )], which are not helicity suppressed, and (b) the dominant uncertainty

4Due to a larger uncertainty estimate in&π
e4Q0 , namely&π

e4Q0 = 0.055(10)%,Reference 56 quotes a final result
of R(SM)πe/µ = (1.2352 ± 0.0002) × 10−4.
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of the SM prediction arises from a low energy constant in ChPT, followed by the nonleading
logarithmic corrections of O(α2).

The most accurate measurement of Rπ
e/µ, reported by the TRIUMF PIENU Collaboration

(57), is

R(exp)πe/µ = [1.2344 ± 0.0023(stat.) ± 0.0019(syst.)] × 10−4 5.

at the 0.24% precision level. The Particle Data Group (PDG) (3) average, including previous
experiments done at TRIUMF (57–59) and the Paul Scherrer Institute (60), is

R(exp)πe/µ = (1.2327 ± 0.0023) × 10−4. 6.

The comparison between theory and experiment given in Equations 4 and 6 provides a strin-
gent test of the e–µ universality of the weak interaction.We choose to express the results in terms
of the effective couplings Aℓ, which enter by multiplying the low energy charged-current contact
interaction

LCC = Aℓūγ µPLdν̄ℓγµPLℓ, 7.

where PL ! (1 − γ 5)/2. In the SM, at tree level the couplings are given by Aℓ = −2
√
2GFVud and

thus satisfy LFU; in other words, Aℓ/Aℓ′ = 1. The measurement of Rπ
e/µ results in

(
Aµ

Ae

)

Rπ
e/µ

= 1.0010 ± 0.0009, 8.

which is in excellent agreement with the SM expectation. A deviation from Aℓ/Aℓ′ = 1 can
originate from various mechanisms. In the literature it is common to interpret deviations from
Aℓ/Aℓ′ = 1 in terms of flavor-dependent couplings gℓ of the W boson to the leptonic current, in
which case Aℓ ∝ gℓ.We discuss this scenario in detail in Section 3.1.1.We note that, in the context
of modified W couplings, LFU tested with Rπ

e/µ probes the couplings of a longitudinally polar-
ized W boson, whereas tests using purely leptonic reactions like τ → ℓντ νℓ (ℓ = e, µ) probe the
couplings of a transversely polarizedW boson and are thus complementary.

2.1.2. Kaon decays. LFU can also be tested using the ratios

RKe/µ =
'
[
K+ → e+ν(γ )

]

' [K+ → µ+ν(γ )]
, and 9.

RK→π
e/µ = ' [K → πeν(γ )]

' [K → πµν(γ )]
. 10.

Here, for RK→π
e/µ both neutral and charged K decays (e.g.,KL → π±ℓ∓ν and K ± → π0ℓ±ν) are used.

The calculation of RKe/µ is similar to that of Rπ
e/µ described in the previous section. An impor-

tant difference concerns the definition of the infrared-safe decay rate, which requires including
part of the radiative decay mode. The radiative amplitude is the sum of the inner bremsstrahlung
(TIB) component of O(eQ) and a structure-dependent (TSD) component of O(eQ3) (55).While the
experimental definition of R(π )

e/µ is fully inclusive, the one for RKe/µ includes the effect of TIB in
(

(K )
e2Q0 (dominated by soft photons) and excludes the effect of TSD. With this definition, one finds

(K
e2Q0 = −3.786%, (K

e2Q2 = 0.135(11)%, (K
e2Q4 = 0, and (K

e4Q0 = 0.055(3)%, and the SM expec-
tation is (47, 48)

R(SM)Ke/µ = (2.477 ± 0.001) × 10−5, 11.
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The calculation of RKe/µ is similar to that of Rπ
e/µ described in the previous section. An impor-

tant difference concerns the definition of the infrared-safe decay rate, which requires including
part of the radiative decay mode. The radiative amplitude is the sum of the inner bremsstrahlung
(TIB) component of O(eQ) and a structure-dependent (TSD) component of O(eQ3) (55).While the
experimental definition of R(π )

e/µ is fully inclusive, the one for RKe/µ includes the effect of TIB in
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e2Q0 (dominated by soft photons) and excludes the effect of TSD. With this definition, one finds
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where the final uncertainty accounts for higher-order chiral corrections of expected size !e2Q2 ×
m2
K/(4πFπ )2.
The PDG (3) average of previous measurements done by the NA62 (61) and KLOE (62) ex-

periments is

R(exp)Ke/µ = (2.488 ± 0.009) × 10−5. 12.

The comparison of theory and experiment given in Equations 11 and 12 corresponds to a test of
e–µ universality:

(
Aµ

Ae

)

RKe/µ

= 0.9978 ± 0.0018. 13.

The analogous LFU test based on the ratios RK→π
e/µ has been discussed by the FLAVIAnet

Collaboration (63). For a given neutral or charged initial-state K, the Fermi constant, Vus, short-
distance radiative corrections, and the hadronic form factor at zero momentum transfer cancel out
when taking the ratio RK→π

e/µ . Therefore, in the SM this ratio is determined entirely by phase-space
factors and long-distance radiative corrections (64–67). The ratios for KL and K ± are consistent,
leading to the following values for Aµ/Ae (63, 68, 69):

(
Aµ

Ae

)

R
KL→π

e/µ

= 1.0022 ± 0.0024, and

(
Aµ

Ae

)

RK±→π±
e/µ

= 0.9995 ± 0.0026,
14.

and the following average for Kℓ3 decays:
(
Aµ

Ae

)

RK→π
e/µ

= 1.0009 ± 0.0018. 15.

The numbers given above correspond to the recent analysis in Reference 69, which uses exper-
imental input from Reference 63 (updated in Reference 68 with reduced errors in the charged
modes) and theoretical input on Kℓ3 radiative corrections from References 66 and 67, which in-
corporates a new analysis of Ke3 modes with reduced uncertainties (67).

Note that µ–e universality can also be determined from B decays such as Br(B → D∗µν)/
Br(B → D∗eν). Even though the relative precision at the percent level (70–72) is not competitive
with that obtained from K and π decays, these measures of LFUV are interesting in light of the
anomalies in R[D(∗)] and !AFB (27, 28, 71) because they test different four-fermion operators.

2.2. Beta Decays and CKM Unitarity
The observables testing LFUV discussed so far involve ratios of purely leptonic or semileptonic
meson decays with an electron or muon in the final state. While consideration of the ratios of
(semi)leptonic decay rates offers theoretical advantages [e.g., the elements Vud and Vus of the CKM
(73, 74) matrix, part of the radiative corrections, and hadronic matrix elements cancel], the high-
precision study of absolute semileptonic decay rates can also uncover LFUV effects. For exam-
ple, in the context of corrections to theW → ℓνℓ vertex, the semileptonic transition d(s) → ueν̄e
[d(s) → uµν̄µ] is sensitive to corrections to the muon (electron) coupling (31, 75, 76; see 77 for a
discussion within supersymmetric models). In absolute decay rates, these BSM LFUV corrections
contaminate the extraction of the CKM elements Vud and Vus from measured decay rates. This
means that beta decays and the study of CKM unitarity are intertwined with the study of LFUV
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PDG Averages, see
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µ
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the correction &P

e2Q2 ∼ (α/π )(mP/$χ )2, which features both the calculable double-chiral loga-
rithms and an a priori unknown low energy coupling constant, which was estimated in large-NC
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where the final uncertainty accounts for higher-order chiral corrections of expected size !e2Q2 ×
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(73, 74) matrix, part of the radiative corrections, and hadronic matrix elements cancel], the high-
precision study of absolute semileptonic decay rates can also uncover LFUV effects. For exam-
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17

LFU test in 𝑫𝒔
ା → 𝒍ା𝝂𝒍

𝑹𝝉/𝝁 =
𝓑[𝑫𝒔శ→𝝉శ𝒗]
𝓑[𝑫𝒔శ→𝝁శ𝒗]

= 𝟏𝟎. 𝟎𝟓 ± 𝟎. 𝟑𝟓 , consistent with the SM prediction 9.75 

BESIII PRD108(2023)11200, μν (5.29±0.11±0.09)× 𝟏𝟎ି𝟑

18

LFU test in semileptonic decays

𝑫𝟎 → 𝑲ି𝒍ା𝝂𝒍

PRL122(2019)011804

𝑫𝟎 → 𝝅ି𝒍ା𝝂𝒍 𝑫ା → 𝝅𝟎𝒍ା𝝂𝒍
PRL121(2018)171803

PRD108(2023)L031105

𝚲𝒄ା → 𝚲𝒍ା𝝂𝒍 𝑫𝒔
ା → 𝜼′𝒍ା𝝂𝒍

PRL132(2024)091802

SM prediction

Ref ℛఓ/௘ SM prediction
𝑫ା → 𝜼𝒍ା𝝂𝒍 PRL124(2020)231801 0.91 ± 0.13 0.97 − 1.00
𝑫ା → 𝝎𝒍ା𝝂𝒍 PRD101(2020)072005 1.05 ± 0.14 0.93 − 0.99
𝑫ା → 𝝆𝒍ା𝝂𝒍 PRD104(2021)L091103 0.90 ± 0.11 0.93 − 0.96

 𝓡𝝁/𝒆 obtained by measuring BFs

 𝓡𝝁/𝒆 in the full kinematic region

𝑫𝒔
ା → 𝜼𝒍ା𝝂𝒍

Consistent with SM predictions

𝐷! leptonic decays 𝐷 semileptonic decays

CM energy Data set

3.773 GeV 7.9 fb-1

4.178 GeV 7.3 fb-1

4.6 GeV 4.5 fb-1
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(31). In light of this connection, we briefly summarize the status of first-row CKM unitarity tests.
We discuss the implications for LFUV BSM interactions in Section 3.

Unitarity of the CKM matrix (73, 74) implies !CKM ! |Vud|2 + |Vus|2 + |Vub|2 − 1 = 0,
where Vud, Vus, and Vub represent the mixing of u with d, s, and b quarks, respectively. In practice,
|Vub|2 < 10−5 can be neglected, and CKM unitarity reduces to the original Cabibbo universality,
with the identifications Vud = cos θC and Vus = sin θC, where θC is the Cabibbo angle (73). The
determination of VuD (D = d, s) from various hadronic weak decays hi → hf ℓνℓ (ℓ = e,µ) relies on
the following schematic formula for the decay rate %:

% = G2
F × |VuD|2 × |Mhad|2 × (1 + δIsoB + δRC) × Fkin, 16.

where GF is the Fermi constant extracted from muon decay and Fkin is a phase-space factor. The-
oretical input comes in the form of (a) the hadronic matrix elements of the weak current,Mhad,
usually calculated in the isospin limit of QCD (in which u and d quark masses are equal and
electromagnetic interactions are turned off ), and (b) small percent-level corrections, δIsoB, RC, due
to strong isospin breaking (here, IsoB) and electromagnetic radiative corrections (RC) induced
by the exchange of virtual photons and the emission of real photons, characterized by the small
expansion parameters ϵIsoB ∼ (mu − md)/'QCD and ϵEM ∼ α/π , respectively (α ∼ 1/137 is the
electromagnetic fine-structure constant).

Currently, as shown in Figure 1, our knowledge of Vud is dominated by 0+ → 0+ nuclear
beta decays. The most recent survey (78) of experimental and theoretical input leads to Vud =
0.97373(31).This value incorporates a reduction in the uncertainty on the so-called inner radiative
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Figure 1
Summary of constraints on Vud and Vus (assuming the Standard Model hypothesis) from nuclear, nucleon,
meson, and τ lepton decays. For each constraint, the 1σ uncertainty on Vus or Vud is given in parentheses.
The 1σ ellipse from a global fit (with χ2/d.o.f. = 2.8) (yellow) corresponds to Vud = 0.97357(27) and Vus =
0.22406(34), implying !CKM = |Vud|2 + |Vus|2 − 1 = (−19.5 ± 5.3) × 10−4. Abbreviation: d.o.f., degree of
freedom.
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corrections (79, 80) and an increase in uncertainty due to nuclear structure–dependent effects with
input from References 81–83.5

Thanks to higher-precision measurements of the lifetime (84) and beta asymmetry (85) (for a
recent review, see 86), neutron decay is becoming competitive with superallowed beta decays con-
cerning the precision with which Vud can be extracted. Use of the PDG average for the neutron
lifetime (including a scale factor S = 1.6 to account for tensions among experimental measure-
ments)6 and the post-2002 PDG average7 determinations of the axial coupling gA = 1.2762(5) (3)
leads toVud = 0.97338(33)τ (32)gA (10)RC = 0.97338(47), with errors originating from the lifetime
τ n, gA, and radiative corrections (3), respectively. Ongoing and planned neutron experiments aim
to reduce the uncertainty in τ n and gA by a factor of a few (see 89 and references therein),which will
put the extraction of Vud from neutron decay at the same precision level as superallowed nuclear
beta decays. Future prospects for improving the extraction of Vud from π–beta decay are discussed
in Section 4.

The most precise value of Vus is extracted from #(K → πℓν), while RA ! #(K → µν)/
#(π → µν) currently provides the most precise determination of Vus/Vud (90). A comprehensive
discussion of the experimental and theoretical input up to 2010 can be found in Reference 91
(and references therein). Since then, experimental input on the K ± BRs and form-factor param-
eters has been updated, as reviewed in Reference 68, while the most recent theoretical input
on the hadronic matrix elements can be found in Reference 92 (and references therein). Radia-
tive corrections are included according to References 66 and 67. With this input, one obtains
Vus = 0.2231(6) from Kℓ3 decays and Vus/Vud = 0.2313(5) from RA (69, 91). A recent study (93)
pointed out that Vus/Vud can also be obtained through the ratio of vector channel decays RV !
#[K → πℓν(γ )]/#[π+ → π0e+ν(γ )], leading to Vus/Vud = 0.22908(87), with uncertainty domi-
nated by the π–beta decay width but nonetheless within a factor of two compared with the RA
determination. Future prospects on this front are discussed in Section 4. Finally, Vus can also be
extracted from inclusive and exclusive semileptonic decays of the τ lepton,with final-state hadrons
carrying strangeness quantum numbers. This process leads to a somewhat lower and less precise
Vus value of 0.2221(13) (3, 94).

Figure 1 summarizes graphically the results on Vud and Vus discussed so far and reveals that,
while nuclear and neutron decay lead to a consistent picture for Vud, tensions exist among current
determinations of Vus (Kℓ3 versus Kℓ2 and K versus τ lepton). Moreover, an overall tension with
CKMunitarity is apparent.A global fit leads toVud = 0.97357(27) andVus = 0.22406(34), implying

'CKM = (−19.5 ± 5.3) × 10−4, 17.

a 3.7σ effect.Due to the tension in the input data, the χ2 per degree of freedom is 2.8, correspond-
ing to a scale factor of S = 1.67 under the assumption that there is no NP effect. In Section 3, we
discuss the implications of this tension for LFUV interactions.

2.3. Tau Decays
Tests of LFU can also be obtained by comparing different τ decay rates with those of muons or
πs (Ks). For τ , we have semileptonic as well as purely leptonic decays at our disposal. While the

5Note that theVud value quoted by the PDG (3) does not yet reflect the increased error in the nuclear structure–
dependent radiative corrections and therefore has an uncertainty δVud = 0.00014.
6The PDG excludes the beam lifetime measurements from the current “PDG average,” quoting τ n =
879.4(6) s. This value would change to τ n = 879.6(8) s if the beam lifetime measurement result were included.
7Here we follow the analysis described in Reference 3. A recent comprehensive analysis of beta decays and τ

decays can be found in References 87 and 88. Adopting input from these references would lead to very small
changes in the global fit presented below.
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former can test only τ–µ universality efficiently, the latter allow us to assess µ–e, τ–e, and τ–µ
universality. If we define

Rτ
µ/e = Br(τ− → µ−ν̄µντ )

Br(τ− → e−ν̄eντ )
, 18.

Rτπ (K )
τ/µ = Br[τ → π (K )ντ ]

Br[π (K ) → µνµ]
, 19.

Rτ
τ/µ = Br(τ− → e−ν̄eντ )

Br(µ− → e−ν̄eνµ )
, and 20.

Rτ
τ/e = Br(τ− → µ−ν̄µντ )

Br(µ− → e−ν̄eνµ )
, 21.

then the LFU ratios can be expressed in terms of experimentally measured rates and theoretical
input. For µ–e universality, we have

(
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)

τ
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√

Rτ
µ/e

f (m2
e /m2

τ )
f (m2

µ/m2
τ )
, 22.

where f (x) = −8x + 8x3 − x4 − 12x2log x. The above expression receives radiative corrections of
O(α/π ) × (mµ/mτ )2 (95), which are therefore suppressed. For τ–µ universality, we have8
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where h= π or K. An alternative method to test τ–µ universality, similar to theµ–e case, compares
the electronic and muonic decay rates and can be expressed as

(
Aτ

Aµ

)

τ

=

√

Rτ
τ/µ

τµ

ττ

m2
µ

m3
τ

(1 + δW )(1 + δγ ). 24.

In the above equations, me, µ, τ are the masses of e, µ, and τ ; τ τ , h are the lifetimes of the particles
τ and h; and δh,W, γ are the weak and electromagnetic radiative corrections (for details, see 95
and references therein). Experimentally, these tests have been carried out at B factories, where, at
the nominal center-of-mass energy of 10.58 GeV/c2, thanks to a cross section of 0.919 nb, these
machines are de facto τ factories that produce large numbers of τ pairs.

Both the BaBar and CLEO Collaborations performed LFU tests according to Equations 22
(96) and 23 (97), while only CLEO performed the measurement according to Equation 24. In
the reaction e+e− → τ+τ− at a B factory, one can use the decay of the τ+ to tag and study the
τ− (and vice versa). Typically one uses either the so-called 3×1 τ topology, with the decay τ+ →
π+π+π−ν̄τ as a tag and then a study on the other τ− is performed, or the so-called 1×1 topology,
in which both τ s decay with one prong (lepton or hadron) and a neutrino.While the latest BaBar
measurement focused only on the 3×1 topology, the latest study from the CLEO Collaboration
also used the 1×1.

8In the case of purely leptonic decays, we write the LFU test in terms of the ratios Aℓ/Aℓ′ ≡ A
ℓℓ

′′ /A
ℓ
′
ℓ
′′ , with

L = Aℓ′ℓℓ̄
′γ µPLνℓ′ ν̄ℓγµPLℓ.
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barrel, and backward endcap, fills the remaining volume inside a 1.5T superconducting

solenoid and is used to reconstruct photons and electrons. A K0
L and muon detection sys-

tem is installed in the iron flux return of the solenoid. The z axis of the laboratory frame is

defined as the detector solenoid axis, with the positive direction along the electron beam.

The polar angle ✓ and the transverse plane are defined relative to this axis.

Simulated samples are used for studying sample composition and optimising the anal-

ysis selections. We further rely on simulated samples to study and determine e�ciencies

and to define fit templates for the extraction of Rµ. Several processes contribute to the

e+e� ! ⌧+⌧� sample as backgrounds, including e+e� ! qq̄ events, where q indicates

a u, d, s, or c quark; e+e� ! e+e�(�) and µ+µ�(�) events; e+e� ! l+l�l+l� events,

where l is a charged lepton; e+e� ! e+e�h+h� events, where h indicates a pion or kaon;

and e+e� ! e+e�Nh events with multiplicity N > 2. We use several software pack-

ages to generate the simulated particles. The e+e� ! ⌧+⌧� process is generated using

KKMC [18, 19], ⌧ decays are simulated by TAUOLA [20–23] and their radiative corrections

by PHOTOS [24]. We use KKMC to simulate µ+µ�(�) and qq̄ production; PYTHIA [25]

for the fragmentation of the qq̄ pair; BabaYaga@NLO [26–30] for e+e� ! e+e�(�) events;

and AAFH [31–33] and TREPS [34] for the production of non-radiative final states l+l�l+l�

and e+e�h+h�. Currently, there is no generator to simulate e+e� ! e+e�Nh processes.

The Belle II analysis software [35, 36] uses the GEANT4 [37] package to simulate the

response of the detector to the passage of the particles.

3 Event selection

The trigger is based on ECL energy deposits (clusters) and their topologies in the ECL.

The e�ciency of the trigger system for this measurement is driven by the condition that the

combined energy deposit of all ECL clusters exceeds 1GeV. Events with two back-to-back

clusters in the centre-of-mass system, one of which exceeds 4.5GeV and the other 3GeV,

are vetoed by the trigger system to reject Bhabha events.

In the e+e� centre-of-mass frame, the ⌧ leptons from e+e� ! ⌧+⌧� are produced in

opposite directions and with a significant boost. Thus, the decay products of one ⌧ are

isolated from those of the accompanying ⌧ and contained in opposite hemispheres. The

boundary between those hemispheres is the plane perpendicular to the ⌧ flight direction,

which is experimentally approximated by the thrust axis. The thrust axis is the unit vector

t̂ that maximizes the thrust value
P

|t̂ · ~p ⇤
i |/

P
|~p ⇤

i |, where ~p ⇤
i is the momentum of the ith

final state particle in the e+e� centre-of-mass frame [38, 39]. Throughout this paper,

quantities in the e+e� centre-of-mass frame are indicated by an asterisk.

We define the signal hemisphere as the one containing a charged particle originating

either from ⌧� ! e�⌫̄e⌫⌧ or ⌧� ! µ�⌫̄µ⌫⌧ decays. We also require that the opposite

hemisphere, labelled with tag, contains only one charged particle and at least one neutral

pion. Thus, the tag side contains predominantly ⌧+ ! h+n⇡0⌫̄⌧ decays with multiplicity

n = 1, 2.

We select ⌧ -pair candidates by requiring the event to contain exactly two charged

particles with zero total charge, each having a trajectory displaced from the average in-
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Tests of LFU are precise measurements for which, in addition to sizable quantities of data, one
needs to control systematic effects when determining the BRs. In the most recent results from
BaBar, for example, Rτ

µ/e and (Aµ/Ae)τ were determined with a precision of 0.4%(0.16%stat ⊕
0.36%syst ) and 0.2% (96), respectively, where the leading systematic uncertainty (0.32%) origi-
nated from particle identification. Similarly, Rπ

τ/µ and (Aτ/Aµ)π were determined with a precision
of 0.63%(0.14%stat ⊕ 0.61%syst ) and 0.57%, where again the dominant systematic source origi-
nated from particle identification.

The results from BaBar and CLEO have also been used to obtain the latest Heavy Flavor Av-
eraging Group combination, which includes 176 measurements and 89 constraints in τ processes
(98). For purely leptonic τ decays, these are

(
Aτ

Aµ

)

τ

= 1.0010 ± 0.0014, 25.

(
Aτ

Ae

)

τ

= 1.0029 ± 0.0014, and 26.

(
Aµ

Ae

)

τ

= 1.0018 ± 0.0014. 27.

During the preparation of this review, new values of (Aτ/Aµ)h (h = π , K) that were obtained by
computing radiative corrections, including the lightest multiplets of spin-1 heavy states in ChPT,
were reported (99). These new values are

(
Aτ

Aµ

)

π

= 0.9964 ± 0.0038, and 28.

(
Aτ

Aµ

)

K
= 0.9857 ± 0.0078. 29.

These values have the correlation coefficients (98)

(Aτ/Aµ )τ 1
(Aτ/Ae )τ 0.51 1
(Aµ/Ae )τ −0.50 0.49 1
(Aτ/Aµ )π 0.23 0.25 0.02 1
(Aτ/Aµ )K 0.11 0.10 −0.01 0.06 1

(Aτ/Aµ )τ (Aτ/Ae )τ (Aµ/Ae )τ (Aτ/Aµ )π (Aτ/Aµ )K ,

30.

and there is 100% correlation among (Aτ/Aµ)τ , (Aτ/Ae)τ , and (Aµ/Ae)τ (98).

3. BEYOND THE STANDARD MODEL ANALYSIS
Let us now interpret the experimental bounds for LFUV in the charged current in terms of con-
straints on NP. To do so, we first study effective operators (i.e., modified Wℓν couplings and
four-fermion operators) and then consider simplified models that give rise to the corresponding
Wilson coefficients. In this context, we highlight a possible correlation between the CAA and
nonresonant dilepton searches at the LHC, and finally study NP models with a focus on those
motivated by the CAA.
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• New Belle II analysis
• 362 fb−1
• Purity 96% and 92% for electron and muon channel.
• Systematics dominated by electron ID and trigger

Belle
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Figure 6. Observed momentum distribution for muon (left) and electron (right) candidates with
fit results overlaid. The lower panel shows the ratio between data and fit results. The hatched area
indicates the possible variation of the fitted yields due to systematic e↵ects, with the constraints of
the nuisance parameters reduced to their fit uncertainties and correlations taken into account.
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Figure 7. Determinations of Rµ (left) and |gµ/ge|⌧ (right) from previous individual measure-
ments [11, 12] and the fit from the Heavy Flavor Averaging Group [15], compared with the result of
this work. The shaded areas represent the statistical uncertainties, while the error bars indicate the
total uncertainties. The vertical dashed line indicates the SM prediction, including mass e↵ects.

for ⌧� ! e�⌫̄e⌫⌧ and 4 000 190± 99 260 for ⌧� ! µ�⌫̄µ⌫⌧ , with a correlation of 0.988. The

dominant source of uncertainty in the yield estimates is related to the ⇡0 reconstruction

e�ciency, which only a↵ects the tag side. The value of Rµ obtained is shown in the left

panel of Figure 7 and compared to previous measurements performed by CLEO [11] and

BaBar [12] as well as the global determination from a fit to all ⌧ branching fractions [15].

Our result is consistent with previous measurements and is the most precise measurement

from a single experiment to date. Using Equation 1.2, we translate the measured Rµ value

into the most stringent test of LFU in ⌧ -lepton decays from a single experiment, obtaining

|gµ/ge|⌧ = 0.9974± 0.0019 (see the right panel of Figure 7).
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the nuisance parameters reduced to their fit uncertainties and correlations taken into account.
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total uncertainties. The vertical dashed line indicates the SM prediction, including mass e↵ects.

for ⌧� ! e�⌫̄e⌫⌧ and 4 000 190± 99 260 for ⌧� ! µ�⌫̄µ⌫⌧ , with a correlation of 0.988. The

dominant source of uncertainty in the yield estimates is related to the ⇡0 reconstruction

e�ciency, which only a↵ects the tag side. The value of Rµ obtained is shown in the left

panel of Figure 7 and compared to previous measurements performed by CLEO [11] and

BaBar [12] as well as the global determination from a fit to all ⌧ branching fractions [15].

Our result is consistent with previous measurements and is the most precise measurement

from a single experiment to date. Using Equation 1.2, we translate the measured Rµ value

into the most stringent test of LFU in ⌧ -lepton decays from a single experiment, obtaining

|gµ/ge|⌧ = 0.9974± 0.0019 (see the right panel of Figure 7).
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𝑔 ≡ 𝐴

Consistent with the SM at 1.4 𝞂

From BF to couplings

https://arxiv.org/abs/2405.14625
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-110121-051223
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• New ATLAS analysis
• Reduce lepton ID systematics 

with double ratio
• Get final value using precise LEP/SLD 

measurement 

W/Z decays
• Existing tension from LEP in 𝑊 → 𝜏𝜈/𝑊 → (𝑒, 𝜇)𝜈)
• Very precise Z measurements from LEP/SLD
• CMS and ATLAS can use 𝑡𝑡 events
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��

How does this compare to the previous results?

arXiv:����.�����

relative uncertainty of �.�� �

most precise single measurement to date!

also more precise than previous PDG average

Atlas briefing
A.Knue@Moriond2024

How can we use top-quark events for this measurement?

�

top-quark pair production: large cross-section at the LHC
,! ��� million events produced in Run � dataset in ATLAS alone !

top quarks decay to almost ���� intoW boson and b quark

decay with two leptons: very clean source with twoW bosons:
,! still �� million events before selection

,! small background contamination
,! small systematic uncertainties

�

Precise test of lepton flavour universality
inW boson decays into muons and electrons

in pp collisions at �� TeV with the ATLAS detector

��th Rencontres de Moriond ����
Andrea Knue, on behalf of the ATLAS Collaboration

�

We are interested in:

Rµ/e
W =

B(W ! µ⌫µ)
B(W ! e⌫e)

,! advantage: many uncertainties already cancel in the ratio
,! but: measurement limited by lepton identification uncertainties

Solution: measure ratio of Rµ/e
W and

q
Rµµ/ee

Z

Rµ/e
WZ =

Rµ/e
Wq

Rµµ/ee
Z

,! have one power of e�ciencies: better cancellation of uncertainties

Get final value by utilising precise LEP/SLD result for Rµµ/ee
Z :

Rµ/e
W (ATLAS) = Rµ/e

WZ(ATLAS) ·
q

Rµµ/ee
Z (LEP+SLD)

• Relative uncertainty 
of 0.45%

• Most precise single 
measurement

• Better than PDG 
average

��

Now: can calculate the final value via:

Rµ/e
W (ATLAS) = Rµ/e

WZ(ATLAS) ·
q

Rµµ/ee
Z (LEP+SLD)

Value obtained from likelihood fit:

Rµ/e
WZ(ATLAS) = 0.9990± 0.0022 (stat.)± 0.0036 (syst.)

Value from LEP�SLD Phys.Rept.���:���-���,���� :

Rµµ/ee
Z (LEP+SLD) = 1.0009± 0.0028(stat.+syst.)

Final result arXiv:����.����� :

Rµ/e
W (ATLAS) = 0.9995± 0.0022 (stat.)± 0.0036 (syst.)± 0.0014 (LEP+SLD)

,! agrees with assumption of lepton-flavour universality!

Phys.Rept.427:
257-454,2006
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TeV-scale tests
• Investigation in electron and muon pairs in 𝑝𝑝 

collisions at 13TeV.  Resonant and non resonant
• Experimental challenge: properly model lepton 

efficiency vs. momentum and angle
• Compare spectrum to MC
• No significant deviation from LFU observed

Jul 9, 2024 F.Forti, LFUV 16

J
H
E
P
0
7
(
2
0
2
1
)
2
0
8

Published for SISSA by Springer

Received: March 3, 2021
Accepted: June 29, 2021
Published: July 27, 2021

Search for resonant and nonresonant new phenomena
in high-mass dilepton final states at √

s = 13TeV

The CMS collaboration
E-mail: cms-publication-committee-chair@cern.ch

Abstract: A search is presented for physics beyond the standard model (SM) using elec-
tron or muon pairs with high invariant mass. A data set of proton-proton collisions collected
by the CMS experiment at the LHC at √

s = 13TeV from 2016 to 2018 corresponding to
a total integrated luminosity of up to 140 fb−1 is analyzed. No significant deviation is
observed with respect to the SM background expectations. Upper limits are presented
on the ratio of the product of the production cross section and the branching fraction
to dileptons of a new narrow resonance to that of the Z boson. These provide the most
stringent lower limits to date on the masses for various spin-1 particles, spin-2 gravitons in
the Randall-Sundrum model, as well as spin-1 mediators between the SM and dark matter
particles. Lower limits on the ultraviolet cutoff parameter are set both for four-fermion
contact interactions and for the Arkani-Hamed, Dimopoulos, and Dvali model with large
extra dimensions. Lepton flavor universality is tested at the TeV scale for the first time by
comparing the dimuon and dielectron mass spectra. No significant deviation from the SM
expectation of unity is observed.

Keywords: Beyond Standard Model, Hadron-Hadron scattering (experiments), Lepton
production, Particle and resonance production

ArXiv ePrint: 2103.02708

Open Access, Copyright CERN,
for the benefit of the CMS Collaboration.
Article funded by SCOAP3.

https://doi.org/10.1007/JHEP07(2021)208

J
H
E
P
0
7
(
2
0
2
1
)
2
0
8

One persistent puzzle in modern particle physics is the large difference in the energy
scale of electroweak symmetry breaking and the energy scale of gravitation. This could
be explained in theories including spatial extra dimensions, where the gravitational force
can propagate into additional dimensions. In models by Arkani-Hamed, Dimopoulos, and
Dvali (ADD) [3, 4], the SM particles are confined to the traditional four dimensions of space
and time, while in models proposed by Randall and Sundrum (RS) [5] the SM particles
could also propagate into the additional dimensions. Possible signatures of these theories
at LHC energies are graviton excitations, either as distinct spin-2 high-mass resonances in
the RS model, or as a series of nearly mass-degenerate excitations that result in an overall
nonresonant excess of events at high mass in the ADD model.

Based on many astrophysical and cosmological observations, it is assumed that dark
matter (DM) accounts for the majority of matter in the universe [6]. Models have been
proposed in which the DM consists of particles that can interact with those of the SM via
high-mass, weakly coupled mediator particles [7]. These mediators could then be observed
via their decay into SM particles, including the dilepton final state.

It has long been speculated that the presence of three generations of quarks and leptons
is a sign that these particles are not fundamental but rather composed of constituent
particles commonly called “preons” [8]. At energies observable at collider experiments, the
preons would be confined into bound states by a new interaction analogous to quantum
chromodynamics (QCD). This new interaction is characterized by an energy scale Λ, at
which its effects would be directly observable. At center-of-mass energies far below Λ,
the presence of the preon bound states would manifest itself as a flavor-diagonal “contact
interaction” (CI) [9], resulting in a nonresonant excess of events at high mass.

Hints for lepton flavor universality violation in several measurements recently reported
by the LHCb Collaboration [10–12], together with other flavor anomalies in B-meson decays
summarized in ref. [13], have sparked interest in models for physics beyond the SM that
could explain these effects. These include models with heavy neutral gauge bosons [2] or lep-
toquarks [14]. Some of these models would result in a significant deviation from unity of the
ratio of the dimuon to dielectron differential cross section as a function of dilepton mass mℓℓ ,

R
µ+µ−

/e+e− =
dσ(qq → µ+µ−)/dmℓℓ

dσ(qq → e+e−)/dmℓℓ

, (1.1)

at high mℓℓ [15].
Searches for high-mass Z′ gauge bosons in dilepton final states have a long history at

the LHC, with the CMS Collaboration having reported results using proton-proton (pp)
collision data from the LHC Run 1 (2010–2012) at √

s = 7TeV [16, 17] and 8TeV [18, 19],
and more recently from the beginning of the LHC Run 2 (2015–2018) at 13TeV [20, 21]
using early data corresponding to an integrated luminosity of 36 fb−1 collected in 2016.
Similar searches have also been performed by the ATLAS Collaboration with data col-
lected at 7TeV [22, 23], 8TeV [24], and 13TeV [25]. Most recently, the ATLAS Collabo-
ration reported results obtained using data recorded at √

s = 13TeV, corresponding to an
integrated luminosity of 139 fb−1 [26].
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Source Uncertainty
Electron selection efficiency 6–8%
Muon selection efficiency 1–2% (two-sided), 0–6.5% (one-sided)
Mass scale uncertainty 0–3%
Dimuon mass resolution uncertainty 8.5–15%

Table 2. Sources of systematic uncertainties considered in the search for resonant signals and their
relative magnitude.

The uncertainty in the Z peak normalization factor in the dielectron channel is 1%
in 2016 and 2 (4)% for barrel-barrel (barrel-endcap) events for 2017 and 2018, driven by
the typical electron pT in this region being close to the trigger threshold. It is 5% in the
dimuon channel for all three years of data taking, arising from the use of a trigger, whose
prescale changed with instantaneous luminosity, to collect the Z boson sample.

The uncertainties arising from the limited sizes of the simulated background and signal
samples affect the results differently for the resonant and nonresonant signals. In the
resonant case they are accounted for in the uncertainty in the parameters in the background
parametrization discussed below. For nonresonant signals they are included as a systematic
uncertainty in the background and signal yield estimates.

For nonresonant signals, an additional uncertainty is assigned to the reweighting of
the 2017 and 2018 samples to match the 2016 PDF set. The size of this uncertainty is
mass dependent and reaches 30% at a mass of 5TeV. The impact of this uncertainty on
the limits on the model parameters Λ and ΛT in these signal models is as large as 5%. As
no signal simulation is used in the resonant case, it is unaffected by this uncertainty.

In the statistical interpretation for resonant signals, the signal is normalized to the
data at the Z boson peak and the backgrounds are normalized to the data in the mass
windows around the resonance mass. Uncertainties in the background normalization are
taken into account with an overall statistical uncertainty and any remaining uncertainties
in the background shape are covered by it. Therefore, only uncertainties in the signal
modeling whose impact on the analysis depend on the dilepton mass have to be considered
in this case. PDF uncertainties in the signal cross section are considered to be theoretical
uncertainties and are not included here. These uncertainties are summarized in table 2.

For the limits on nonresonant signals and the measurement of R
µ+µ−

/e+e− , the full
set of uncertainties is taken into account. The full set of uncertainties is also taken into
account in the uncertainty bands for data to simulation comparisons. The impact of these
uncertainties on the background estimate for different mass thresholds is shown in table 3.

8 Results

The invariant mass distributions of electron and muon pairs are shown in figure 2, com-
bining the 2016–2018 data sets. For illustration, simulated GKK and Z′

SSM signals with
masses close to the exclusion sensitivity of the analysis are shown.
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Figure 2. The invariant mass distribution of pairs of (left) electrons and (right) muons observed
in data (black dots with statistical uncertainties) and expected from the SM processes (stacked
histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27GeV was used
to collect events in the normalization region (NR) with mµµ < 120GeV. The corresponding offline
threshold is 30GeV. Events in the signal region (SR) corresponding to masses above 120GeV are
collected using an unprescaled single-muon trigger. The bin width gradually increases with mass.
The ratios of the data yields after background subtraction to the expected background yields are
shown in the lower plots. The blue shaded band represents the combined statistical and systematic
uncertainties in the background. Signal contributions expected from simulated GKK and Z′

SSM
resonances with masses of 3.5 and 5TeV, respectively, are shown.

9 Statistical interpretation

Limits are calculated at 95% confidence level (CL) with Bayesian techniques known to have
good frequentist coverage properties [88], using the framework developed for statistically
combining Higgs boson searches [89], which is based on the RooStats package [90]. For
the signal cross section, we use a positive uniform prior, while the nuisance parameters for
the uncertainties in dilepton efficiencies, resolution, and scale are modeled with log-normal
priors. Two different approaches are followed for the statistical interpretation of the results.
To search for resonances in the dilepton invariant mass spectrum, an unbinned maximum
likelihood fit is performed to the mℓℓ spectrum in data, while for nonresonant signals a
binned likelihood in mℓℓ is constructed. In both cases the likelihood fit is done simultane-
ously for dielectron and dimuon events, years of data taking, and the |η| categories, within
the two channels. To further increase the sensitivity to some of the models, the event
sample in each of these categories is split into two bins, cos θ∗ < 0 and cos θ∗ ≥ 0, in the
nonresonant case. The likelihoods for all subcategories are then combined to obtain the
results. When the electron and muon channels are combined, we assume that branching
fractions of these two signals are the same.
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Figure 12. Ratio of the differential dilepton production cross section in the dimuon and dielectron
channels R

µ+µ−
/e+e− , as a function of mℓℓ for (upper left) events with two barrel leptons, (upper

right) at least one lepton in the endcaps, and (lower) their combination. The ratio is obtained after
correcting the reconstructed mass spectra to particle level. The error bars include both statistical
and systematic uncertainties.

endcaps, and their combination. Lepton flavor universality implies that this ratio is unity.
Good agreement with this expectation is observed up to 1.5TeV. At very high masses, the
statistical uncertainties are large. Here, some deviations from unity are observed, caused
by the slight excess in the dielectron channel discussed above. A χ2 test for the mass range
above 400GeV is performed. The resulting χ2/dof values are 11.2/7 for the events with
two barrel leptons, 9.4/7 for those with at least one lepton in the endcaps, and 17.9/7 for
the combined distribution. These correspond to one-sided p-values of 0.130 and 0.225, and
0.012, respectively.

As the flavor ratio unfolded to the particle level has been measured, these results can
serve as a basis to test models that predict deviations from lepton flavor universality.

10 Summary

A search for resonant and nonresonant new phenomena in the dilepton invariant mass
spectrum in proton-proton collisions at √

s = 13TeV corresponding to an integrated lumi-
nosity of up to 140 fb−1 has been presented. High-mass dielectron and dimuon events were
reconstructed and selected with algorithms optimized for electrons and muons with high
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Heavy Flavor Transitions
As D.Buttazzo explained, this is were the interesting stuff lies
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• Forbidden at tree level, very sensitive to New Physics signals

• Measure double ratio using 𝐽/𝜓 resonance to reduce systematics

• LHCB 2019 showed 2.4𝜎 and 2.5𝜎 for 𝑅$∗"	in two bins (Run1: 3fb-1)

• LHB 2020 measured 𝑅%$ in Λ& → 𝑝𝐾'ℓℓ

• LHCB 2022 result showed a 3.1𝜎 tension for 𝑅$ and 1.4 − 1.5𝜎 for 𝑅$# , 𝑅$∗$

Jul 9, 2024 F.Forti, LFUV 18

𝑏 → 𝑠ℓℓ signals
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The standard model (SM) of particle physics provides precise 
predictions for the properties and interactions of fundamen-
tal particles, which have been confirmed by numerous experi-

ments since the inception of the model in the 1960s. However, it is 
clear that the model is incomplete. The SM is unable to explain cos-
mological observations of the dominance of matter over antimatter, 
the apparent dark matter content of the Universe, or the patterns 
seen in the interaction strengths of the particles. Particle physicists 
have therefore been searching for ‘new physics’, that is, new particles 
and interactions that can explain the SM’s shortcomings.

One method to search for new physics is to compare measure-
ments of the properties of hadron decays, where hadrons are bound 
states of quarks, with their SM predictions. Measurable quantities 
can be predicted precisely in the decays of a charged beauty hadron,  
B+, into a charged kaon, K+, and two charged leptons, ℓ+ℓ−. The B+ 
hadron contains a beauty antiquark, b , and the K+ a strange anti-
quark, s , such that at the quark level the decay involves a b → s  
transition. Quantum field theory allows such a process to be medi-
ated by virtual particles that can have a physical mass larger than the 
energy available in the interaction. In the SM description of such 
processes, these virtual particles include the electroweak force car-
riers, the γ, W± and Z0 bosons, and the top quark (Fig. 1, left). Such 
decays are highly suppressed1, and the fraction of B+ hadrons that 
decay into this final state (the branching fraction, B) is on the order 
of 106 (ref. 2).

A distinctive feature of the SM is that the different leptons, 
electron (e−), muon (μ−) and tau (τ

−), have the same interaction 
strengths. This is known as ‘lepton universality’. The only exception 
to this is due to the Higgs field, since the lepton–Higgs interaction 
strength gives rise to the differing lepton masses mτ > mμ > me. The 
suppression of b → s  transitions is understood in terms of the fun-
damental symmetries on which the SM is built. Conversely, lepton 
universality is an accidental symmetry of the SM, which is not a 
consequence of any axiom of the theory. Extensions to the SM that 
aim to address many of its shortfalls predict new virtual particles 
that could contribute to b → s  transitions (Fig. 1, right) and could 
have non-universal interactions, hence giving branching fractions 
of B+ → K+ℓ+ℓ− decays with different leptons that differ from the 
SM predictions. Whenever a process is specified in this paper, the 
inclusion of the charge-conjugate mode is implied.

Calculation of the SM predictions for the branching fractions 
of B+ → K+μ+μ− and B+ → K+e+e− decays is complicated by the 

strong nuclear force that binds together the quarks into hadrons, as 
described by quantum chromodynamics (QCD). The large interac-
tion strengths preclude predictions of QCD effects with the pertur-
bation techniques used to compute the electroweak force amplitudes, 
and only approximate calculations are currently possible. However, 
the strong force does not couple directly to leptons, hence its effect 
on the B+ → K+μ+μ− and B+ → K+e+e− decays is identical. The ratio 
between the branching fractions of these decays is therefore pre-
dicted with O(1%) precision3–8. Due to the small masses of both 
electrons and muons compared with that of b quarks, this ratio is 
predicted to be close to unity, except where the value of the dilepton 
invariant mass-squared (q2) significantly restricts the phase space 
available to form the two leptons. Similar considerations apply to 
decays with other B hadrons, B → Hμ+μ− and B → He+e−, where  
B= B+, B0, B0

s

 or Λ0

b

, and H can be, for example, an excited kaon, K*0, 
or a combination of particles such as a proton and charged kaon, 
pK−. The ratio of branching fractions, RH (refs. 9,10), is defined in the 
dilepton mass-squared range q2

min

< q

2

< q

2

max

 as

R

H

≡

∫
q

2

max

q

2

min

dB (B→Hμ

+
μ

−)
dq

2

dq

2

∫
q

2

max

q

2

min

dB (B→He

+
e

−)
dq

2

dq

2

. (1)

For decays with H = K+ and H = K*0 such ratios, denoted by 
RK and RK*0, respectively, have previously been measured by 
the Large Hadron Collider beauty (LHCb)11,12, Belle13,14 and 
BaBar15 collaborations. For RK the LHCb measurements are in 
the range 1.1 < q2 < 6.0 GeV2 c−4, whereas for RK*0, the ranges are 
0.045 < q2 < 1.1 GeV2 c−4 and 1.1 < q2 < 6.0 GeV2 c−4. These ratios 
have been determined to be 2.1–2.5 standard deviations below their 
respective SM expectations3–7,16–22. The analogous ratio has also been 
measured for Λ0

b

 decays with H = pK− and is compatible with unity 
at the level of one standard deviation23.

These decays all proceed via the same b → s  quark transition, 
and the results have therefore further increased interest in mea-
surements of angular observables24–34 and branching fractions35–38 
of decays mediated by b → sμ

+
μ

− transitions. Such decays also 
exhibit some tension with the SM predictions but the extent of 
residual QCD effects is still the subject of debate3,21,39–47. A consistent 
model-independent interpretation of all these data is possible via a 
modification of the b → s  coupling strength48–54. Such a modification  

Test of lepton universality in beauty-quark decays
LHCb collaboration*

The standard model of particle physics currently provides our best description of fundamental particles and their interactions. 
The theory predicts that the different charged leptons, the electron, muon and tau, have identical electroweak interaction 
strengths. Previous measurements have shown that a wide range of particle decays are consistent with this principle of lepton 
universality. This article presents evidence for the breaking of lepton universality in beauty-quark decays, with a significance 
of 3.1 standard deviations, based on proton–proton collision data collected with the LHCb detector at CERN’s Large Hadron 
Collider. The measurements are of processes in which a beauty meson transforms into a strange meson with the emission of 
either an electron and a positron, or a muon and an antimuon. If confirmed by future measurements, this violation of lepton uni-
versality would imply physics beyond the standard model, such as a new fundamental interaction between quarks and leptons.
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can be realized in new physics models with an additional heavy 
neutral boson or with leptoquarks. Other explanations of the data 
involve a variety of extensions to the SM, such as supersymmetry, 
extended Higgs–boson sectors and models with extra dimensions. 
References to the extensive literature describing these new physics 
models can be found in the Supplementary Information. Tension 
with the SM is also seen in the combination of several ratios that test 
lepton universality in b → cℓ

+
νℓ transitions55–63.

In this paper, a measurement of the RK ratio is presented based 
on proton–proton collision data collected with the LHCb detector 
at the CERN’s Large Hadron Collider (Methods). The data were 
recorded during 2011, 2012 and 2015–2018 with centre-of-mass 
energy of the collisions of 7, 8 and 13 TeV and correspond to an 
integrated luminosity of 9 fb−1. Compared with the previous LHCb 
RK result11, the experimental method is essentially identical but the 
analysis uses an additional 4 fb−1 of data collected in 2017 and 2018. 
The results supersede those of the previous LHCb analysis.

The analysis strategy aims to reduce systematic uncertainties 
induced in modelling the markedly different reconstruction of 
decays with muons in the final state, compared with decays with 
electrons. These differences arise due to the significant bremsstrah-
lung radiation emitted by the electrons and the different detector 
subsystems that are used to identify electron and muon candidates 
(Methods). The major challenge of the measurement is then cor-
recting for the efficiency of the selection requirements used to iso-
late signal candidates and reduce background. To avoid unconscious 
bias, the analysis procedure was developed and the cross-checks 
described below performed before the result for RK was examined.

In addition to the process discussed above, the K+ℓ+ℓ− final state 
is produced via a B+

→ X

qq

K

+ decay, where X
qq

 is a bound state 
(meson) such as the J/ψ. The J/ψ meson consists of a charm quark 
and antiquark, cc , and is produced resonantly at q2 = 9.59 GeV2c−4. 
This ‘charmonium’ resonance subsequently decays into two leptons, 
J/ψ → ℓ+ℓ−. The B+ → J/ψ( → ℓ+ℓ−)K+ decays are not suppressed and 
hence have a branching fraction orders of magnitude larger than 
that of B+ → K+ℓ+ℓ− decays. These two processes are separated by 
applying a requirement on q2. The 1.1 < q2 < 6.0 GeV2 c−4 region used 
to select B+ → K+ℓ+ℓ− decays is chosen to reduce the pollution from 
the J/ψ resonance and the high-q2 region that contains contributions 
from further excited charmonium resonances, such as the ψ(2S) and 
ψ(3770) states, and from lighter ss  resonances, such as the ϕ(1020) 
meson. In the remainder of this paper, the notation B+ → K+ℓ+ℓ− is 
used to denote only decays with 1.1 < q2 < 6.0 GeV2 c−4, which are 
referred to as non-resonant, whereas B+ → J/ψ( → ℓ+ℓ−)K+ decays 
are denoted resonant.

To help overcome the challenge of modelling precisely the dif-
ferent electron and muon reconstruction efficiencies, the branching 
fractions of B+ → K+ℓ+ℓ− decays are measured relative to those of 

B+ → J/ψK+ decays64. Since the J/ψ → ℓ+ℓ− branching fractions are 
known to respect lepton universality to within 0.4% (refs. 2,65), the 
RK ratio is determined via the double ratio of branching fractions

R

K

=
B (B+

→ K

+
μ

+
μ

−)

B (B+ → J/ψ(→ μ

+
μ

−)K+)
/

B (B+
→ K

+
e

+
e

−)

B (B+ → J/ψ(→ e

+
e

−)K+)
.

(2)

In this equation, each branching fraction can be replaced by the 
corresponding event yield divided by the appropriate overall detec-
tion efficiency (Methods), as all other factors needed to determine 
each branching fraction individually cancel out. The efficiency of 
the non-resonant B+ → K+e+e− decay therefore needs to be known 
only relative to that of the resonant B+ → J/ψ( → e+e−)K+ decay, 
rather than relative to the B+ → K+μ+μ− decay. As the detector sig-
nature of each resonant decay is similar to that of its corresponding 
non-resonant decay, systematic uncertainties that would otherwise 
dominate the calculation of these efficiencies are suppressed. The 
yields observed in these four decay modes and the ratios of efficien-
cies determined from simulated events then enable an RK measure-
ment with statistically dominated uncertainties. As detailed below, 
percent-level control of the efficiencies is verified with a direct 
comparison of the B+ → J/ψ( → e+e−)K+ and B+ → J/ψ( → μ+μ−)K+ 
branching fractions in the ratio

r

J/ψ

= B (B+
→ J/ψ(→ μ

+
μ

−)K+)/B (B+
→ J/ψ(→ e

+
e

−)K+),

which does not benefit from the same cancellation of systematic 
effects.

Candidate B+ → K+ℓ+ℓ− decays are found by combining the 
reconstructed trajectory (track) of a particle identified as a charged 
kaon, together with the tracks from a pair of well-reconstructed 
oppositely charged particles identified as either electrons or muons. 
The particles are required to originate from a common vertex, 
displaced from the proton–proton interaction point, with good 
vertex-fit quality. The techniques used to identify the different par-
ticles and to form B+ candidates are described in Methods.

The invariant mass of the final state particles, m(K+ℓ+ℓ−), is used 
to discriminate between signal and background contributions, with 
the signal expected to accumulate around the known mass of the 
B+ meson. Background originates from particles selected from mul-
tiple hadron decays, referred to as combinatorial background, and 
from specific decays of B hadrons. The latter also tend to accumulate 
around specific values of m(K+ℓ+ℓ−). For the muon modes, the resid-
ual background is combinatorial and, for the resonant mode, there 
is an additional contribution from B+ → J/ψπ+ decays with a pion 
misidentified as a kaon. For the electron modes, in addition to com-
binatorial background, other specific background decays contribute 
significantly in the signal region. The dominant such background 
for the non-resonant and resonant modes comes from partially 
reconstructed B(0,+) → K+π(−,0)e+e− and B(0,+) → J/ψ( → e+e−)K+π(−,0) 
decays, respectively, where the pion is not included in the B+ can-
didate. Decays of the form B+

→ D

0

(→ K

+
e

−
ν

e

)e+ν

e

 also contri-
bute at the level of O(1%) of the B+ → K+e+e− signal; and there is also 
a contribution from B+ → J/ψ( → e+e−)K+ decays, where a photon is 
emitted but not reconstructed. The kinematic correlation between 
m(K+e+e−) and q2 means that, irrespective of misreconstruction 
effects, the latter background can only populate the m(K+e+e−) 
region well below the signal peak.

After the application of the selection requirements, the reso-
nant and non-resonant decays are clearly visible in the mass dis-
tributions (Fig. 2). The yields in the two B+ → K+ℓ+ℓ− and two 
B+ → J/ψ( → ℓ+ℓ−)K+ decay modes are determined by performing 
unbinned extended maximum-likelihood fits to these distributions 
(Methods). For the non-resonant candidates, the m(K+e+e−) and 
m(K+μ+μ−) distributions are fitted with a likelihood function that 

B+ B+K+ K+W+ LQ
s

uu

b

u

s

u

b
u,c,t

γ/Z 0 ℓ+

ℓ– ℓ–ℓ+

Fig. 1 | Contributions to B+!→!K+ℓ+ℓ− decays in the SM and possible new 
physics models. A B+ meson, consisting of b  and u!quarks, decays into 
a K+, containing s  and u!quarks, and two charged leptons, ℓ+ℓ−. Left: the 
SM contribution involves the electroweak bosons γ,!W+ and Z0, and the 
up-type quarks ū, c̄  and t̄ . Right: a possible new physics contribution to the 
decay with a hypothetical leptoquark (LQ) which, unlike the electroweak 
bosons, could have different interaction strengths with the different types 
of leptons.
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decay modes, a total shift on RK is computed for each of the vari-
ables examined. The resulting variations are typically at the permille 
level and hence well within the estimated systematic uncertainty on 
RK. Similarly, computations of the rJ/ψ ratio in bins of two kinematic 
variables also do not show any trend and are consistent with the 
systematic uncertainties assigned on the RK measurement.

In addition to B+ → J/ψK+ decays, clear signals are observed from 
B+ → ψ(2S)K+ decays. The double ratio of branching fractions, Rψ(2S), 
defined by

R

ψ(2S)

= B (B+→ψ(2S)(→μ

+
μ

−)K+)
B (B+→J/ψ(→μ

+
μ

−)K+)
/

B (B+→ψ(2S)(→e

+
e

−)K+)
B (B+→J/ψ(→e

+
e

−)K+)
,

(3)

provides an independent validation of the double-ratio analysis 
procedure and further tests the control of the efficiencies. This 
double ratio is expected to be close to unity2 and is determined to 
be 0.997 ± 0.011, where the uncertainty includes both statistical 
and systematic effects, the former of which dominates. This can be 
interpreted as a world-leading test of lepton flavour universality in 
ψ(2S) → ℓ+ℓ− decays.

The fit projections for the m(K+ℓ+ℓ−) and mJ/Ψ(K+ℓ+ℓ−) distribu-
tions are shown in Fig. 2. The fit is of good quality, and the value of 
RK is measured to be

R

K

(1.1 < q

2

< 6.0GeV

2

c

−4) = 0.846

+0.042+0.013

−0.039−0.012

,

where the first uncertainty is statistical and the second systematic. 
Combining the uncertainties gives 

R

K

= 0.846

+ 0.044

− 0.041

. This is the 
most precise measurement to date and is consistent with the SM 
expectation, 1.00 ± 0.01 (refs. 3–7), at the level of 0.10% (3.1 standard 
deviations), giving evidence for the violation of lepton universality 
in these decays. The value of RK is found to be consistent in sub-
sets of the data divided on the basis of data-taking period, differ-
ent selection categories and magnet polarity (Methods). The profile 
likelihood is given in Methods. A comparison with previous mea-
surements is shown in Fig. 4.

The 3,850 ± 70 B+ → K+μ+μ− decay candidates that are observed 
are used to compute the B+ → K+μ+μ− branching fraction as a 
function of q2. The results are consistent between the different 
data-taking periods and with previous LHCb measurements37. 
The B+ → K+e+e− branching fraction is determined by combining 
the value of RK with the value of dB (B+

→ K

+
μ

+
μ

−)/dq2 in the 
region 1.1 < q2 < 6.0 GeV2 c−4 (ref. 37), taking into account correlated 
systematic uncertainties. This gives

dB (B+→K

+
e

+
e

−)
dq

2

(1.1 < q

2

< 6.0GeV

2

c

−4)

= (28.6 + 1.5

− 1.4

± 1.3)× 10

−9

c

4

GeV

−2

.

The 1.9% uncertainty on the B+ → J/ψK+ branching fraction2  
gives rise to the dominant systematic uncertainty. This is the most 
precise measurement of this quantity to date and, given the large 
(O(10%)) theoretical uncertainty on the predictions7,66, is consis-
tent with the SM.

A breaking of lepton universality would require an extension of 
the gauge structure of the SM that gives rise to the known funda-
mental forces. It would therefore constitute a significant evolution 
in our understanding and would challenge an inference based on 
a wealth of experimental data in other processes. Confirmation of 
any effect beyond the SM will clearly require independent evidence 
from a wide range of sources.

Measurements of other RH observables with the full LHCb data-
set will provide further information on the quark-level processes 
measured. In addition to affecting the decay rates, new physics can 
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0

S

ℓ+ℓ− decays, are also shown. The 
vertical dashed line indicates the SM prediction. Uncertainties on the data 
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The RK∗0 ratio is measured in two regions of the dilepton invariant mass squared to be

RK∗0 =

⎧
⎨

⎩
0.66 + 0.11

− 0.07 (stat)± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
− 0.07 (stat)± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The

results, which represent the most precise measurements of RK∗0 to date, are compatible

with the SM expectations [26–36] at 2.1–2.3 standard deviations for the low-q2 region

and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical

prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-

tions [27–36] lead to predictions for RK∗0 in the central-q2 region that are similar to the

value observed; smaller deviations are expected at low-q2. The larger data set currently

being accumulated by the LHCb collaboration will allow for more precise tests of these

predictions.
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RK0
S
¼ 0.66þ0.20

−0.14ðstatÞþ0.02
−0.04ðsystÞ;

RK%þ ¼ 0.70þ0.18
−0.13ðstatÞþ0.03

−0.04ðsystÞ:

The differential branching fractions of the signal electron
decays are found to be

dBðB0 → K0eþe−Þ
dq2

¼ ½2.6' 0.6ðstatÞ ' 0.1ðsystÞ( × 10−8 GeV−2c4;

dBðBþ → K%þeþe−Þ
dq2

¼ ½9.2þ1.9
−1.8ðstatÞþ0.8

−0.6ðsystÞ( × 10−8 GeV−2c4;

in the q2 ranges ½1.1; 6.0( GeV2=c4 and ½0.045;
6.0( GeV2=c4, and where the significances of the B0 →
K0

Se
þe− and Bþ → K%þeþe− decays evaluated using

Wilks’ theorem [118] are 5.3σ and 6.0σ, respectively.
Since the control mode branching fraction of B0 →
J=ψK0 decays ð8.91' 0.21Þ × 10−4 [104] is used, the
differential branching fraction of B0 → K0eþe−, instead of
B0 → K0

Se
þe−, decays is reported. A combination of the

R−1
K0

S
and R−1

K%þ measurements is performed using the FLAVIO

software package [119] to fit for a single muon-specific
Wilson coefficient CNP

9 ¼ −CNP
10 , while fixing all other

Wilson coefficients to their SM values. This scenario is
used in several existing fits to b → slþl− data, and is
specifically chosen as the ratios RKð%Þ have poor sensitivity
in discriminating between the Wilson coefficients C9 and
C10. The fit results in CNP

9 ¼ −CNP
10 ¼ −0.8þ0.4

−0.3 and a
significance of 2.0 standard deviations with respect to
the SM under this specific scenario. It should be noted
that this fit is model dependent, and the result could change
if data-driven estimates of the hadronic uncertainties
were used.
These measurements constitute the most precise tests of

lepton universality in B0 → K0
Sl

þl− and Bþ → K%þlþl−

decays to date, the most precise measurements of their
differential branching fractions at low q2, and the first
observations of B0 → K0

Se
þe− and Bþ → K%þeþe−

decays. While these measurements are individually con-
sistent with the SM, the central values exhibit the same
deficit of muonic decays relative to electronic decays as
seen in the other lepton universality tests performed by the
LHCb collaboration [6–8].

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of

5200 5400 5600
]2c [MeV/)−µ+µ0

Sm(K

0

10

20

30

40

50

60

70

80

90

)2 c
C

an
di

da
te

s 
/ (

21
 M

eV
/

1−Data 9 fb
Total

−µ+µ0
S K→0B

Comb. Back.

LHCb

5000 5500 6000
]2c [MeV/)−e+e0

Sm(K

0

5

10

15

20

25)2 c
C

an
di

da
te

s 
/ (

65
 M

eV
/

1−Data 9 fb
Total

−e+e0
S K→0B

Comb. Back.
−π+π0

S K→0B
0

S) K−e+(eψ J/→0B
*KPart. Reco. 

LHCb

5200 5400 5600
]2c [MeV/)−µ+µ+π0

Sm(K

0

20

40

60

80

100)2 c
C

an
di

da
te

s 
/ (

21
 M

eV
/

1−Data 9 fb
Total

−µ+µ*+ K→+B
Comb. Back.

LHCb

5000 5500 6000
]2c [MeV/)−e+e+π0

Sm(K

0

10

20

30

40

50

60

70

)2 c
C

an
di

da
te

s 
/ (

65
 M

eV
/

1−Data 9 fb
Total

−e+e*+ K→+B
Comb. Back.

−π+π*+ K→+B
*+) K−e+(eψ J/→+B

*KPart. Reco. 

LHCb

FIG. 2. Distributions of (top left) K0
Sμ
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þe− mass with the fit models used to determine the B0 → K0
Sμ

þμ− yield
and R−1

K0
S
, and (bottom left) K0

Sπ
þμþμ− and (bottom right) K0

Sπ
þeþe− mass with the fit models used to determine the Bþ → K%þμþμ−
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Source Run 1 L0I Run 1 L0E Run 2 L0I Run 2 L0E Correlated

Decay model — — — — 1.9

Efficiency corrections 3.4 3.6 3.6 3.2 —

Normalisation modes 3.7 3.7 3.5 2.7 —

q2 migration — — — — 2.0

mcorr cut efficiency — — — — 0.5

Fit model — — — — 5.2

Total uncorrelated 5.0 5.2 5.0 4.2 —

Total correlated — — — — 5.9

Table 4. Systematic uncertainties in percent associated to the measurement of R−1
pK , for the

different data taking periods and trigger categories. For uncertainties that are correlated between
data taking periods and categories, a single value is given.

LHCb [46]

B(Λ0
b→ pK−µ+µ−)

∣∣
0.1<q2<6 GeV2/c4

=
(
2.65± 0.14± 0.12± 0.29+0.38

− 0.23

)
× 10−7,

where the first uncertainty is statistical, the second is systematic and the third and fourth

are due to the precision of the normalisation mode Λ0
b → pK−J/ψ, namely the knowledge

of the B0→ J/ψK∗0 branching fraction and the Λ0
b hadronisation fraction.

The result of the test of LU in Λ0
b → pK−ℓ+ℓ− decays, R−1

pK , in the range

0.1 < q2 < 6 GeV2/c4 and m(pK−) < 2600 MeV/c2 is

R−1
pK

∣∣∣
0.1<q2<6 GeV2/c4

= 1.17+0.18
− 0.16 ± 0.07,

where the first uncertainty is statistical and the second systematic. The profile likelihood

of the R−1
pK parameter, including the smearing accounting for correlated systematic un-

certainties, is shown in figure 4. The result is compatible with unity at the level of one

standard deviation. The measured values of R−1
pK are in good agreement between the two

electron trigger categories. For comparison with other LU tests, RpK is computed from the

R−1
pK result by inverting the minimum and one standard deviation lower and upper bounds

of the likelihood profile

RpK |0.1<q2<6 GeV2/c4 = 0.86+0.14
− 0.11 ± 0.05,

with a more asymmetric likelihood distribution in this case.

The first observation of the rare decay Λ0
b→ pK−e+e− is also reported, with a sig-

nificance greater than 7σ, accounting for systematic uncertainties. Combining the results

obtained for rB and R−1
pK , and taking into account the correlations, the ratio of branching

fractions for the dielectron final states is obtained

B(Λ0
b→ pK−e+e−)

B(Λ0
b→ pK−J/ψ)

∣∣∣∣
0.1<q2<6 GeV2/c4

=
(
9.8+1.4

− 1.3 ± 0.8
)
× 10−4,
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𝑏 → 𝑠ℓℓ update
• LHCB 2023 update simultaneous 

measurement of 𝑅J and 𝑅J∗  in two 
𝑞K	bins for full statistics (9fb-1)
• Now compatible with SM 

• 𝑅!∗: increase in statistics
• 𝑅!: more stringent e-ID reducing 

contribution from processes not properly 
accounted for; modeling of residual 
background

• CMS 2024 also measured 𝑅J, but 
statistical error still very large
• Also verified universality of 𝐽/𝜓 and 𝜓 2𝑠  

decays 
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Search for resonant and nonresonant new phenomena
in high-mass dilepton final states at √

s = 13TeV

The CMS collaboration
E-mail: cms-publication-committee-chair@cern.ch

Abstract: A search is presented for physics beyond the standard model (SM) using elec-
tron or muon pairs with high invariant mass. A data set of proton-proton collisions collected
by the CMS experiment at the LHC at √

s = 13TeV from 2016 to 2018 corresponding to
a total integrated luminosity of up to 140 fb−1 is analyzed. No significant deviation is
observed with respect to the SM background expectations. Upper limits are presented
on the ratio of the product of the production cross section and the branching fraction
to dileptons of a new narrow resonance to that of the Z boson. These provide the most
stringent lower limits to date on the masses for various spin-1 particles, spin-2 gravitons in
the Randall-Sundrum model, as well as spin-1 mediators between the SM and dark matter
particles. Lower limits on the ultraviolet cutoff parameter are set both for four-fermion
contact interactions and for the Arkani-Hamed, Dimopoulos, and Dvali model with large
extra dimensions. Lepton flavor universality is tested at the TeV scale for the first time by
comparing the dimuon and dielectron mass spectra. No significant deviation from the SM
expectation of unity is observed.
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After all selection criteria have been applied, the non-
resonant muon candidate samples contain only signal and
combinatorial backgrounds. The invariant mass spectrum
of the nonresonant muon signals is modeled using simu-
lated data, while the combinatorial background is modeled
using an exponential function with a freely varying slope.
Small adjustments to the mean and width of the signal
distribution are constrained to be the same as for the
resonant muon signal. The normalization of both compo-
nents is allowed to vary freely.
The nonresonant electron candidate samples have a more

complex composition. In addition to signal and combina-
torial background they contain resonant J=ψ meson decays
that migrate into the central-q2 (but not low-q2) region
(“leakage”), partially reconstructed decays without mis-
identification, and residual misidentified hadronic decays.
The invariant mass spectra of the nonresonant electron
signals are modeled following a similar procedure to the
muon modes and over a wider mass range than previous
analyses, reducing correlations between components. The
combinatorial background is modeled using an exponential
function with freely varying normalization multiplied by a
function that parametrizes the distortion by the corrected
mass and partially reconstructed selection criteria. The
parameters of this function are fixed from background data
reconstructed using two leptons of the same charge and
varied in pseudoexperiments to attribute an associated
systematic uncertainty. The leakage is modeled using a
kernel-density estimator [65] derived from simulated data;
its normalization is constrained to the observed resonant
mode yields multiplied by efficiencies measured in simu-
lation. The partially reconstructed backgrounds are mod-
eled using kernel-density estimators derived from
simulated data, with a systematic uncertainty assigned
for the finite number of different partially reconstructed
decays that are simulated. Their normalization is allowed to
vary freely for the B0 nonresonant candidate samples. In the
Bþ samples, the normalization is constrained to the
observed nonresonant B0 signal yields in the same q2

region multiplied by efficiencies measured in simulation
and accounting for isospin partner modes.
Residual misidentified backgrounds may contain one or

two hadrons misidentified as electrons, as well as additional
missing energy. A wide range of these backgrounds are
studied using simulated data and each individual back-
ground is found to be small compared to the expected
statistical sensitivity. However, the large number of poten-
tial hadronic B decays, which in many cases have poorly
known or unknown dynamics, means that their overall
contribution to the final candidate sample is not necessarily
small. Data are therefore used to estimate the overall
invariant mass spectra and normalization of such back-
grounds. A sample enriched with background from mis-
identification of nonresonant candidates is defined for each

of the four LU observables by inverting the electron
identification criteria and using less stringent electron
identification requirements. This sample is corrected for
the residual contribution of signal decays and then
weighted using misidentification rates measured from data
to obtain the expected misidentified backgrounds that
would pass all selection criteria. The invariant mass shape
of these backgrounds is modeled using an empirical
function; their normalization is constrained using the
measured central values and uncertainties.
The invariant mass distributions of the nonresonant

electron candidates resulting from the final fit to the four
LU observables are shown in Fig. 2. The measured values
of the observables of interest are

low-q2
(
RK ¼ 0.994þ0.090

−0.082ðstatÞþ0.029
−0.027ðsystÞ;

RK% ¼ 0.927þ0.093
−0.087ðstatÞþ0.036

−0.035ðsystÞ;

central-q2
(
RK ¼ 0.949þ0.042

−0.041ðstatÞþ0.022
−0.022ðsystÞ;

RK% ¼ 1.027þ0.072
−0.068ðstatÞ

þ0.027
−0.026ðsystÞ:

All four measurements are in agreement with predictions of
the SM [16,17,66–74].
Systematic uncertainties associated with efficiencies are

evaluated by varying the assumptions made when calibrat-
ing the simulated samples. The biggest uncertainty of this
type is the stability of the rKJ=ψ and rK

%

J=ψ ratios as a function
of different kinematic and geometric variables associated
with these decays. The overall systematic uncertainties for
efficiencies are below 1% in all cases except RK% low-q2

where they are 2%. Systematic uncertainties associated
with the modeling of nonresonant decay form factors,
which affect the efficiencies, are evaluated using simulation
and found to be negligible for Bþ decays and around 1%
for B0 decays. Systematic uncertainties associated with the
modeling of the invariant mass distributions are dominated
by the data-driven modeling of misidentified backgrounds,
and are 2.0%–2.5% depending on the LU observable in
question. Although larger than the systematic uncertainties
assigned in the previous LHCb analyses [29,32], these are
significantly smaller than the statistical uncertainties asso-
ciated with each of the four LU observables.
The results presented here differ from previous LHCb

measurements of RK [32] and RK% [29]. In the case of RK%

the data sample is much larger compared to the previous
measurement, and hence statistical effects can explain the
majority of the difference. For RK central-q2, on the other
hand, the change is primarily due to systematic effects; the
biggest shift (0.064) comes from the use of more stringent
electron identification criteria which greatly reduce the
contribution from processes that had previously not been
accounted for appropriately, while a further shift (0.038)
comes from the modeling of the residual misidentified
background.

PHYSICAL REVIEW LETTERS 131, 051803 (2023)

051803-5

Rep. Prog. Phys. 87 077802 (2024)

PRL 131 (2023) 051803 and PRD 108 (2023) 032002
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important added value of the RJ/y cross-check is that various efficiencies and corrections that
cancel out in the R(K) double ratio, only partially cancel or do not cancel in the RJ/y single
ratio. Therefore, this cross check also validates the systematic uncertainties that cancel in the
R(K) ratio.

The results of our measurement in the combination of the PF-PF and PF-LP categories are:
Ry(2S) = 0.966+0.071

�0.066 and RJ/y = 1.006+0.020
�0.019, where the uncertainties shown are statistical only.

Both the Ry(2S) and RJ/y measurements are consistent with unity within one standard devia-
tion, with a precision of a few percent. The systematic uncertainty due to the lack of cancella-
tion of various efficiencies and from sources discussed in Section 7 for both ratios is estimated
to be around 7%. Consistent results are obtained in the PF-PF and PF-LP categories separately,
albeit with larger statistical uncertainties.

8.1 Measurement of the differential B (B+ ! K+ µ+µ�)

To reduce the systematic uncertainty, the differential branching fraction in each q
2 bin is nor-

malized to B(B+! J/y(µ+µ�)K+),

B(B+!K+µ+µ�)[q2
min, q

2
max] =

NB+!K+µ+µ� [q
2
min, q

2
max]

NB+!J/y(µ+µ�)K+[8.41, 10.24]GeV2

⇥
(Aeetrig)B+!J/y(µ+µ�)K+[8.41, 10.24]GeV2

(Aeetrig)B+!K+µ+µ� [q
2
min, q2

max]
B(B+! J/yK+)B(J/y!µ+µ�), (4)

where NB+!K+µ+µ� and NB+!J/y(µ+µ�)K+ are the measured yields from the fit in the q
2 region

indicated in the brackets and B(B+ ! J/y(µ+µ�)K+) is the world-average value of the B+ !
J/y(µ+µ�)K+ branching fraction [4]. The measured differential branching fraction of the B+!
K+µ+µ� decay is summarized in Table 10. The correlation matrix between the extracted values
of the differential branching fraction in different q

2 bins is shown in Fig. A.5.

Since there are various and somewhat different theoretical predictions for the SM value of
dB(B+ ! K+µ+µ�)/dq

2, we compare our measurement with the predictions from the HEP-
FIT [18, 61–63] v1.0, SUPERISO [64, 65] v4.1, FLAVIO [66] v2.5.5, and EOS [67, 68] v1.0.8 packages.
These models rely on different approaches in evaluating the effects of nonlocal form-factor con-
tributions (stemming from the charm quark loops) [69], which is reflected in a sizable difference
between the uncertainties in their predictions. None of the calculations can reliably describe the
regions between the J/y and y(2S) resonances; hence the predictions are not shown in this q

2

range. In addition, the HEPFIT package only gives predictions for q
2 < 8 GeV2. The comparison

of our measurement with the prediction of these models is shown in Fig. 5. The measured dif-
ferential branching fraction of the B+!K+µ+µ� decay is generally lower than the theoretical
predictions for q

2 < 17 GeV2, which is consistent with the results reported by LHCb [14, 15].

8.2 Measurement of the integrated B (B+ ! K+µ+µ�)

The low-q2 region is especially interesting because it is not affected by higher-mass resonances
and their interference effects. Consequently, the branching fraction of the B+ ! K+µ+µ� de-
cay in this q

2 region can be measured with relatively little theoretical dependence, using Eq. (4)
over the [1.1, 6.0]GeV2

q
2 range. In this range, the acceptance times efficiency is essentially in-

dependent of the q
2 value, as shown in Fig. A.1. Therefore, any dependence on theory can only

arise from residual differences in the kinematic distributions of the final-state particles between
theory and data. Since the acceptance times efficiency is evaluated using events generated with
the EVTGEN B+!K+µ+µ� model (discussed in Section 4.2), which has been tuned using e+e�
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KIT – University of the State of Baden-Württemberg and National Laboratory of the Helmholtz Association www.kit.edu

• 𝑏 → 𝑠ℓℓ still very 
interesting

• Some tension in 
angular analysis

• precision regime is 
not yet reached for 
LFU tests: 
• need to go below 

1% uncertainty
Superseded

Rep. Prog. Phys. 87 077802 (2024)

https://doi.org/10.1088/1361-6633/ad4e65
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LFU with b → c l ν 

● Electroweak couplings to all charged leptons are universal in 
the SM

● Differences only driven by lepton masses

● Any deviations from LFU is a key signature of physics 
beyond SM

Powerful test of LFU from ratios of BF to different 
leptons

● Hadronic uncertainties mostly cancel in the ratio
● Reduced experimental systematic uncertainties 

● Most precise measurements done with B → Dτν  and B → D*τν

● Deviations from SM in R(D)-R(D*) seen in various measurements, and the World Average is 
in tension with the SM at ~3σ

– R(D)-R(D*) with muonic tau (τ → μνν)  PRL131,111802

– R(D*) with hadronic tau  (τ → 3π(π0)ν)   PRD108, 012018
LHCb

• Measure the ratios of rates to different leptons
• Hadronic uncertainties mostly cancel in the ratio
• Reduced experimental systematic uncertainties

• Angular analysis adds extra power and sensitivity

𝑏 → 𝑐ℓ𝜈
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LHCB BELLE / BELLE II

𝑅 𝐷 − 𝑅(𝐷∗) with muonic 𝜏 PRL 131, 111802 (2023) 𝑅(𝐷∗) with leptonic 𝜏 had tag arXiv:2401.02840 (2024) 
(Submitted to PRD)

𝑅(𝐷∗) with hadronic	𝜏 PRD 108, 012018 (2023) 𝑅(𝑋"/$) with had tag PRL 131, 051804 (2023)

𝑅(𝐷%(∗)) with muonic	𝜏 arXiv:2406.03387 (2024)
(Submitted to PRL)

𝑅(𝑋(/ℓ) with leptonic 𝜏 had tag PRL 132, 211804 (2024)

𝑅(Λ*) PRL 128, 191803 (2022) Angular analysis in 𝐵+ → 𝐷∗ 𝑒/𝜇 𝜈 PRL 131, 181801 (2023)

𝑅(𝐽/𝜓) PRL 120, 121801 (2018) Angular coefficients arXiv: 2310.20286 (2023)
(Accepted by PRL)
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History of  slight excess 
of semitauonic decays
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Complementary approaches
B Factories
• Full reconstruction of both signal and 

tagging B meson (low efficiency)
• Closed event kinematics (missing energy)
• 𝜋" and neutrals reconstruction
• Simple normalization; high efficiency for 

both 𝜇 and 𝑒

LHCb
• Large cross section
• Exploit vertexing for B, D, 𝜏 

reconstruction
• Reliance on all-charged modes and 𝜇-ID
• Normalization of signal relative to 

similar decay processes
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Complementary approaches
B Factories:

● Full reconstruction of both signal and

accompanying B mesons (low efficiency)

● Missing energy from event kinematics

● π0 and neutrals reconstruction

● Straightforward normalization and
cancellation of systematics; high efficiency

for both e and μ

LHCb:

● Large cross section

● Exploit vertexing for B, D and τ 
reconstruction

● Reliance on all-charged modes and  μ-ID

● Normalization of signal modes relative to
similar decay processes
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C. Bozzi

Very different experimental challenges and systematics
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R(D) and R(D*) from LHCb
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R(D) and R(D*) from LHCb

                    with leptonic tau decays:  

 B0→D*-τ+ντ with hadronic tau decays:

● measured relative to B0→D*-π+π-π+
   

● See parallel session talk by
M. Rotondo (Tuesday afternoon)

τ+→π+π-π+(π0)ντ  

τ-→μ-ντνμ  

D*-→π-D0(→K+π-)

B→D(*)τ-ντ  

D(*) = D0, D*+, D*0
  

where    D*+ → D0 π+  and  D0 → K+π- 

R. Aaij et al. (LHCb Collaboration)
Phys. Rev. Lett. 131, 111802 (2023).

R(D*) = 0.281 ± 0.018 ± 0.024

R(D0) = 0.441 ± 0.060 ± 0.066

arXiv:2305.01463v2 (13 May 2024) and
R. Aaij et al. (LHCb Collaboration)
Phys. Rev. D 108, 012018 (2023). external BFs

R(D*-) = 0.260 ± 0.015(stat) 

          ± 0.016(syst) ± 0.012(ext)

these decay modes. Similarly, the contribution of B̄ →
Dð"ÞD−

s ð→ τ−ν̄τÞX decays is likelihood constrained using
known branching fractions [30] with a 30% uncertainty.
The systematic uncertainty is again given by the effect of
allowing these to vary within the loose 30% constraint
versus fixing them to best fit.
The uncertainty in the shape of the misID background

due to the limited statistics of control data is determined by
allowing the hadron to muon misidentification efficiency
vary as a function of lab momentum within the uncertain-
ties from control data and computing the increase in
uncertainty in RðDð"ÞÞ.
The expected yield of Dð"Þμ− candidates compared with

Dð"Þμþ candidates (used to model the combinatorial back-
ground) varies as a function of mðDð"Þμ∓Þ. The size of this
effect is estimated in the 5.28 < mðDð"Þμ∓Þ < 10 GeV=c2

region, and the uncertainty is propagated as a systematic
uncertainty in RðDð"ÞÞ.
The choice of corrections applied to simulated B →

Dð"ÞHcX decays is not unique, and so the fit is repeated for
an ensemble of possible alternative choices. The root mean
square of this ensemble is taken as a systematic uncertainty.
A small discrepancy in the fit quality is observed in a

region of the control samples dominated by cross feed from
B̄0
s → D""

s μ−ν̄μ decays. To assess the maximum size of the
effect from this mismodeling, a deformation suppressing
the low-q2, low-E"

μ region of this template to better match
the data is applied, and the effect on the signal yield from
this change is evaluated.
The default fit model does not includeΛ0

b → D0pμ−ν̄μ or
Λ0
b → D"þnμ−ν̄μ decays. To assess the effect of their

exclusion, a fit is performed to a control sample requiring
a proton candidate among the particles accompanying the
D0μ− candidate. The existing B̄ → D""μ−ν̄μ simulated
samples are reused with different parameter values as
proxy for the Λ0

b decays and are able to reproduce the
kinematic distributions observed in the data. The fit for
RðDð"ÞÞ is repeated with these components included using
one of two possible auxiliary fits to constrain the size of the
contribution, and the larger of the two possible shifts of
RðDð"ÞÞ is assigned as the systematic uncertainty.
The systematic uncertainty due to the absence of the

Coulomb interaction in the PHOTOS package [27] is
evaluated by weighting the B̄0 → D"þl−ν̄l simulation
by the Coulomb factor given in Ref. [45]. It is found that
the only significant effect on these results is due to a 1%
shift of the expected isospin relationship between RðD"þÞ
and RðD"0Þ, which induces a small shift in RðD0Þ
and RðD"Þ.
To assess the uncertainty from residual disagreements

between data and simulation, a second iteration of the
weighting procedure described above is performed using
several possible variations of the scheme. Half the largest
difference in RðDð"ÞÞ is taken as a systematic uncertainty.

The systematic uncertainty from the unfolded kinematic
shapes of the misID background is taken to be half the
difference from using the two misID determination
methods described above.
Uncertainties in converting the fitted ratio of signal and

normalization yields into RðDð"ÞÞ (normalization uncer-
tainties) primarily come from the uncertainty in the effect of
the corrections to simulation and are evaluated similarly.
The uncertainty in the current world average value of
Bðτ− → μ−ν̄μντÞ also contributes a small normalization
uncertainty.
In conclusion, the branching fraction ratios BðB̄ →

D"τ−ν̄τÞ=BðB̄ → D"μ−ν̄μÞ and BðB− → D0τ−ν̄τÞ=BðB− →
D0μ−ν̄μÞ are measured to be

RðD"Þ ¼ 0.281& 0.018& 0.024

RðD0Þ ¼ 0.441& 0.060& 0.066

ρ ¼ −0.43;

with ρ the correlation, and where the first uncertainty is
statistical and the second is systematic. This is the first
measurement of the ratioRðD0Þ at a hadron collider. These
results are consistent at less than 1 standard deviation with
the current average of these quantities and stand at about 2
standard deviations from the predictions based on lepton
flavor universality in the standard model.
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the contribution of the form-factor uncertainty, the fit is
repeated with form-factor parameters fixed to their best-fit
values, and the reduction in uncertainty compared with the
configuration with varying nuisance parameters is used to
determine the contribution from the form-factor uncertain-
ties. The systematic uncertainty from empirical corrections
to the kinematic distributions of B̄ → D!!ð→ Dð!ÞππÞμ−ν̄μ

and B̄ → Dð!ÞHcð→ μνμX0ÞX backgrounds is computed in
the same way.
The contribution of B → D!!

ðsÞτ
−ν̄τ decays relative to

B → D!!
ðsÞμ

−ν̄μ is likelihood constrained to an expectation
of 8% taken from Ref. [35], with a relative uncertainty of
30% assigned to cover both the inclusion of different
D!!

ðsÞτ
−ν̄τ states, and the possibility of LFU violation in
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signal data, overlaid with projections of the fit model.

TABLE II. Absolute uncertainties in the extraction ofRðD0Þ andRðD!Þ. The model uncertainties are divided into
those included directly in the fit likelihood and those determined via supplemental studies.

Internal fit uncertainties σRðD!Þ (×10−2) σRðD0Þ (×10−2) Correlation

Statistical uncertainty 1.8 6.0 −0.49
Simulated sample size 1.5 4.5
B → Dð!ÞDX template shape 0.8 3.2
B̄ → Dð!Þl−ν̄l form factors 0.7 2.1
B̄ → D!!μ−ν̄μ form factors 0.8 1.2
B [B̄ → D!D−

s ð→ τ−ν̄τÞX] 0.3 1.2
MisID template 0.1 0.8
B (B̄ → D!!τ−ν̄τ) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1

Additional model uncertainty σRðD!Þ (×10−2) σRðD0Þ (×10−2)

B → Dð!ÞDX model uncertainty 0.6 0.7
B̄0
s → D!!

s μ−ν̄μ model uncertainty 0.6 2.4
Baryonic backgrounds 0.7 1.2
Coulomb correction to RðD!þÞ=RðD!0Þ 0.2 0.3
Data-simulation corrections 0.4 0.8
MisID template unfolding 0.7 1.2

Normalization uncertainties σRðD!Þ (×10−2) σRðD0Þ (×10−2)

Data-simulation corrections 0.4 ×RðD!Þ 0.6 ×RðD0Þ

τ− → μ−νν̄ branching fraction 0.2 ×RðD!Þ 0.2 ×RðD0Þ
Total systematic uncertainty 2.4 6.6 −0.39
Total uncertainty 3.0 8.9 −0.43
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Figure 4: Distributions of the fit variables in the B0! D⇤�⌧+⌫⌧ data sample with the fit result
overlaid.

• Nfake D0 and Nfake D⇤� : the combinatorial background yields with a fake D
0 and

D
⇤�, respectively. These are fixed to the values obtained from a fit to m(K�

⇡
+)

and m(D⇤�)�m(K�
⇡
+).

The parameters Nsig, ND
+
s
, fD+ and f

v1v2

D0 vary freely in the fit. The fit results are
summarized in Table 4 and the distributions of the fit variables are shown in Fig. 4. The
fit is performed in two iterations: First, the fractions of D0 are varied freely and the six
D

+
s
decay modes are Gaussian constrained, and then a second fit is performed by fixing

these to their best fit values. This is the same strategy followed in Refs. [4,5] to determine
the statistical uncertainty on the B

0 ! D
⇤�
⌧
+
⌫⌧ yield. Thus the relative statistical

precision on the yield changes from 6.2% to 5.9%. The quadratic di↵erence between
the statistical uncertainties in the two iterations is treated as a systematic uncertainty
from the double-charm decay models. The number of signal events is determined to be
2573± 156, where the uncertainty is statistical only. The fit quality is excellent with a �

2

per degree of freedom of 1.0. From studies using pseudoexperiments, the fit is found to be
unbiased.

5.2 B0! D⇤�3⇡ yield

The B
0! D

⇤�3⇡ yield is estimated from an unbinned maximum-likelihood fit to the
D

⇤�3⇡± mass distribution. The signal model consists of a Crystal Ball (CB) function [34]
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varying the fixed values by their uncertainties.
The e�ciencies of particle identification requirements are estimated using calibration

samples. These samples are used to parametrize the e�ciency in bins of the kinematic
variables of a given track such as p, pT and hits in the tracking system. The choice of
the binning scheme for this parametrization contributes a 0.5% systematic uncertainty.
The e↵ect of the finite size of the calibration sample is negligible. The systematic e↵ects
of the correction weights applied to the simulation are obtained either by varying the
correction factor or removing the correction altogether. Changes in kinematic weighting,
3⇡ vertex error correction and 3⇡ model correction in B

0! D
⇤�3⇡ decays result in 0.7%,

0.9% and 1.0% systematic deviations, respectively, on K(D⇤�). The di↵erence in data
and simulation at the preselection level a↵ects the e�ciency determination, contributing
2.0% to the systematic uncertainty. The statistical uncertainty on the B0! D

⇤�
⌧
+
⌫⌧ and

B
0! D

⇤�3⇡ e�ciencies due to the limited size of the simulation sample also contribute
to the systematic uncertainty.

The three-dimensional templates used in the fit include empty bins. The systematic
deviation due to these empty bins is estimated by building a three-dimensional density
function using kernel density estimators. These are built for all the components and then
transformed into a histogram template and the fit is repeated with the new templates.
This contributes to a 1.3% relative systematic deviation.

The template PDFs used in the signal fit are mostly derived from simulation. Therefore,
the size of these simulation samples has a major impact on the results. Alternative
templates obtained after resampling the default templates via a bootstrap procedure are
used to repeat the fit 1000 times and the resulting deviation of 2.0% is taken as the
systematic uncertainty from this source. The large simulation samples produced using
the redecay [31] technique helped in reducing this systematic uncertainty to half the
value obtained in Refs. [4,5]. A summary of all the systematic uncertainties on K(D⇤�) is
given in Table 5. The total systematic uncertainty is obtained by adding the individual
contributions in quadrature.

7 CONCLUSION

In conclusion, using pp collision data collected in 2015 and 2016 by the LHCb experiment
and corresponding to an integrated luminosity of 2 fb�1, the ratio of the branching
fractions of B0! D

⇤�
⌧
+
⌫⌧ and B

0! D
⇤�3⇡ decays is measured as

K(D⇤�) = 1.79± 0.11(stat)± 0.11(syst) .

The result is in good agreement with the previous LHCb measurement [4, 5]. The
improved analysis procedure results in an increase in signal e�ciency and a de-
crease of the relative systematic uncertainty from 9% to 6%. Using the most
recent branching fraction measurements B(B0 ! D

⇤�3⇡) = (7.21± 0.29)⇥ 10�3 and
B(B0 ! D

⇤�
µ
+
⌫µ) = (4.97± 0.12)% [11], the branching fraction

B(B0 ! D
⇤�
⌧
+
⌫⌧ ) = (1.29± 0.08 (stat)± 0.08 (syst)± 0.05 (ext))⇥ 10�2

,

and the ratio of branching fractions of B0! D
⇤�
⌧
+
⌫⌧ and B

0! D
⇤�
µ
+
⌫µ

R(D⇤�) = 0.260± 0.015 (stat)± 0.016 (syst)± 0.012 (ext) ,
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Test of lepton flavor universality using B0 → D!− τ + ντ
decays with hadronic τ channels

R. Aaij et al.*
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The branching fraction BðB0 → D!−τþντÞ is measured relative to that of the normalization mode B0 →
D!−πþπ−πþ using hadronic τþ → πþπ−πþðπ0Þν̄τ decays in proton-proton collision data at a center-of-
mass energy of 13 TeV collected by the LHCb experiment, corresponding to an integrated luminosity of
2 fb−1. The measured ratio is BðB0 → D!−τþντÞ=BðB0 → D!−πþπ−πþÞ ¼ 1.70& 0.10þ0.11

−0.10 , where the
first uncertainty is statistical and the second is related to systematic effects. Using established branching
fractions for the B0 → D!−πþπ−πþ and B0 → D!−μþνμ modes, the lepton universality test RðD!−Þ≡
BðB0 → D!−τþντÞ=BðB0 → D!−μþνμÞ is calculated, RðD!−Þ ¼ 0.247& 0.015& 0.015& 0.012, where
the third uncertainty is due to the uncertainties on the external branching fractions. This result is consistent
with the Standard Model prediction and with previous measurements.

DOI: 10.1103/PhysRevD.108.012018

I. INTRODUCTION

Measurements of RðDð!ÞÞ≡BðB0→Dð!ÞτþντÞ=BðB0→
Dð!ÞlþνlÞ, the ratio of branching fractions with l ¼ μ, e,
test lepton flavor universality in b → clνl transitions. First
measured by the BABAR Collaboration in 2012 [1], this
ratio has been studied by the Belle [2,3] and LHCb [4,5]
experiments using hadronic and muonic decay modes of
the τþ lepton.1 After the latest LHCb Collaboration result
using muonic τþ decays [6], the discrepancy between the
world-average values of RðD!Þ and RðDÞ measurements
with their theoretical prediction is at the level of 3 standard
deviations [7]. The predicted value by the Standard Model
(SM) of particle physics is RðD!Þ ¼ 0.254& 0.005 [7].
Several extensions to the SM can explain this anomaly, e.g.,
leptoquark models [8–10], which typically assume a
leptoquark that preferentially couples to third-generation
leptons and has a mass below 1 TeV=c2.
The LHCb hadronic RðD!−Þ analysis was first per-

formed using proton-proton (pp) collision data collected at
center-of-mass energies of

ffiffiffi
s

p
¼ 7 and 8 TeV in 2011 and

2012 [4,5], corresponding to an integrated luminosity of
3 fb−1. This paper presents a similar measurement of

RðD!−Þ based on pp collision data taken at 13 TeV in
2015 and 2016, corresponding to an integrated luminosity
of 2 fb−1. Despite the lower integrated luminosity, the
increase of the bb̄ production cross section with the center-
of-mass energy by nearly a factor of 2 and improvements in
the LHCb trigger provide about 40% more signal candi-
dates than in the previous analysis.
The analysis strategy in this paper is similar to that

detailed in the previous study [4,5], and includes changes
that improve the signal efficiency. The τþ lepton is
reconstructed in the hadronic final state 3πðπ0Þν̄τ, where
3π ≡ πþπ−πþ, and the D!− candidate is reconstructed
through the D!− → π−D̄0ð→ Kþπ−Þ decay.2 The B0 →
D!−3π decay is chosen as the normalization mode because
it has the same visible final state as the signal mode. Many
of the systematic uncertainties due to detector and
reconstruction effects cancel in the ratio of their branching
fractions defined as

KðD!−Þ≡ BðB0 → D!−τþντÞ
BðB0 → D!−3πÞ

¼
Nsig

Nnorm

εnorm
εsig

×
1

Bðτþ → 3πν̄τÞ þ Bðτþ → 3ππ0ν̄τÞ
: ð1Þ

Here, Nsig and Nnorm are the yields in the signal and
normalization modes, respectively, which are obtained
from the data. The efficiencies εsig and εnorm, for the signal
and normalization modes, respectively, are determined

*Full author list given at the end of the article.
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Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1BABAR and Belle used decays with both muons and electrons
in theRðDð!ÞÞ denominator, while LHCb has exclusively studied
decays with muons so far.

2The inclusion of charge-conjugate decay modes is implied
throughout the paper.
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same visible final state, use known B.F.
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R(D(*)+)
• First LHCb measurement using the 
𝐷* ground state
• B momentum at LHC: exploit B flight 

direction and boost approximation
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1 Lepton Flavor Universality

R(D(⇤)
⌧/µ) =

B(B ! D
(⇤)

⌧⌫⌧ )

B(B ! D(⇤)µ⌫µ)

R(Hc) =
B(Hb ! Hc⌧⌫⌧ )

B(Hb ! Hcµ⌫µ)

R(D(⇤)+) =
B(B ! D

(⇤)+
⌧
�
⌫⌧�)

B(B ! D(⇤)+µ�⌫µ�)
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Measurement of R(D+) and R(D*+)
● First LHCb measurement using the D+ ground state

● Tau muonic decay mode τ → μ ν ν 

● D+ → K- π+ π+  

● Feed-down from from D*+ → D+ π0 ,D+γ gives access to R(D*- ) with the same final 
state

R(D+)  =

● B momentum at LHC: exploit B flight 
direction and boost approximation

γβz,total =γβz,visible

m2 
miss=(pB – pD – pμ)2

Eμ muon energy in B rest frame
q2 = (pB – pD)2

LHCb-PAPER-2024-007
In preparation
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Results

Main systematic uncertainties from 
form factor parameters and 
background modeling

Uncertainty on ratio of efficiencies are 
sub-dominant

ρ = -0.39

Compatible with SM at 0.8σ
and with World Average at ~1σ

LHCb-PAPER-2024-007
In preparation

Compatible with SM at 0.8σ and with World Average at ~1σ
Main systematic uncertainties from form factor parameters and 
background modeling 
Uncertainty on ratio of efficiencies are sub-dominant 
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Figure 1: Distributions of the three kinematic variables in the signal isolation region, with the
fit result overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
µ are

only shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) measurements.
Systematic uncertainties associated with the e�ciency are not shown as they are negligible.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025
B ! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.085
Statistical uncertainty 0.043 0.081

isolation regions. This assumption is relaxed in an alternative fit by allowing them to
vary in the fit and the di↵erence in the results is assigned as a systematic uncertainty. In
addition, a further categorisation is explored based on whether the Xc meson is charged
or neutral. The di↵erence in the results when the background template is split into
subsamples based on this categorisation is assigned as a systematic uncertainty.

Systematic uncertainties associated with the misidentification background arise from

7
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R(D*) from Belle II
• Exclusively reconstruct the hadronically-decaying 

tag B using “Full Event Interpretation” (FEI) 
method
• Similar methodology to previous BABAR and Belle 

publications
• Fully reconstructed D*
• Leptonic tau decay
• Require that there are no additional charged tracks 

or π0 candidates left over
• To extract the signal, use the residual calorimeter 

energy 𝐸-./ 	and the beam-constrained missing mass

• Primary experimental challenge is to understand 
the significant (and poorly known) backgrounds 
from B → D**lν
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     189 fb-1

Three 
neutrinos 
in final 
state

Exclusively reconstruct the hadronically-decaying tag

B using “Full Event Interpretation” (FEI) method

● Similar methodology to previous BABAR and Belle
publications

Primary experimental challenge is to understand the significant

(and poorly known) backgrounds from B → D**lν    

D* signal modes:

                 D*+ → D0π+  and  D+π0

                            D*0 → D0π0     

● Identify electron or muon from
             τ → eνν,   τ → μνν   

● Require that there are no additional
charged tracks or π0 candidates left over

● Residual calorimeter energy EECL  and

M2
miss  =  (pe+e- - pB -pD* -pl)

2  used to
extract signal 
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Leptonic 𝜏 decay, 
identify 𝑒/𝜇

2

R. Tiwary , D. Tonelli , E. Torassa , K. Trabelsi , I. Tsaklidis , M. Uchida , I. Ueda , Y. Uematsu ,
T. Uglov , K. Unger , Y. Unno , K. Uno , S. Uno , P. Urquijo , Y. Ushiroda , S. E. Vahsen ,

R. van Tonder , K. E. Varvell , M. Veronesi , A. Vinokurova , V. S. Vismaya , L. Vitale , V. Vobbilisetti ,
R. Volpe , B. Wach , M. Wakai , S. Wallner , E. Wang , M.-Z. Wang , X. L. Wang , Z. Wang ,
A. Warburton , M. Watanabe , S. Watanuki , C. Wessel , J. Wiechczynski , E. Won , X. P. Xu ,

B. D. Yabsley , S. Yamada , S. B. Yang , J. Yelton , J. H. Yin , K. Yoshihara , C. Z. Yuan , Y. Yusa ,
B. Zhang , Y. Zhang , V. Zhilich , Q. D. Zhou , X. Y. Zhou , V. I. Zhukova , and R. Žlebč́ık

(The Belle II Collaboration)

The ratio of branching fractions R(D⇤) = B(B ! D⇤⌧�⌫⌧ )/B(B ! D⇤`�⌫`), where ` is an
electron or muon, is measured using a Belle II data sample with an integrated luminosity of 189 fb�1

at the SuperKEKB asymmetric-energy e+e� collider. Data is collected at the ⌥(4S) resonance, and
one B meson in the ⌥(4S) ! BB decay is fully reconstructed in hadronic decay modes. The
accompanying signal B meson is reconstructed as B ! D⇤⌧�⌫⌧ using leptonic ⌧ decays. The
normalization decay, B ! D⇤`�⌫`, where ` is an electron or muon, produces the same observable
final state particles. The ratio of branching fractions is extracted in a simultaneous fit to two signal-
discriminating variables in both channels and yields R(D⇤) = 0.262 +0.041

�0.039(stat)
+0.035
�0.032(syst). This

result is consistent with the current world average and with standard model predictions.

I. INTRODUCTION

In the Standard Model (SM) of particle physics,
semileptonic B decays proceed via b ! c or b ! u
transitions and are mediated by a W boson to pro-
duce a charged lepton and its corresponding neutrino.
The decay rate of B ! D(⇤)`�⌫` [1] involves the mag-
ntiude of the Cabibbo-Kobayashi-Maskawa matrix ele-
ment Vcb. Hadronic e↵ects that describe the nonpertur-
bative physics of the B ! D⇤ transition are also included
in the decay rate and are described by hadronic matrix
elements. The latter are parametrized, in the context
of the heavy quark e↵ective theory (HQET), in terms of
form factors.

The W boson couples equally to the three lepton gen-
erations [2–5], a symmetry known as lepton flavor uni-
versality (LFU). The LFU symmetry is a fundamental
postulate of the SM and can be tested by measuring

R(D(⇤)) =
B(B ! D(⇤)⌧�⌫⌧ )

B(B ! D(⇤)`�⌫`)
, (1)

where the denominator is referred to as the normaliza-
tion mode with ` = e or µ. Semileptonic B decays in-
volving a ⌧ lepton are sensitive to physics beyond the SM
(BSM) [6–9] and their decays are less constrained by data
than semileptonic decays to electrons and muons. While
the coupling to all lepton flavors is the same in the SM,
the large value of the ⌧ mass results in a reduced phase
space factor, and hence R(D) and R(D⇤) are expected
to be 0.298± 0.004 and 0.254± 0.005, respectively [2].

In the R(D(⇤)) ratios, |Vcb| cancels, as do many of the
theoretical and experimental uncertainties, such as the
uncertainty on the Belle II data set size. The cancel-
lations make these measurements stringent LFU tests,
which are often combined.

The R(D(⇤)) ratios have been measured by the
BaBar [10, 11], Belle [12–14], and LHCb [15–19] col-
laborations. The world averages of these measurements,

R(D) = 0.356 ± 0.029 and R(D⇤) = 0.284 ± 0.013, ex-
ceed the SM expectation by 2.0� and 2.2�, respectively.
The deviation in (R(D), R(D⇤)) reaches 3.2� [2]. A re-
cent measurement of the inclusive ratio, R(X) = B(B !

X⌧�⌫⌧ )/B(B ! X`�⌫`), where X denotes a hadronic
system inclusively, is consistent with both the SM expec-
tation and the R(D(⇤)) averages [20]
Here we report the first measurement of R(D⇤) at

the Belle II experiment, using a 189 fb�1 sample of
electron-positron collisions, corresponding to NBB =
(198.0± 3.0)⇥ 106 BB pairs, collected at the ⌥(4S) res-
onance during the 2019–2021 run period. One B me-
son, hereafter referred to as Btag, is fully reconstructed
via hadronic decay modes and the remaining particles
in the event are used to reconstruct the pair-produced
signal, B ! D⇤⌧�⌫⌧ , and normalization mode decays,
B ! D⇤`�⌫`. Only leptonic ⌧ decays are considered:
⌧� ! e�⌫e⌫⌧ and ⌧� ! µ�⌫µ⌫⌧ . We extract the value
of R(D⇤) using a two-dimensional fit to two variables: the
missing mass squared, M2

miss, and the residual calorime-
ter energy, EECL. The definition of M2

miss is given by

M2
miss = (E⇤

beam � E⇤
D⇤ � E⇤

` )
2
� (�~p ⇤

Btag
� ~p ⇤

D⇤ � ~p ⇤
` )2.
(2)

Here E⇤
beam =

p
s/2 represents the center-of-mass (c.m.)

beam energy whereas E⇤
Btag

(~p ⇤
Btag

), ED⇤ (~p ⇤
D⇤), and E`

(~p ⇤
` ) are the energies (momentum three-vectors) of the

Btag, D⇤, and `, respectively, in the c.m. frame. The
EECL quantity is defined as the linear sum of the ener-
gies detected in the calorimeter not associated with the
reconstructed BB pair.

II. BELLE II EXPERIMENT

The Belle II detector [21] is a general-purpose detec-
tor located at the asymmetric-energy collider accelerator
complex SuperKEKB [22], where 7-GeV electrons collide

Belle

Comput Softw Big Sci 3, 6 (2019)

https://doi.org/10.1007/s41781-019-0021-8


R(D*) from Belle II
• Signal extraction using 2d binned likelihood fit to 𝐸OPQ and 𝑀RS++

K .
• First R(D*) result from Belle II

• Consistent with SM and previous results, but still fairly large statistical uncertainty
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Figure 6. Distributions of EECL in the signal-enhanced region 1.5 < M2

miss < 6.0 GeV2/c4 for the D⇤+ ! D0⇡+ (left),
D⇤+ ! D+⇡0 (middle), and D⇤0 ! D0⇡0 (right) modes, with fit projections overlaid. The bottom panel presents pull values
from fit results. The rectangular-shaded regions on the histograms and in the pull plot correspond to statistical uncertainties
in the fit.

Table VII. Observed (expected) yields of the signal and normalization modes. The index i designates the fit category for the
three D⇤ decays. Only statistical uncertainties are given.

Parameter Observed (expected) yield

D⇤+ ! D0⇡+ D⇤+ ! D+⇡0 D⇤0 ! D0⇡0

N i
D⇤⌧⌫ +N i

D⇤⌧⌫,`-misID 50.9± 7.8 7.8± 1.2 49.2± 7.5

N i
D⇤`⌫ 1084.6± 36.7 (1041.0± 11.2) 137.9± 6.6 (133.2± 4.3) 940.9± 36.0 (927.2± 10.7)

across all D⇤ modes from 0% to 200% of the expected
yields in the simulation. The variation is repeated 1000
times and the maximum and minimum shifts observed in
�R(D⇤) are assigned as the systematic uncertainty for
each of the background categories. These uncertainties
are combined in a quadratic sum for all three categories,
resulting in a total systematic uncertainty of +2.7%

�2.3%.

A similar procedure is employed to determine the un-
certainty from the composition of the hadronic B decay

background. The branching fractions of B ! D⇤D(⇤)
s

and B ! D⇤n⇡(⇡0) decays are varied by their uncer-
tainties according to a single Gaussian distribution to

obtain �R(D⇤). Uncertainties between B ! D⇤D(⇤)
s

decays are assumed to be fully correlated while those
between B ! D⇤n⇡(⇡0) decays are treated as uncorre-

lated. The correlation for B ! D⇤D(⇤)
s decays takes into

account the systematic variation due to cross feed in the
branching fraction measurement [53]. Contributions of
hadronic B decays that are not measured are also varied
from 0% to 200% of their estimated branching fraction,
while B ! D⇤D(⇤)K decays are not considered because
they contribute only a small fraction to the total back-
ground. The total uncertainty from all hadronic B de-
cays is 2.1%, which is the quadratic sum of the individual
sources.

Systematic uncertainties arise from various e�ciency
corrections applied to the signal and normalization chan-

nels. These include the correction of the FEI recon-
struction e�ciency and the e�ciency corrections due to
track reconstruction, lepton and hadron identification, as
well as the low-momentum ⇡, K0

S , and ⇡0 reconstruction.
Each of the e�ciency corrections is varied by±1� and the
resulting di↵erences in the PDF shapes are determined.
The systematic uncertainty is 2.0%, which is obtained by
adding these di↵erences in quadrature.

The KDE smooths the template histograms using a
user-specified width scale factor for local densities. The
PDF shape depends on the assigned value of this scale
factor. To determine the systematic uncertainty associ-
ated with the KDE, the PDFs after the KDE are fit to
simplified simulated experiments where KDE is not ap-
plied. The fit is repeated for 1000 simplified simulated
experiments, and the observed shift in the �R(D⇤) dis-
tribution is taken as the systematic uncertainty of +2.0%

�0.8%.

The form factors for the semileptonic B decay models
used in the simulation impact the distributions of kine-
matic quantities, such as q2, and thus the PDF shapes
in the final fit. To determine the associated systematic
uncertainty, the 1� uncertainties on the weights used for
the form factor weighting are employed to construct co-
variance matrices for each signal D⇤ decay and each cat-
egory of semileptonic B decays. An alternative PDF is
then constructed by random sampling from the resulting
covariance matrices. The varied PDF is used in an al-
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Figure 8.1: Results of the signal extraction fit with the real data projected on the EECL

((a)–(c)) and M2

miss
axes ((d)–(f)) in the D⇤+ ! D0⇡+ (left), D⇤+ ! D+⇡0 (middle), and

D⇤0 ! D0⇡0 (right) modes. The black points are the data and the stack histograms are
fitted PDFs. The bottom panels show the pull values of a data yield to a total fitted yield
in each bin.
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Figure 8.2: Results of the signal extraction fit with the real data projected on the M2

miss

distributions with zoomed vertical axes in the (a) D⇤+ ! D0⇡+, (b) D⇤+ ! D+⇡0, and
(c) D⇤0 ! D0⇡0 modes. The black points are the data and the stack histograms are fitted
PDFs. The bottom panels show the pull values of a data yield to a total fitted yield in
each bin.
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Figure 7. Correlation matrix of the fit parameters in the
extraction of R(D⇤). The axes are identification numbers of
these parameters that refer to Table VI.

ternative R(D⇤) fit to determine �R(D⇤). A systematic
uncertainty of +0.5%

�0.1% is assigned.
There is a small peaking component in the �MD⇤ dis-

tribution of the fake D⇤ candidate contribution. More
than 90% of this peaking component comes from incor-
rectly reconstructed B ! D⇤`�⌫` events. The main
sources of misreconstruction are incorrect assignment of
the charged low-momentum pion and D meson misrecon-
struction due to the inclusion of photon candidates from
beam-induced background or hadronic split-o↵ showers.
The first source is expected to cancel in the R(D⇤) ratio.
The second source may not be well modeled by simula-
tion and thus results in a systematic uncertainty. We
vary the normalization of the peaking background con-
tribution, where ⇡0 daughters of the D meson are misre-
constructed, from 0% to 200%, and assign the resulting
shift in R(D⇤), 0.4%, as the corresponding systematic
uncertainty.

The uncertainties in the branching fractions of lep-
tonic ⌧ decays can induce changes in R(D⇤) due to vari-
ations in signal e�ciency. We repeatedly fluctuate the
branching fractions 1000 times, using a Gaussian func-
tion with a standard deviation equal to their known un-
certainties [32]. The standard deviation of the resulting
�R(D⇤) distributions, amounting to 0.2%, is assigned as
a systematic uncertainty.

Finally, we account for the systematic uncertainties
induced by the R(D⇤) fit. The fit bias is �0.1% at
R(D⇤) = 0.262 using the linearity function of Eq. 11.
Furthermore, there is a discrepancy observed between
data and simulation in the range 1.8 < EECL < 2.0 GeV.
When this range is excluded, the p-value for the goodness

of fit used in the R(D⇤) extraction increases from 4.4%
to 14.4%. Reducing the fit range results in a +0.1% shift
of the fitted R(D⇤). The systematic uncertainty is de-
termined by a quadratic sum of these two contributions,
yielding +0.1%

�0.1%.

Table VIII. Summary of systematic uncertainties on R(D⇤).

Source Uncertainty

PDF shapes +9.1%
�8.3%

Simulation sample size +7.5%
�7.5%

B ! D⇤⇤`�⌫` branching fractions +4.8%
�3.5%

Fixed backgrounds +2.7%
�2.3%

Hadronic B decay branching fractions +2.1%
�2.1%

Reconstruction e�ciency +2.0%
�2.0%

Kernel density estimation +2.0%
�0.8%

Form factors +0.5%
�0.1%

Peaking background in �MD⇤ +0.4%
�0.4%

⌧� ! `�⌫⌧ ⌫̄` branching fractions +0.2%
�0.2%

R(D⇤) fit method +0.1%
�0.1%

Total systematic uncertainty +13.5%
�12.3%

IX. DISCUSSION AND CONCLUSION

We present a measurement of R(D⇤) = B(B !

D⇤⌧�⌫⌧ )/B(B ! D⇤`�⌫`) using 189 fb�1 of electron-
positron collision data recorded at the ⌥(4S) resonance
by the Belle II detector. A tag B meson is fully recon-
structed in a hadronic decay, and and the partner signal
decay is reconstructed as B ! D⇤⌧�⌫⌧ using leptonic ⌧
decays. We find

R(D⇤) = 0.262 +0.041
�0.039(stat)

+0.035
�0.032(syst), (15)

where the first uncertainty is statistical and the sec-
ond uncertainty is systematic. This is the first R(D⇤)
measurement from the Belle II experiment. The statis-
tical uncertainty of this measurement, +15.7%

�14.7%, is com-
parable in precision to the corresponding Belle result
(13.0%) [12], despite being based on a much smaller data
sample (189 fb�1 compared to 711 fb�1). This improved
sensitivity is due to the use of a new B tagging algorithm
and an optimized selection. The Belle II R(D⇤) result is
consistent with the current world average of these mea-
surements and with SM predictions [2], [54].
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Figure 6. Distributions of EECL in the signal-enhanced region 1.5 < M2

miss < 6.0 GeV2/c4 for the D⇤+ ! D0⇡+ (left),
D⇤+ ! D+⇡0 (middle), and D⇤0 ! D0⇡0 (right) modes, with fit projections overlaid. The bottom panel presents pull values
from fit results. The rectangular-shaded regions on the histograms and in the pull plot correspond to statistical uncertainties
in the fit.

Table VII. Observed (expected) yields of the signal and normalization modes. The index i designates the fit category for the
three D⇤ decays. Only statistical uncertainties are given.

Parameter Observed (expected) yield

D⇤+ ! D0⇡+ D⇤+ ! D+⇡0 D⇤0 ! D0⇡0

N i
D⇤⌧⌫ +N i

D⇤⌧⌫,`-misID 50.9± 7.8 7.8± 1.2 49.2± 7.5

N i
D⇤`⌫ 1084.6± 36.7 (1041.0± 11.2) 137.9± 6.6 (133.2± 4.3) 940.9± 36.0 (927.2± 10.7)

across all D⇤ modes from 0% to 200% of the expected
yields in the simulation. The variation is repeated 1000
times and the maximum and minimum shifts observed in
�R(D⇤) are assigned as the systematic uncertainty for
each of the background categories. These uncertainties
are combined in a quadratic sum for all three categories,
resulting in a total systematic uncertainty of +2.7%

�2.3%.

A similar procedure is employed to determine the un-
certainty from the composition of the hadronic B decay

background. The branching fractions of B ! D⇤D(⇤)
s

and B ! D⇤n⇡(⇡0) decays are varied by their uncer-
tainties according to a single Gaussian distribution to

obtain �R(D⇤). Uncertainties between B ! D⇤D(⇤)
s

decays are assumed to be fully correlated while those
between B ! D⇤n⇡(⇡0) decays are treated as uncorre-

lated. The correlation for B ! D⇤D(⇤)
s decays takes into

account the systematic variation due to cross feed in the
branching fraction measurement [53]. Contributions of
hadronic B decays that are not measured are also varied
from 0% to 200% of their estimated branching fraction,
while B ! D⇤D(⇤)K decays are not considered because
they contribute only a small fraction to the total back-
ground. The total uncertainty from all hadronic B de-
cays is 2.1%, which is the quadratic sum of the individual
sources.

Systematic uncertainties arise from various e�ciency
corrections applied to the signal and normalization chan-

nels. These include the correction of the FEI recon-
struction e�ciency and the e�ciency corrections due to
track reconstruction, lepton and hadron identification, as
well as the low-momentum ⇡, K0

S , and ⇡0 reconstruction.
Each of the e�ciency corrections is varied by±1� and the
resulting di↵erences in the PDF shapes are determined.
The systematic uncertainty is 2.0%, which is obtained by
adding these di↵erences in quadrature.

The KDE smooths the template histograms using a
user-specified width scale factor for local densities. The
PDF shape depends on the assigned value of this scale
factor. To determine the systematic uncertainty associ-
ated with the KDE, the PDFs after the KDE are fit to
simplified simulated experiments where KDE is not ap-
plied. The fit is repeated for 1000 simplified simulated
experiments, and the observed shift in the �R(D⇤) dis-
tribution is taken as the systematic uncertainty of +2.0%

�0.8%.

The form factors for the semileptonic B decay models
used in the simulation impact the distributions of kine-
matic quantities, such as q2, and thus the PDF shapes
in the final fit. To determine the associated systematic
uncertainty, the 1� uncertainties on the weights used for
the form factor weighting are employed to construct co-
variance matrices for each signal D⇤ decay and each cat-
egory of semileptonic B decays. An alternative PDF is
then constructed by random sampling from the resulting
covariance matrices. The varied PDF is used in an al-
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Figure 6. Distributions of EECL in the signal-enhanced region 1.5 < M2

miss < 6.0 GeV2/c4 for the D⇤+ ! D0⇡+ (left),
D⇤+ ! D+⇡0 (middle), and D⇤0 ! D0⇡0 (right) modes, with fit projections overlaid. The bottom panel presents pull values
from fit results. The rectangular-shaded regions on the histograms and in the pull plot correspond to statistical uncertainties
in the fit.

Table VII. Observed (expected) yields of the signal and normalization modes. The index i designates the fit category for the
three D⇤ decays. Only statistical uncertainties are given.

Parameter Observed (expected) yield

D⇤+ ! D0⇡+ D⇤+ ! D+⇡0 D⇤0 ! D0⇡0

N i
D⇤⌧⌫ +N i

D⇤⌧⌫,`-misID 50.9± 7.8 7.8± 1.2 49.2± 7.5

N i
D⇤`⌫ 1084.6± 36.7 (1041.0± 11.2) 137.9± 6.6 (133.2± 4.3) 940.9± 36.0 (927.2± 10.7)

across all D⇤ modes from 0% to 200% of the expected
yields in the simulation. The variation is repeated 1000
times and the maximum and minimum shifts observed in
�R(D⇤) are assigned as the systematic uncertainty for
each of the background categories. These uncertainties
are combined in a quadratic sum for all three categories,
resulting in a total systematic uncertainty of +2.7%

�2.3%.

A similar procedure is employed to determine the un-
certainty from the composition of the hadronic B decay

background. The branching fractions of B ! D⇤D(⇤)
s

and B ! D⇤n⇡(⇡0) decays are varied by their uncer-
tainties according to a single Gaussian distribution to

obtain �R(D⇤). Uncertainties between B ! D⇤D(⇤)
s

decays are assumed to be fully correlated while those
between B ! D⇤n⇡(⇡0) decays are treated as uncorre-

lated. The correlation for B ! D⇤D(⇤)
s decays takes into

account the systematic variation due to cross feed in the
branching fraction measurement [53]. Contributions of
hadronic B decays that are not measured are also varied
from 0% to 200% of their estimated branching fraction,
while B ! D⇤D(⇤)K decays are not considered because
they contribute only a small fraction to the total back-
ground. The total uncertainty from all hadronic B de-
cays is 2.1%, which is the quadratic sum of the individual
sources.

Systematic uncertainties arise from various e�ciency
corrections applied to the signal and normalization chan-

nels. These include the correction of the FEI recon-
struction e�ciency and the e�ciency corrections due to
track reconstruction, lepton and hadron identification, as
well as the low-momentum ⇡, K0

S , and ⇡0 reconstruction.
Each of the e�ciency corrections is varied by±1� and the
resulting di↵erences in the PDF shapes are determined.
The systematic uncertainty is 2.0%, which is obtained by
adding these di↵erences in quadrature.

The KDE smooths the template histograms using a
user-specified width scale factor for local densities. The
PDF shape depends on the assigned value of this scale
factor. To determine the systematic uncertainty associ-
ated with the KDE, the PDFs after the KDE are fit to
simplified simulated experiments where KDE is not ap-
plied. The fit is repeated for 1000 simplified simulated
experiments, and the observed shift in the �R(D⇤) dis-
tribution is taken as the systematic uncertainty of +2.0%

�0.8%.

The form factors for the semileptonic B decay models
used in the simulation impact the distributions of kine-
matic quantities, such as q2, and thus the PDF shapes
in the final fit. To determine the associated systematic
uncertainty, the 1� uncertainties on the weights used for
the form factor weighting are employed to construct co-
variance matrices for each signal D⇤ decay and each cat-
egory of semileptonic B decays. An alternative PDF is
then constructed by random sampling from the resulting
covariance matrices. The varied PDF is used in an al-
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• R(D) and R(D*) 
combined average 
• 3.31 σ tension with the 

SM prediction 
considering the 
correlation

• Is the SM prediction 
stable?
• R(D): predictions 

consistent
• R(D*): tensions between 

some of the calculations
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Inclusive R(X)

“Tag B” reconstruction using FEI
method

● Search for the signal B decay in
the remainder of the event

● Signal electron or muon from

    τ → eνν,   τ → μνν               
           pT,lab(e) > 0.3/0.5 GeV,

                pT,lab(μ) > 0.4/0.7 GeV  

● Remaining reconstructed particles
in the event comprise the hadronic
system “X”

Primary experimental challenge is modelling
and characterizing backgrounds, arising from:

● B → Xlν  (l = e, μ) decays

● generic BB events with mis-reconstruction 

● “continuum” qq events

Alternatively, inclusive B → Xτν rate can

be compared with inclusive B → Xlν    

● Additional experimental challenge due to
unspecified hadronic X system

Phys. Rev. Lett. 
132, 211804 (2024).
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Inclusive R(X)
• Possible to compare the inclusive rates
• Tag B reconstructed using FEI method
• Search for the signal B in the rest of the event

• Leptonic 𝜏 → 𝑒/𝜇𝜈̅𝜈 decay
• Remaining reconstructed particles in the event 

form the hadronic system “X”
• Additional experimental challenge due to 

unspecified hadronic “X” system

• Primary experimental challenge is 
modelling/ characterizing backgrounds:
• B→Xlν (l=e,μ)decays
• Generic 𝐵 )𝐵 events with mis-reconstruction 
• Continuum 𝑞)𝑞 events
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To reject misidentifed lepton

test

Francesco Forti

June 2024

1 Lepton Flavor Universality
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Inclusive R(X)

Data-driven Xlν modelling using MX distribution in pB
l > 1.4 GeV 

sideband region

Signal determined from 2D

distribution of pB
l vs M2

miss   

● Total of 34 bins in  ( pB
l , M

2
miss ) plane

● Four fit components in each of e, μ 
modes:  

– signal B→Xτν 

– B→Xlν background

– other BB background

– continuum background

● Systematics dominated by data-driven
corrections to background and signal
modelling   

Phys. Rev. Lett. 
132, 211804 (2024).
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Inclusive R(X)
• Signal determined from 2D distribution of 𝑝ℓU	vs 
𝑀RS++
K

• Data-driven Xℓ𝜈 modelling and reweighting using 
𝑀V distribution in 𝑝ℓU > 1.4	𝐺𝑒𝑉 sideband region
• Systematics dominated by data-driven 

corrections to background and signal 
modelling
• Life is hard:
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We find RðXτ=lÞ for electrons and muons of

RðXτ=eÞ ¼ 0.232$ 0.020ðstatÞ $ 0.037ðsystÞ; and

RðXτ=μÞ ¼ 0.222$ 0.027ðstatÞ $ 0.050ðsystÞ;

respectively. By combining light-lepton flavors in a
weighted average of correlated values, we find

RðXτ=lÞ ¼ 0.228$ 0.016ðstatÞ $ 0.036ðsystÞ:

This Letter started as a blind analysis. Unblinding of an
earlier version exposed a significant correlation of the
results with the lepton momentum threshold, attributed to a
biased selection applied in an early data-processing step
and to insufficient treatment of low-momentum back-
grounds. We reblinded, removed the problematic selection,
tightened lepton requirements, and introduced the lepton-
secondary and muon-fake reweightings. The results are
now independent of the lepton momentum threshold, and
are consistent between subsets of the full dataset when split
by lepton charge, tag flavor, lepton polar angle, and data
collection period. We verify that the reweighting uncer-
tainties cover mismodeling of D-meson decays by varying
the branching ratio of each decay D → KðanythingÞ within
its uncertainty as provided in Ref. [35] while fixing the total
event normalization.
Our result is in agreement with an average of standard-

model predictions of 0.223$ 0.005 [21,22,41] but also is
consistent with a hypothetically enhanced semitauonic
branching fraction as indicated by the RðDð%ÞÞ world
averages [45] (cf. Fig. 2). Because of distinct experimental
strategies and small statistical overlap (approximately
0.4% shared events), the total correlation between this

measurement and the exclusive measurement of RðD%Þ in
Ref. [8] is estimated to be below 0.1. Therefore, RðXτ=lÞ is
a largely independent probe of the b → cτν anomaly.

This work, based on data collected using the Belle II
detector, which was built and commissioned prior to
March 2019, was supported by Higher Education and
Science Committee of the Republic of Armenia Grant
No. 23LCG-1C011; Australian Research Council and
Research Grants No. DP200101792, No. DP210101900,
No. DP210102831, No. DE220100462,
No. LE210100098, and No. LE230100085; Austrian
Federal Ministry of Education, Science and Research,
Austrian Science Fund No. P 34529, No. J 4731,
No. J 4625, and No. M 3153, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural
Sciences and Engineering Research Council of Canada,
Compute Canada, and CANARIE; National Key R&D
Program of China under Contract No. 2022YFA1601903,
National Natural Science Foundation of China and
Research Grants No. 11575017, No. 11761141009,
No. 11705209, No. 11975076, No. 12135005,
No. 12150004, No. 12161141008, and No. 12175041,
and Shandong Provincial Natural Science Foundation
Project ZR2022JQ02; the Czech Science Foundation
Grant No. 22-18469S and Charles University Grant
Agency project No. 246122; European Research
Council, Seventh Framework PIEF-GA-2013-622527,
Horizon 2020 ERC-Advanced Grants No. 267104 and
No. 884719, Horizon 2020 ERC-Consolidator Grant
No. 819127, Horizon 2020 Marie Sklodowska-Curie
Grant Agreement No. 700525 “NIOBE” and
No. 101026516, and Horizon 2020 Marie Sklodowska-
Curie RISE project JENNIFER2 Grant Agreement
No. 822070 (European grants); L’Institut National de
Physique Nucléaire et de Physique des Particules
(IN2P3) du CNRS and L’Agence Nationale de la
Recherche (ANR) under grant ANR-21-CE31-0009
(France); BMBF, DFG, HGF, MPG, and AvH
Foundation (Germany); Department of Atomic Energy
under Project Identification No. RTI 4002, Department
of Science and Technology, and UPES SEED funding
programs No. UPES/R&D-SEED-INFRA/17052023/01
and No. UPES/R&D-SOE/20062022/06 (India); Israel
Science Foundation Grant No. 2476/17, U.S.-Israel
Binational Science Foundation Grant No. 2016113,
and Israel Ministry of Science Grant No. 3-16543;
Istituto Nazionale di Fisica Nucleare and the Research
Grants BELLE2; Japan Society for the Promotion of
Science, Grant-in-Aid for Scientific Research Grants
No. 16H03968, No. 16H03993, No. 16H06492,
No. 16K05323, No. 17H01133, No. 17H05405,
No. 18K03621, No. 18H03710, No. 18H05226,
No. 19H00682, No. 20H05850, No. 20H05858,
No. 22H00144, No. 22K14056, No. 22K21347,

FIG. 2. Constraints on RðDð%ÞÞ from the measured RðXτ=lÞ
value (red), compared to the world average of RðDð%ÞÞ (blue [11])
and the standard model expectation (gray and black [11,45]). We
describe the calculation of the constraining RðXτ=lÞ† in the
Supplemental Material [19].
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Inclusive R(X) results

Combined

Average of SM expectation:

Limited by systematics, even with 
smallish data set
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From the yields, we calculate RðXe=μÞ using

RðXe=μÞ ¼
Nmeas

e

Nmeas
μ

×
Nsel

μ

Nsel
e

×
Ngen

e

Ngen
μ

: ð1Þ

We estimate the size of each systematic uncertainty by
first fitting the simulated spectrum with only statistical
fluctuations allowed. We then enable fluctuations from one
systematic source and take the quadrature difference of the
two to be the uncertainty from that source. We further
validate these uncertainties by generating a large number of
test datasets obtained by modifying the simulated dataset,
each corresponding to a specific systematic variation, and
observing the resulting variation in the extracted value of
RðXe=μÞ. The resulting uncertainties are summarized in
Table I. The largest uncertainty, of 1.9%, is associated with
the lepton-identification efficiencies and misidentification
probabilities. In the RðXe=μÞ ratio, branching-fraction
and form-factor uncertainties largely cancel, with residual
uncertainties arising from coupling between signal and
background template shapes. Uncertainties associated with
track finding efficiencies are negligible.

We find an RðXe=μÞ value of

RðXe=μÞ ¼ 1.007$ 0.009ðstatÞ $ 0.019ðsystÞ; ð2Þ

which agrees with a previous measurement from Belle in
exclusive B → D%lν decays [9]. In order to reduce model
dependence, we also provide a fiducial measurement by
recalculating Ngen

l of Eq. (1) in the restricted phase space
defined by selecting events with a generated B -frame
lepton momentum above 1.3 GeV=c, leading to an overall
scaling of RðXe=μÞ by 0.998. The result is

RðXe=μjpB
l > 1.3 GeV=cÞ ¼ 1.005$ 0.009ðstatÞ

$ 0.019ðsystÞ: ð3Þ

In order to test the dependence of the result on the chosen
lower threshold on pB

l , we measure RðXe=μÞ while chang-
ing the nominal value of 1.3 GeV=c to 1.1, 1.2, and
1.4 GeV=c. The values are mutually consistent with a p
value of 0.27, taking into account the correlations between
uncertainties of the four measurements. Similarly, the result
is consistent between subsets of the full dataset when split
by lepton charge, tag flavor, and by data-taking period. We
find that the bremsstrahlung recovery procedure has neg-
ligible impact on the result. Furthermore, we check the
impact on RðXe=μÞ of the modeling of charmed D
meson decays by varying the branching ratio of each decay
D → K þ anything within its uncertainty as provided in
Ref. [22] while fixing the total event normalization. The
effect is negligible. No evidence for a significant bias
associated with the selection of a single candidate in the
case of multiple candidates as described in Ref. [36] is
observed.

TABLE I. Statistical and systematic uncertainties on the value
of RðXe=μÞ from the most significant sources.

Source Uncertainty [%]

Sample size 0.9
Lepton identification 1.9
Xlν branching fractions 0.2
Xclν form factors 0.1
Total 2.1

FIG. 1. Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton momentum in the Bsig rest frame pB
l

with the fit results overlaid. The background component mostly contains events with fake or secondary leptons. The last bin contains
overflow events. The hatched area shows the total statistical plus systematic uncertainty, added in quadrature in each bin.
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FIG. 2. Constraints on RðDð%ÞÞ from the measured RðXτ=lÞ
value (red), compared to the world average of RðDð%ÞÞ (blue [11])
and the standard model expectation (gray and black [11,45]). We
describe the calculation of the constraining RðXτ=lÞ† in the
Supplemental Material [19].
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FIG. 2. Constraints on RðDð%ÞÞ from the measured RðXτ=lÞ
value (red), compared to the world average of RðDð%ÞÞ (blue [11])
and the standard model expectation (gray and black [11,45]). We
describe the calculation of the constraining RðXτ=lÞ† in the
Supplemental Material [19].
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R(D(⇤)) (blue [11]) and the standard model expectation
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lection, tightened lepton requirements, and introduced
the lepton-secondary and muon-fake reweightings. The
results are now independent of the lepton momentum
threshold, and are consistent between subsets of the full
dataset when split by lepton charge, tag flavor, lepton
polar angle, and data collection period. We verify that
the reweighting uncertainties cover mismodeling of D-
meson decays by varying the branching ratio of each de-
cay D ! K(anything) within its uncertainty as provided
in Ref. [35] while fixing the total event normalization.

Our result is in agreement with an average of
standard-model predictions of 0.223 ± 0.005 [21, 22, 41]
but also is consistent with a hypothetically enhanced
semitauonic branching fraction as indicated by the
R(D(⇤)) world averages [45] (cf. Fig. 2). Because of
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overlap (approximately 0.4% shared events), the total
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measurement of R(D⇤) in Ref. [8] is estimated to be
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FIG. 2. Constraints on RðDð%ÞÞ from the measured RðXτ=lÞ
value (red), compared to the world average of RðDð%ÞÞ (blue [11])
and the standard model expectation (gray and black [11,45]). We
describe the calculation of the constraining RðXτ=lÞ† in the
Supplemental Material [19].
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Angular analysis
• Rich phenomenology due to different decay amplitudes 

encoded in angular distributions (3 angles) as a function of 
the recoil energy of the 𝐷∗

• measure 5 angular asymmetries and compare them for 𝒆/𝝁 
in 2 bins of 𝑤 (1 ≤ 𝑤&'( ≤ 1.275, 1.275 < 𝑤)*+) ≤ 1.503)
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We present the first comprehensive tests of the universality of the light leptons in the angular
distributions of semileptonic B0-meson decays to charged spin-1 charmed mesons. We measure five
angular-asymmetry observables as functions of the decay recoil that are sensitive to lepton-universality-
violating contributions. We use events where one neutral B is fully reconstructed inϒð4SÞ → BB̄ decays in
data corresponding to 189 fb−1 integrated luminosity from electron-positron collisions collected with the
Belle II detector. We find no significant deviation from the standard model expectations.
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In the standard model, all leptons share the same
electroweak coupling, a symmetry known as lepton univer-
sality (LU). Semileptonic B -meson decays involving the
quark transition b → clν provide excellent sensitivity to
potential new interactions that would violate this symmetry.
Evidence for lepton-universality violation (LUV) in the ratio
of semileptonic decay rates to τ leptons relative to the light-
leptons l, denoting electrons and muons, has been reported
in the combination of results from the BABAR, Belle, and
LHCb Collaborations [1–8]. Recently, evidence of LUV
between the light leptons at the 4 standard-deviation level
has been reported based on differences in their angular
distributions in semileptonic B decays to D# mesons [9].
However, that analysis relied on a reinterpretation of Belle
results [10] that contained only one-dimensional projections
of the multidimensional angular distributions that are needed
to fully characterize such decays. We present the first light-
lepton LU test using a complete set of angular-asymmetry
observables chosen to suppress most theoretical and exper-
imental uncertainties, thus optimizing sensitivity to LUV
[11]. This test is complementary to the branching-fractions-
based LUV test in Ref. [12].
The semileptonic decay B0 → D#−lν is mediated in the

standard model viaW-boson exchange (charge conjugation
is implied throughout). Because of the spin of the D#−,
which is reconstructed from its decay to a D̄0 and a charged
pion, the properties of the coupling and the spin of the
virtual W are encoded in angular distributions of the final-
state particles. These can be fully characterized in terms of
a recoil parameter and three helicity angles. The recoil
parameter is defined as

w≡m2
B0 þm2

D# − q2

2mBmD#
; ð1Þ

where mB0 and mD# are the known B0 and D#− masses and
q is the four-vector of the momentum transferred to the
dilepton system (natural units are used throughout). The
helicity angles are defined as follows: θl is the angle
between the direction of the charged lepton in the virtualW
frame and the W in the B0 frame, θV is the angle between
the D̄0 direction in the D#− frame and the D#− in the B0

frame, and χ is the angle between the decay planes formed
by the virtual W and the D#− in the B0 frame. Of these
angles, only θl is correlated to lab-frame quantities.
The four-dimensional standard-model differential rate

can be represented in terms of eight helicity amplitudes and
as a function of w, cos θl, cos θV , and χ [13,14]. It is
possible to construct one- or two-dimensional integrals of
these differential rates to isolate angular asymmetries that
are sensitive to LUV, called AFB, S3, S5, S7, and S9 [11].
The forward-backward asymmetry AFB measures the ten-
dency for the charged lepton to travel in the same direction
as the virtualW. The S3 and S9 asymmetries are sensitive to
the alignment of the lepton and D# momenta, while S5 and
S7 measure coupled alignments in the orientation of the D
with respect to the D#. We redefine these asymmetries in
terms of one-dimensional integrals

AxðwÞ≡
!
dΓ
dw

"−1#Z 1

0
−
Z

0

−1

$
dx

d2Γ
dwdx

; ð2Þ

with x ¼ cos θl for AFB, cos 2χ for S3, cos χ cos θV for S5,
sin χ cos θV for S7, and sin 2χ for S9, as illustrated in the
Supplemental Material [15]. The determination of each of
the five asymmetries then reduces to measuring the signal
yields N−

x with x∈ ½−1; 0Þ and Nþ
x with x∈ ½0; 1' after

accounting for experimental effects such as resolution
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 decay: rich phenomenology due to different decay amplitudes (configurations of  
angular momentum). Encoded in angular distributions as a function of the recoil energy  of the .
B → D*ℓν

w D*

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

Experimentally: 

1. Reconstruct the distributions by measuring signal yields   
    in bins of (combinations of) angular variables. 

2. Signal/background separation by fitting . 

3. Correct for detector acceptance, reconstruction    
    efficiencies and resolution effects using simulation.

M2
miss

cosθl > 0cosθl < 0
PRL 131, 181801 (2023)

We correct the fitted yields N!
x ðwÞ for selection and

detector acceptance losses using efficiency estimates from
simulation. The efficiency ratios between the þ and −
categories are typically near 1.0 but range up to nearly 1.4 for
AFB, largely due to the reduced momentum of leptons in the
− category, which are emitted opposite to the direction of the
boost of the B mesons, relative to the þ leptons, which are
emitted in the direction of the boost. This lower momentum
results in lower reconstruction and identification efficien-
cies. We further correct for migration of candidates between
the þ and − categories and different w bins by inverting a
detector-response matrix. This matrix is constructed from
the conditional probabilities that events generated in a
particular kinematic bin are reconstructed in each kinematic
bin. For every variable and bin, the probability of
reconstruction into the correct bin is above 0.86.
The largest systematic uncertainty affecting the meas-

urement is from the size of the simulated samples, which
limits the precision of the bin-migration and efficiency
corrections. We determine this uncertainty from the stan-
dard deviation of the results obtained by repeatedly
resampling the simulated data with replacement and re-
fitting. This uncertainty is approximately one-fourth to
one-half of the statistical uncertainty, ranging in 0.010–
0.025. We determine the uncertainties from other system-
atic effects by varying their contribution within their known
uncertainties or bounds [32] or from independent control
data. Lepton-identification uncertainties mostly cancel in
the asymmetries A and are at most 0.004. The uncertainty
on the reconstruction efficiency of πslow also largely cancels
and is negligible. Uncertainties from modeling of the
background processes, such as B → D%%lν̄l, are negligible
due to fitting the backgrounds independently in the þ and
− categories. The Supplemental Material contains a full list
of all of the systematic uncertainties [15].
Figure 2 shows our measurements of the asymmetries

and the LUV-sensitive differences and Table I shows the

numerical values. The numerical values and full covariance
matrices of the measured observables will be made avail-
able on HEPData [33]. These measurements are the first
comprehensive tests of lepton universality in the angular
distributions of semileptonic B decays. We compare our
measurements to predictions from Ref. [34] and measure-
ments from Refs. [9,16,17]. The results in Ref. [9] are
obtained in a slightly reduced w range, [1,1.5], which
makes them not strictly comparable to the other results.
However, the standard-model expectations in these two w
ranges differ only in the fourth decimal place. The results
from Refs. [9,17] derive from analyses without explicit
reconstruction of the tag B, resulting in lower statistical
uncertainties relative to these results.
To test agreement with the standard-model expectation

[34], we perform three different χ2 tests, accounting for the

FIG. 2. Observed asymmetries and their differences (points with error bars), 1 standard-deviation bands from the Belle [16] and
Belle II [17] measurements (hatched boxes), calculations from Ref. [9] based on a previous measurement from Belle [10](empty boxes),
and standard-model expectations (solid boxes). The standard-model expectation is drawn with a dashed line when its uncertainty is too
small to display.

TABLE I. Summary of the results and comparison with expect-
ations. The measurement uncertainties are statistical and system-
atic, respectively.

Observable w bin ΔAx SM expectation

ΔAFB wlow 0.099! 0.056! 0.020 −0.00104
whigh −0.168! 0.068! 0.024 −0.01133
wincl −0.024! 0.043! 0.016 −0.00566

ΔS3 wlow −0.026! 0.068! 0.024 0.00028
whigh −0.101! 0.069! 0.025 0.00023
wincl −0.062! 0.047! 0.017 0.00018

ΔS5 wlow −0.019! 0.068! 0.024 0.00027
whigh −0.055! 0.065! 0.023 0.00107
wincl −0.035! 0.046! 0.016 0.00049

ΔS7 wlow 0.028! 0.067! 0.024 0
whigh −0.066! 0.065! 0.022 0
wincl −0.026! 0.046! 0.016 0

ΔS9 wlow 0.032! 0.067! 0.024 0
whigh 0.020! 0.068! 0.024 0
wincl 0.020! 0.047! 0.017 0
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We present the first comprehensive tests of the universality of the light leptons in the angular
distributions of semileptonic B0-meson decays to charged spin-1 charmed mesons. We measure five
angular-asymmetry observables as functions of the decay recoil that are sensitive to lepton-universality-
violating contributions. We use events where one neutral B is fully reconstructed inϒð4SÞ → BB̄ decays in
data corresponding to 189 fb−1 integrated luminosity from electron-positron collisions collected with the
Belle II detector. We find no significant deviation from the standard model expectations.
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In the standard model, all leptons share the same
electroweak coupling, a symmetry known as lepton univer-
sality (LU). Semileptonic B -meson decays involving the
quark transition b → clν provide excellent sensitivity to
potential new interactions that would violate this symmetry.
Evidence for lepton-universality violation (LUV) in the ratio
of semileptonic decay rates to τ leptons relative to the light-
leptons l, denoting electrons and muons, has been reported
in the combination of results from the BABAR, Belle, and
LHCb Collaborations [1–8]. Recently, evidence of LUV
between the light leptons at the 4 standard-deviation level
has been reported based on differences in their angular
distributions in semileptonic B decays to D# mesons [9].
However, that analysis relied on a reinterpretation of Belle
results [10] that contained only one-dimensional projections
of the multidimensional angular distributions that are needed
to fully characterize such decays. We present the first light-
lepton LU test using a complete set of angular-asymmetry
observables chosen to suppress most theoretical and exper-
imental uncertainties, thus optimizing sensitivity to LUV
[11]. This test is complementary to the branching-fractions-
based LUV test in Ref. [12].
The semileptonic decay B0 → D#−lν is mediated in the

standard model viaW-boson exchange (charge conjugation
is implied throughout). Because of the spin of the D#−,
which is reconstructed from its decay to a D̄0 and a charged
pion, the properties of the coupling and the spin of the
virtual W are encoded in angular distributions of the final-
state particles. These can be fully characterized in terms of
a recoil parameter and three helicity angles. The recoil
parameter is defined as

w≡m2
B0 þm2

D# − q2

2mBmD#
; ð1Þ

where mB0 and mD# are the known B0 and D#− masses and
q is the four-vector of the momentum transferred to the
dilepton system (natural units are used throughout). The
helicity angles are defined as follows: θl is the angle
between the direction of the charged lepton in the virtualW
frame and the W in the B0 frame, θV is the angle between
the D̄0 direction in the D#− frame and the D#− in the B0

frame, and χ is the angle between the decay planes formed
by the virtual W and the D#− in the B0 frame. Of these
angles, only θl is correlated to lab-frame quantities.
The four-dimensional standard-model differential rate

can be represented in terms of eight helicity amplitudes and
as a function of w, cos θl, cos θV , and χ [13,14]. It is
possible to construct one- or two-dimensional integrals of
these differential rates to isolate angular asymmetries that
are sensitive to LUV, called AFB, S3, S5, S7, and S9 [11].
The forward-backward asymmetry AFB measures the ten-
dency for the charged lepton to travel in the same direction
as the virtualW. The S3 and S9 asymmetries are sensitive to
the alignment of the lepton and D# momenta, while S5 and
S7 measure coupled alignments in the orientation of the D
with respect to the D#. We redefine these asymmetries in
terms of one-dimensional integrals

AxðwÞ≡
!
dΓ
dw

"−1#Z 1

0
−
Z

0

−1

$
dx

d2Γ
dwdx

; ð2Þ

with x ¼ cos θl for AFB, cos 2χ for S3, cos χ cos θV for S5,
sin χ cos θV for S7, and sin 2χ for S9, as illustrated in the
Supplemental Material [15]. The determination of each of
the five asymmetries then reduces to measuring the signal
yields N−

x with x∈ ½−1; 0Þ and Nþ
x with x∈ ½0; 1' after

accounting for experimental effects such as resolution
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imental uncertainties, thus optimizing sensitivity to LUV
[11]. This test is complementary to the branching-fractions-
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angles, only θl is correlated to lab-frame quantities.
The four-dimensional standard-model differential rate

can be represented in terms of eight helicity amplitudes and
as a function of w, cos θl, cos θV , and χ [13,14]. It is
possible to construct one- or two-dimensional integrals of
these differential rates to isolate angular asymmetries that
are sensitive to LUV, called AFB, S3, S5, S7, and S9 [11].
The forward-backward asymmetry AFB measures the ten-
dency for the charged lepton to travel in the same direction
as the virtualW. The S3 and S9 asymmetries are sensitive to
the alignment of the lepton and D# momenta, while S5 and
S7 measure coupled alignments in the orientation of the D
with respect to the D#. We redefine these asymmetries in
terms of one-dimensional integrals

AxðwÞ≡
!
dΓ
dw

"−1#Z 1

0
−
Z

0

−1

$
dx

d2Γ
dwdx

; ð2Þ
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sin χ cos θV for S7, and sin 2χ for S9, as illustrated in the
Supplemental Material [15]. The determination of each of
the five asymmetries then reduces to measuring the signal
yields N−

x with x∈ ½−1; 0Þ and Nþ
x with x∈ ½0; 1' after
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𝐴,-: tendency of the lepton to travel along the W direction
𝑆., 𝑆/	: sensitive to alignment of lepton and D* direction
𝑆0, 𝑆1	: measure coupled alignments in the orientation of the D wrt the D*

• All asymmetry measurements are statistics limited.
• Compatible with SM, no evidence for LFU violation.

https://link.aps.org/abstract/PRL/v131/e181801


Angular coefficients
• The differential decay rate can be decomposed in a basis of angular 

functions with 12 coefficients 𝐽S  all dependent on 𝑤
• Measure 𝐽*  in four bins of 𝑤
• Reconstruct D meson in different modes: , D → KK D → KK(n)π, D → K(n)π
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Difference between electron and muon sensitive to LFU: .ΔJi = Jμ
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No significant deviations observed from the SM.
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Preliminary

= 711f b−1

Similar values, closing the gap with the inclusive  measurement.|Vcb |

Aside: determination of using CLN and BGL parametrizations and lattice data from [1-2-3]:|Vcb |

|Vcb |BGL = (41.0 ± 0.7) ⋅ 10−3

|Vcb |CLN = (40.9 ± 0.6) ⋅ 10−3

 angular coefficientsB → D*ℓν

2

d�(B̄ ! D
⇤
`⌫̄`)

dw dcos ✓` dcos ✓V d�
=
2G2

F⌘
2
EW|Vcb|2m4

BmD⇤

2⇡4
⇥

✓
J1s sin

2
✓V + J1c cos

2
✓V

+ (J2s sin
2
✓V + J2c cos

2
✓V) cos 2✓` + J3 sin

2
✓V sin2 ✓` cos 2�

+ J4 sin 2✓V sin 2✓` cos�+ J5 sin 2✓V sin ✓` cos�+ (J6s sin
2
✓V + J6c cos

2
✓V) cos ✓`

+ J7 sin 2✓V sin ✓` sin�+ J8 sin 2✓V sin 2✓` sin�+ J9 sin
2
✓V sin2 ✓` sin 2�

◆
. (2)

The expression depends on Fermi’s coupling constantGF,
the electroweak correction ⌘EW [4], the CKM matrix el-
ement Vcb, and the masses of B (mB) and D

⇤ (mD⇤)
mesons.

We determine the angular coe�cients in bins of w, J̄i =R
�w Ji(w)dw, from experimental data with the definition
from Ref. [5]:

J̄i =
1

Ni

8X

j=1

4X

k,l=1

⌘
�
i,j⌘

✓`
i,k⌘

✓V
i,l Rjkl . (3)

The normalization factorNi stems from trigonometric in-
tegrals. The angles ✓`, ✓V , and � are divided into bins of
size ⇡/4. The weight factors ⌘↵i,n with ↵ 2 {�, ✓`, ✓V } are
given in Ref. [5] and the product of these factors define
a specific phase-space bin where signal is extracted. The
factor Rjkl represents the partial rate in the correspond-
ing phase-space bin jkl. We combine phase-space bins
with identical products of the weights ⌘↵i,n during signal
extraction, resulting in yields of total 36 merged bins to
obtain 12 Ji coe�cients using Eq. (3) in each bin of w. In
the limit of massless charged leptons, the angular coe�-
cient J6c vanishes. Furthermore, the angular coe�cients
J7, J8, and J9 are zero within the SM of particle physics,
only contributing to scenarios involving new physics.

We reconstruct two B meson candidates, a tag B and a
signal B. Signal B meson candidates are reconstructed as
follows: We consider both charged and neutral B mesons
with the decay chains B

0 ! D
⇤+

`⌫`, D
⇤+ ! D

0
⇡
+,

D
⇤+ ! D

+
⇡
0, and B

� ! D
⇤0
`⌫` with D

⇤0 ! D
0
⇡
0 [6].

To select charged tracks, we apply the following crite-
ria: dr < 2 cm and |dz| < 4 cm, where dr is the impact
parameter perpendicular to the beam-axis and with re-
spect to the interaction point and dz is the z coordinate
along the beam-axis of the impact parameter. Tracks
are also required to have transverse momenta pT >

0.1GeV/c. In addition, we utilize particle identification
subsystems to identify electrons, muons, charged pions,
kaons, and protons. Electron (muon) tracks are required
to have momenta in the lab frame p

Lab
> 0.3GeV/c

(pLab > 0.6GeV/c). The momenta of particles identified
as electrons are corrected for bremsstrahlung by includ-
ing photons within a 2� cone defined around the electron
momentum at the point of closest approach to the inter-
action point (IP).

Photon selection criteria are based on their energies:

E� > 100MeV for the forward endcap (12� < ✓ < 31�),
150MeV for the backward endcap (132� < ✓ < 157�),
and 50MeV for the barrel region (32� < ✓ < 129�) of the
calorimeter. ⇡0 candidates are formed from pairs of pho-
tons with invariant mass within the range of 104MeV/c2

to 165MeV/c2. The di↵erence between the reconstructed
⇡
0 mass and the nominal mass (m⇡0 = 135MeV/c2 [7])

must be smaller than three times the estimated mass res-
olution.

K
0
S mesons are reconstructed from oppositely charged

track pairs within a reconstructed invariant mass window
of 398MeV/c2 to 598MeV/c2 and selected with a mul-
tivate method. For details on the multivariate method
used, see Ref. [8]. The reconstructed K

0
S mass has to dif-

fer from the nominal value (mK0
S
= 498MeV/c2 [7]) by

less than 3� of the estimated mass resolution.
We reconstruct the following decays of the D mesons:

D
+ ! K

�
⇡
+
⇡
+, D

+ ! K
�
⇡
+
⇡
+
⇡
0, D

+ !
K

�
⇡
+
⇡
+
⇡
+
⇡
�, D+ ! K

0
S⇡

+, D+ ! K
0
S⇡

+
⇡
0, D+ !

K
0
S⇡

+
⇡
+
⇡
�, D

+ ! K
0
SK

+, D
+ ! K

+
K

�
⇡
+, D

0 !
K

�
⇡
+, D

0 ! K
�
⇡
+
⇡
0, D

0 ! K
�
⇡
+
⇡
+
⇡
�, D

0 !
K

�
⇡
+
⇡
+
⇡
�
⇡
0, D

0 ! K
0
S⇡

0, D
0 ! K

0
S⇡

+
⇡
�, D

0 !
K

0
S⇡

+
⇡
�
⇡
0, and D

0 ! K
�
K

+. We apply a decay-
channel-optimized mass window selection to theD meson
candidates. The ⇡

0 daughters from D meson candidates
are required to have center-of-mass momenta p

CMS
⇡0 >

0.2GeV/c, except for the decay D
0 ! K

�
⇡
+
⇡
+
⇡
�
⇡
0

where this criterion is not applied. To reduce combina-
torial background, the reconstructed D mesons within
an event are ranked based on the absolute di↵erence
between the reconstructed mass and the nominal mass
(mD+ = 1.870GeV/c2, mD0 = 1.865GeV/c2 [7]), and
up to ten candidates with the smallest mass di↵erence
are selected.

D
⇤ mesons are reconstructed in three decay channels:

D
⇤0 ! D

0
⇡
0
slow, D

⇤+ ! D
+
⇡
0
slow, and D

⇤+ ! D
0
⇡
+
slow.

Charged slow pions must have a center-of-mass momen-
tum below 0.4GeV/c, and the mass di↵erence between
the reconstructed massesMX of theD⇤ andD candidates
�M = MD⇤ �MD has to be smaller than 0.155GeV/c2

(0.160GeV/c2) for D⇤+ (D⇤0) mesons.
Signal-B meson candidates are reconstructed by com-

bining selected D
⇤ candidates and a lepton candidate.

The loose selection 1GeV/c2 < MD⇤` < 6GeV/c2 is ap-
plied to reduce combinatorial background.

We perform global-decay-chain vertex fitting using

Difference between electron and muon 
sensitive to LFU: Δ𝐽0 = 𝐽0

" − 𝐽0! 

No significant deviation from the SM

https://arxiv.org/abs/2310.20286


Conclusions

• Lepton Flavour Universality Violation provides powerful 
tools for exploration of physics beyond standard model
• Experimentally challenging analyses, many channels tried
• Many new results, and more analyses ongoing, just 

scratching the surface
• Common effort with theory to improve the interpretation 

of the results and the SM expectations
• Tension with SM has been shrinking with more data and 

improved analysis
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