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Lepton Flavour Universality

Lepton Flavour Universality: weak interactions do not distinguish between lepton
families.

How do we test LFU?

We use ratios of semileptonic decays

• in the ratios hadronic uncertainties are lower
• we can easily compare different leptonic families
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LFU ratio - RD(∗)
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RD(∗) =
B(B → D(∗)τντ )

B(B → D(∗)µνµ)

Theoretical prediction[1505.03925]

Rth
D = 0.300± 0.008

BaBar[1303.0571]

RBaBar
D = 0.440± 0.058± 0.042

Belle[1507.03233]

RBelle
D = 0.375± 0.064± 0.026
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LFU ratio - RK

RK =
B(B → Kµµ)

B(B → Kee)

SM prediction

Rth
K = 1

LHCb [1406.6482]

RLHCb
K = 0.745+0.090

−0.074 ± 0.036

BaBar[SUSY 2016]

RBaBar
K = 0.64+0.39

−0.30 ± 0.06

Belle [0904.0770]

RBaBar
K = 1.03± 0.19± 0.06

Average

Ravg
K = 0.785± 0.080
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Possible interpretation of the anomaly

• presence of new physics
• experimental issues
• mismatch between prediction and measurements
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Possible interpretation of the anomaly

• presence of new physics
• experimental issues
• mismatch between prediction and measurements

hadronic backgrounds e.g.
B → D∗[π]invµν [1606.09300]

backgrounds from muonic τ decays
[1602.06143]
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FIG. 1. Strong decays of the D0 and D0⇤ into the 1S and 1P states involving, one or two pion emissions (left), and all decays
including the near o↵-shell transitions with a ⇢ and ⌘ (right). The style and opacity of the lines connecting the states indicate
the orbital angular momentum of the partial wave. The grey bands correspond to the measured widths of the 2S and 1P states.

nonresonant contribution [8] no longer needs to be large.
This would be a problem, because in the soft pion limit
a first principles calculation is possible [9], giving a too
small rate at this region of phase space. A large nonres-
onant rate at high D(⇤)⇡ invariant mass would disagree
with the inclusive lepton spectrum measurements and the
measured semi-exclusive B ! D(⇤)⇡`⌫̄ rate.

2) The D0(⇤) states decay to one of the D(⇤) states
either with one pion emission in a p-wave, or with two
pion emission in an s-wave. However, they can decay
with one pion emission in an s-wave to members of the

s⇡l

l = 1
2

+
states, and could thus enhance the observed

decay rate to the s⇡l

l = 1
2

+
states, and thus give rise to

the “1/2 vs. 3/2 puzzle”. The allowed strong decays are
illustrated in Figure 1 (including those only allowed by
the substantial widths of these particles). It is plausible
that the decay modes of the D0(⇤) to the 1S and 1P charm
meson states may be comparable.

3) With the relatively low mass of the D0(⇤) states, the
inclusive lepton spectrum can stay quite hard, in agree-
ment with the observations.

4) The B(B ! D(⇤)⇡`⌫̄) measurement quoted is not in
conflict with our hypothesis, since the decay of the D0(⇤)

would yield two or more pions most of the time.

III. THE B ! D0(⇤)`⌫̄ DECAY RATE

Since the quantum numbers of the D0(⇤) are the same
as those of the D(⇤), the theoretical expressions for the
decay rates in terms of the form factors, and the defi-
nitions of the form factors themselves, are identical to
the well known formulae for B ! D(⇤)`⌫̄ [10]. As for

B ! D(⇤)`⌫̄, in the mc,b � ⇤QCD limit, the six form
factors are determined by a single universal Isgur-Wise
function [11], which we denote by ⇠2(w). Here w = v · v0
is the recoil parameter, v is the velocity of the B meson,
and v0 is that of the D0(⇤). We define

d�D0⇤

dw
=

G2
F |Vcb|2 m5

B

48⇡3
r3(1 � r)2

p
w2 � 1 (w + 1)2

⇥

1 +

4w

w + 1

1 � 2rw + r2

(1 � r)2

�⇥
F (w)

⇤2
, (2)

d�D0

dw
=

G2
F |Vcb|2 m5

B

48⇡3
r3(1 + r)2 (w2 � 1)3/2

⇥
G(w)

⇤2
,

where, in each equation, r = mD0(⇤)/mB , and in the
mc,b � ⇤QCD limit F (w) = G(w) = ⇠2(w).

Heavy quark symmetry implies ⇠2(1) = 0, so the rate
near zero recoil comes entirely from ⇤QCD/mc,b correc-
tions. Away from w = 1, ⇠2(w) is no longer power
suppressed; however, since the kinematic range is only
1 < w < 1.3, the role of ⇤QCD/mc,b corrections, which
are no longer universal, can be very large [12]. Before
turning to model calculations, note that there is a qual-
itative argument that near w = 1 the slope of ⇠2(w),
and probably those of F (w) and G(w) as well, should be
positive. In B ! D0(⇤) transition, in the quark model,
the main e↵ect of the wave function of the brown muck
changing from the 1S to the 2S state is to increase the
expectation value of the distance from the heavy quark
of a spherically symmetric wave function. Thus the over-
lap of the initial and final state wave functions should
increase as w increases above 1.

It is not easy to calculate these B ! D0(⇤)`⌫̄ form fac-
tors. Below, we use estimates from a quark model pre-
diction [13], hoped to be trustable near w = 1, and from
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m (MeV) � (MeV) reference

2405 ± 38 274 ± 40 FOCUS [10]

2308 ± 36 240 ± 66 Belle [11]

2297 ± 22 273 ± 49 BABAR [12]

2360 ± 34 255 ± 57 LHCb [15]

2320 ± 17 265 ± 25 our average

TABLE II. Isospin averaged D⇤
0(2400) masses and widths.

The LHCb measurement [15] is missing from the PDG.

s
⇡l
l Particles m (MeV) Particles m (MeV)

1
2

�
D, D⇤ 1973 B, B⇤ 5313

1
2

+
D⇤

0 , D⇤
1 2400 B⇤

0 , B⇤
1 —

3
2

+
D1, D⇤

2 2445 B1, B⇤
2 5734

TABLE III. Isospin and heavy quark spin symmetry (with
weight 2J+1) averaged masses of lightest B and D multiplets.

An interesting feature of the current data is that it
appears possibile that the mD⇤

1
� mD⇤

0
mass splitting

may be substantially larger than the mD⇤
2
� mD1

split-
ting. This possibility was not considered in Refs. [8, 9],
since at that time both of these mass di↵erences were
about 40MeV. The smallness of this value compared to
mD⇤ � mD ' 140 MeV was taken as an indication that
the chromomagnetic operator matrix elements are sup-
pressed for the four 1P states (in agreement with quark
model predictions). In this paper we explore the conse-
quences of relaxing this constraint.

The average masses in Table III and Eq. (1.10) in
Ref. [9], which is valid up to O(⇤3

QCD/m2
c,b), yield ⇤̄0 =

0.40 GeV (using mb = 4.8 GeV and mc = 1.4 GeV).
The value of ⇤̄⇤ ' 0.35 GeV is substantially more uncer-
tain.

Another e↵ect suppressed in the heavy quark limit,
neglected in Refs. [8, 9], is the mixing between D1 and
D⇤

1 . It was recently argued that this could be substan-
tial [19], although the fact that even a small mixing of the
D1 with the much broader D⇤

1 would yield �D1
> �D⇤

2
, in

contradiction with the data, suggests that this ⇤QCD/mc

correction may be suppressed [20–22]. Until the masses
are unambiguously measured, it seems premature to us
to study in detail the e↵ects of this mixing, which we
expect to be modest, and leave for another study, should
future data suggest that it may be important.

The rest of this paper is organized as follows. Section II
reviews the B ! D⇤⇤ ` ⌫̄ decays into the four 1P states,
collectively denoted

D⇤⇤ = {D⇤
0 , D⇤

1 , D1, D⇤
2} (1)

and provides expressions for these decay rates with the
full lepton mass dependence for the first time. In Sec-
tion IV the form factor expansion of Ref. [9] is briefly
reviewed and Section VI summarizes the experimental
analysis to determine the leading Isgur-Wise function

normalization and slope. Section ?? compares the pre-
diction of the ratios of semileptonic rates for ⌧ and light
leptons,

RD⇤⇤ =
B(B ! D⇤⇤⌧ ⌫̄)

B(B ! D⇤⇤` ⌫̄)
(2)

with the model of Ref. [9]. In Section ?? the modifica-
tions of the rate expressions for the type-II two-Higgs-
doublet model (2HDM) are discussed and predictions
of the ratio of semi-tauonic to light lepton semileptonic
rates is provided. Section IX concludes the manuscript
with a summary of the key findings.

(ZL: not sure where this goes) Experimentally
only semileptonic decays into excited charmed mesons
of the 1P quadruplet are well established. The exist-
ing semileptonic measurements of D⇤⇤ mesons rely on
reconstructing the hadronic decays into D⇤⇤ 0 ! D� ⇡+

or D⇤⇤ 0 ! D⇤� ⇡+ final states and measurements of
all exclusive 1S and 1P modes account for only about
85% of the inclusive rate, cf. Ref. [24]. From the study
of hadronic decays it is known that the D1 meson also
decays into a D⇡⇡, without an intermediate D⇤ me-
son. Indication for this was seen in semileptonic de-
cays [23], as well the first observation of semi-exclusive
B ! D(⇤) ⇡+⇡� ` ⌫̄ decays [].

II. THE B ! D⇤⇤` ⌫̄ DECAYS IN THE SM

The e↵ective SM Lagrangian describing the b ! c ` ⌫̄
transition is given by

Le↵ = �4GFp
2

Vcb

�
c̄ �µPLb

��
⌫̄ �µPL`

�
+ h.c. , (3)

with the projection operator PL = (1 � �5)/2 and GF is
the Fermi constant. In this section ` denotes any massive
lepton unless stated otherwise. The B ! D⇤⇤` ⌫̄ decay
amplitude depends on nonperturbative hadronic matrix
elements that can be expressed using Lorentz invariance
and the equation of motion in terms of form factors. The
precise Lorentz structure and number of form factors de-
pend on the spin quantum number of the final state me-
son:

hS(v0)|V µ|B(v)ip
m m0 = 0 , (4)

hS(v0)|Aµ|B(v)ip
m m0 = (vµ + v0µ) f+ + (vµ � v0µ) f� ,

hV (v0, ✏)|V µ|B(v)ip
m m0 = ✏µ fV 1 + (✏ · v)

�
vµ fV 2 + v0µ fV 3

�
,

hV (v0, ✏)|Aµ|B(v)ip
m m0 = i ✏µ↵�� ✏↵ v� v0� fA .

hT (v0, ✏)|V µ|B(v)ip
m m0 = i ✏µ↵�� ✏↵�v� v� v0� kV ,
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TABLE I: m2
miss selection criteria.

Mode Selection Criteria
B− → D∗+π−ℓ−ν̄ℓ −0.25 < m2

miss < 0.25 GeV2/c4

B− → D+π−ℓ−ν̄ℓ −0.25 < m2
miss < 0.8 GeV2/c4

B0 → D∗0π+ℓ−ν̄ℓ −0.2 < m2
miss < 0.35 GeV2/c4

B0 → D0π+ℓ−ν̄ℓ −0.15 < m2
miss < 0.85 GeV2/c4

D(∗)0π+ℓ−ν̄ℓ decays starting from the corresponding
Btag + D(∗)ℓ− combinations. We select events with
only one additional reconstructed charged track, cor-
rectly matched to the D(∗) flavor, that has not been used
for the reconstruction of the Btag, the signal D(∗), or the
lepton. D(D∗) candidates are selected within 2σ (1.5-
2.5σ, depending on the D∗ decay mode) of the D mass
(D∗ − D mass difference), where the resolution σ is typi-
cally around 8 (1-7) MeV/c2. For the B0 → D(∗)0π+ℓ−ν̄ℓ

decay, we additionally require the invariant mass differ-
ence m(D0π+) − m(D0) to be greater than 0.18 GeV/c2

to veto B0 → D∗+ℓ−ν̄ℓ events.

Semileptonic B → D∗∗ℓ−ν̄ℓ decays are identi-
fied by the missing mass squared in the event,

m2
miss =

!
p(Υ (4S)) − p(Btag) − p(D(∗)π) − p(ℓ)

"2
, de-

fined in terms of the particle four-momenta. For correctly
reconstructed signal events, the only missing particle is
the neutrino, and m2

miss peaks at zero. Other B semilep-
tonic decays, where one particle is not reconstructed
(feed-down) or is erroneously added to the charm candi-
date (feed-up), exhibit higher or lower values in m2

miss [7].
In feed-down cases where both a D and a D∗ candidate
have been reconstructed, we keep only the latter candi-
date.

The m2
miss selection criteria are listed in Table I. The

m2
miss region between 0.2 and 1 GeV2/c4 for B →

Dπℓ−ν̄ℓ events is dominated by feed-down from B →
D∗∗(→ D∗π)ℓ−ν̄ℓ semileptonic decays where the soft
pion from the D∗ decay is not reconstructed. In order
to retain these events we apply an asymmetric cut on
m2

miss for these modes.

The signal yields for the B → D∗∗ℓ−ν̄ℓ decays are
extracted through a simultaneous unbinned maximum
likelihood fit to the four m(D(∗)π) − m(D(∗)) distribu-
tions. With the current statistics, validation studies on
MC samples show that our sensitivity to non-resonant
B → D(∗)πℓ−ν̄ℓ decays is limited. Including hypothe-
ses for these components results in a fitted contribution
that is consistent with zero. Thus we assume that these
non-resonant contributions are negligible. The probabil-
ity that B → D∗∗(→ D∗π)ℓ−ν̄ℓ decays are reconstructed
as B → D∗∗(→ Dπ)ℓ−ν̄ℓ is determined with the MC sim-
ulation to be 26%(59%) for the B−(B0) sample and held
fixed in the fit.

The Probability Density Functions (PDFs) for the
D∗∗ signal components are determined using MC B →
D∗∗ℓ−ν̄ℓ signal events. A convolution of a Breit-Wigner
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FIG. 1: (Color online) Fit to the m(D(∗)π) − m(D(∗)) dis-
tribution for a) B− → D∗+π−ℓ−ν̄ℓ, b) B− → D+π−ℓ−ν̄ℓ, c)
B0 → D∗0π+ℓ−ν̄ℓ, and d) B0 → D0π+ℓ−ν̄ℓ: the data (points
with error bars) are compared to the results of the overall fit
(sum of the solid distributions). The PDFs for the different
fit components are stacked and shown in different colors.

function with a Gaussian, whose resolution is determined
from the simulation, is used to model the D∗∗ resonances.
The D∗∗ masses and widths are fixed to measured val-
ues [5]. We rely on the MC prediction for the shape
of the combinatorial and continuum background. A non-
parametric KEYS function [18] is used to model this com-
ponent for the D∗πℓ−ν̄ℓ sample, while for the Dπℓ−ν̄ℓ

sample we use the convolution of an exponential with
a Gaussian to model the tail from virtual D∗ mesons.
The combinatorial and continuum background yields are
estimated from data. We fit the hadronic Btag mES dis-
tributions for B → D∗∗ℓ−ν̄ℓ events as described in [7],

• Excited Xc states: orbital (and to a lesser extend radial and other states) 

• Exclusive orbital 1P states with D** → D(*)!  have been experimentally sought 
for and been found

• Some tension for broad states (between BaBar & Belle for D1*)
• Two doublets, one broad one narrow (due to D- versus S-Wave strong decay 

transitions)
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Semileptonic B decays to excited charmed mesons in the

standard model and the type-II two-Higgs-doublet model

Florian U. Bernlochner1 and Zoltan Ligeti2

1Physikalisches Institut der Rheinische Friedrich-Wilhelms-Universität Bonn, 53115 Bonn, Germany
2Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

Semileptonic B meson decays into the four lightest excited 1P charmed meson states (D⇤
0 , D⇤

1 ,
D1, and D⇤

2) are investigated in the Standard Model and in the type-II two-Higgs-doublet model.
Predictions for di↵erential branching fractions as functions of the four-momentum transfer squared
are presented, as well as predictions for the ratios of the semi-tauonic and light lepton semileptonic
branching fractions. These predictions rely on the determination of the leading Isgur-Wise function
from the measured total semileptonic branching fractions of the narrow 1P states, as well as the
hadronic branching fractions which are related through factorization to the semileptonic form factors
at maximal recoil. In addition, the dependence of the ratio of semi-tauonic and light lepton branching
fractions on the two-Higgs-doublet model parameters tan� and m±

H is predicted for all four states.

I. INTRODUCTION

The study of semileptonic b ! c decays is a central
focus of the B factory experiments BABAR and Belle, as
well as of the LHCb experiment. Such decays are im-
portant for the measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |Vcb| and are also probes
of physics beyond the standard model (SM). Theoreti-
cally, the exclusive decays into the ground state charmed
mesons, D and D⇤, are well understood and also inclusive
semileptonic B ! Xc`⌫̄ decays were the focus of exten-
sive research over the past decade. Semileptonic decays
into excited charmed mesons received less attention, but
are important for the following reasons.

1. Recently, BABAR, Belle, and LHCb reported dis-
crepancies from the SM predictions in semi-tauonic
decays compared to the ` = e, µ light lepton final
states [1–4]. Their average shows a disagreement
with the SM expectation at the 3.9� level [5]. This
tension is intriguing, because it occurs in a tree-
level SM process, and most new physics explana-
tions require new states at or below 1 TeV [6].

Semileptonic decays into excited charmed mesons
with light leptons are an important background,
and their better understanding is needed to im-
prove the precision of these ratios.

2. Determinations of the CKM matrix element |Vcb|
from exclusive and inclusive semileptonic B decays
exhibit a nearly 3� tension [5]. Decays involving
heavier charmed mesons are an important back-
ground of untagged exclusive measurements, and
are also important in inclusive |Vcb| measurements
since e�ciency and acceptance e↵ects are modelled
using a mix of exclusive decay modes that includes
decays into excited charmed mesons.

3. Semi-tauonic decays into excited charmed mesons
provide a complementary probe of the enhance-
ments observed in the semi-tauonic decays to D

and D⇤. Moreover, the measured semi-tauonic de-
cays to D and D⇤ appear to saturate the inclu-
sive B̄ ! X ⌧ ⌫̄ rate [6]. This motivates measuring
this decay, and if the enhancement is verified, new
physics modifying the D(⇤) rates must also fit the
semi-tauonic rates for higher charmed states.

Heavy quark symmetry [7] provides some model inde-
pendent predictions for exclusive semileptonic B decays
to excited charmed mesons, even including ⇤QCD/mc,b

corrections [8]. Approximations based on those results
constitute the LLSW model [9], used in many experi-
mental analysis. The key observation was that some of
the ⇤QCD/mc,b corrections to semileptonic form factors
at zero recoil are determined by the masses of orbitally
excited charmed mesons [8, 9], which we review first.

The level of agreement among the measurements of
the masses and widths of the four excited states in the
last 4 rows of Table I is not ideal. This table shows
the isospin averaged masses and width, as well as the
quantum numbers of these states. In the heavy quark
limit, the spin-parity of the light degrees of freedom, s⇡l

l ,
is a conserved quantum number [17]. In particular, the
mass of the D⇤

0(2400) varies in published papers by over
100 MeV, as shown in Table II. The confidence level of
the mass average is 10%, so we do not inflate it.

Particle s
⇡l
l JP m (MeV) � (MeV)

D⇤
0

1
2

+
0+ 2320 265

D⇤
1

1
2

+
1+ 2427 384

D1
3
2

+
1+ 2421 34

D⇤
2

3
2

+
2+ 2462 48

B1
3
2

+
1+ 5727 28

B⇤
2

3
2

+
2+ 5739 23

TABLE I. Isospin averaged masses and widths of some excited

D mesons, rounded to 1 MeV. For the 3
2

+
states we averaged

the PDG with LHCb measurements [13, 14] not included in
the PDG. The D⇤

0 mass is discussed in the text; see Table II.

In what follows: 
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Relevant if B-meson momentum cannot be completely
constrained
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τ → µνν as a background

Goal: studying the background from leptonic τ decays on the distribution B → Dµν.

• we define the neutrino-inclusive decay

dΓ(B → DµXν)

dq2dy
=

dΓ(B → Dµν)

dq2dy
+

dΓ(B → Dτ(→ µνµντ )ντ )

dq2dy

=
dΓ1

dq2dy
+

dΓ3

dq2dy
.

• y is a kinematical variable common to dΓ1 and dΓ3

• emission of µ out of τ mimics the sought-after decay
• study analytically for the first time [1602.06143]

• check EvtGen with assistance of F. Bernlochner (B → Dτντ
⊕
τ → µνµντ )

• subsequent calculation Alonso et al.[1602.07671], also in presence of BSM effects
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Decay width of B → Dµνµ

• q2 RF
• θµ angle of the muon with respect to the D direction of flight

z

q

B

νµ µ

θµ

d2Γ

dq2d cos θµ
= aµ + bµ cos θµ + cµ cos2 θµ

12.10.2016 On precise predictions for LFU ratios in B physics Page 8
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Decay width of B → Dτ(→ µνµντ )ντ

z

q

B

ντ τ θ∗µ

µ

θτ

φ

θ∗∗ν
νµ

φ∗∗

The decay is described by d7Γ3 decay width

12.10.2016 On precise predictions for LFU ratios in B physics Page 9
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Decay width of B → Dτ(→ µνµντ )ντ

z

q

B

ντ τ θ∗µ

µ

θτ

φ

d5Γ3

dq2dq2
ννdΩdΩ∗ ∝

[
A+B cos θτ + C cos2 θτ

+ (D sin θτ + E sin θτ cos θτ ) cosφ
]

12.10.2016 On precise predictions for LFU ratios in B physics Page 9
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Combining 3 and 5 body decay

How to choose the common kinematic variable y

1. Energy of µ in B rest frame
Eµ ≡ p · qµ

MB

2. Angle of µ with the D in q rest frame

cos θµ ≡ 2

(
q − 2q[µ]

)
· k√

λ

1ν case
• helicity angle of the µ, bounded from −1 to +1

3ν case
• cannot be interpreted as helicity angle
• upper bound no longer +1
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Study of marginal distribution
We need to produce pseudo-events of both B → Dµνµ and B → Dµνµντντ for:
• our phenomenological studies
• perform crosschecks of EvtGen

• full agreement in marginal distributions, e.g.
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Distribution in Eµ
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Eμ0
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10000

15000

Events

• for Eµ > 1.0GeV # of
misidentified 3ν events
reduced by factor ∼ 6

• still 76% of 1ν
events left

• subtract 3ν events,
through modelled PDF
based on Legendre
Polynomials

• coefficients given
in the paper
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Distribution in cos θµ
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Statistics of the tail
• max cos θµ ' 56.7

• cos θµ exceeds 1 for
∼ 32% of 3ν events

• cos θµ exceeds 2 for
∼ 2% of 3ν events
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New strategy to extract RD

Using cos θµ distribution we can compute:

ρ0
D =

# of 3ν events with cos θµ > 1

total # of 3ν events

Experiment can measure:

ρexp
D =

# of Xν events with cos θµ > 1

total # of Xν events

Combining the two results above one can
extract RD:

RDB(τ → µνν) =
ρexp
D

ρ0
D − ρexp

D
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8000
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Using the lattice results we obtain

ρ0
D = 0.323± 0.002

where the error is dominantly statistic.
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Impact on |Vcb|

Can the τ leptonic decay be responsible of discrepancy between inclusive and
exclusive determination of Vcb? [1506.01705]

• Exclusive determination: combined cuts on Eµ and cos θµ can identify large part
of τ → µνν contamination on B → DµXν

• Inclusive determination: we can subtract τ → µνν background from the total
number of events
=⇒ potential systematic error due to ∆RD = Rexp

D −Rth
D :

∆|Vcb|(incl)

|Vcb|
=

1

2
∆RDB(τ → µνν) ≈ 0.9%

Not a solution for the discrepancy but comparable
with experimental error on |Vcb|

12.10.2016 On precise predictions for LFU ratios in B physics Page 15



Physik Institut

Work in progress [MB,MC, DvD,2016]

Aim: estimate of the same background in B → D∗ and Λb → Λc semileptonic decays.
Preliminary results:
• ρ0

D∗ = 0.332± ??

• currently working on ρ0
Λc

• working on better estimate of theory uncertainties of ρ0
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Theory prediction

RK = 1.0000± 0.0001|[0709.4174]±??|QED

Which are the sources of possible contributions to RK in q2 ⊂ [1, 6]GeV2 region?

• kinematics and form factor effects are small ∼ m2
`

q2

• naive estimation of QED corrections ∼ α
π

log2
(
m2
`

q2

)
[1503.04849,0712.3009,hep-ph/0512066]

Can we trust the error?
• semi-analytic calculation of radiative corrections
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Calculation setup

• limit m2
` � q2

• interested to extract log-enhanced terms ∼ α
π

log
(
m2
`

q2

)
and ∼ α

π
log2

(
m2
`

q2

)
• since they depend on m` they can be the only terms responsible of LFU violation
• can be extracted from term associated with collinear and soft divergences due to

the photon emission

• neglect O(α/π) finite corrections (∼ 0.2%)

• radiation from meson leg is negligible (not log-enhanced)
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Radiator function

ω(x, x`): probability density function that a dilepton system retains a fraction
√
x of

its original invariant mass q2
0 after bremstrahlung

ω(x, x`) = ω1(x, x`)θ(1− x− x∗) + ω2(x, x`, x∗)δ(1− x)

• ω1: real emission • x = q2/q2
0

• x` = m2
`/q

2
0

• x∗: IR regulator
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Radiator function

ω(x, x`): probability density function that a dilepton system retains a fraction
√
x of

its original invariant mass q2
0 after bremstrahlung

ω(x, x`) = ω1(x, x`)θ(1− x− x∗) + ω2(x, x`, x∗)δ(1− x)

• ω1: real emission
• ω2: soft emission and virtual
corrections, obtained from∫ 1

2x`

dx ω(x, x`) = 1 +O
(α
π

)
• x = q2/q2

0

• x` = m2
`/q

2
0

• x∗: IR regulator
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Implementation of the radiator into the non radiative
spectrum

Double-differential decay width

d2Γ

dq2
0dx

(B → K``(γ)) = F (0)
K (q2

0)ω(x, x`)

F (0)
K (q2): non radiative spectrum of the decay B → K``

To obtain the radiative-spectrum we need to perform the following convolution

F`K(q2) =

∫ q20,max

q2

dq2
0

q2
0

F (0)
K (q2

0) ω

(
q2

q2
0

,
2m2

`

q2
0

)
where the kinematical region of integration depends on experimental cuts, namely
mrec
B

12.10.2016 On precise predictions for LFU ratios in B physics Page 21



Physik Institut

Modelling the J/Ψ
Non-radiative spectrum

F (0)
K (q2) ∝ λ3/2(q2)|f+(q2)|2

[
|a9(q2)|2 + |a10|2

]
Non-perturbative spectrum

a9(q2) = apert
9 + κΨ

q2

q2 −m2
Ψ + imΨΓΨ

• apert
9 ensures the behaviour at low q2 region

• BW reproduces the presence of J/Ψ
• we do not claim this is the "true" shape of the resonance, but still it is suitable
toy to study the behaviour around the J/Ψ
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Modelling the J/Ψ
Non-radiative spectrum

F (0)
K (q2) ∝ λ3/2(q2)|f+(q2)|2

[
|a9(q2)|2 + |a10|2

]
Non-perturbative spectrum

a9(q2) = apert
9 + κΨ

q2

q2 −m2
Ψ + imΨΓΨ

• apert
9 ensures the behaviour at low q2 region

• BW reproduces the presence of J/Ψ
• we do not claim this is the "true" shape of the resonance, but still it is suitable
toy to study the behaviour around the J/Ψ

Are we safely below the effects of the J/Ψ?
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J/Ψ tail

mrec
B : reconstructed mass of the B meson from charged tracks

• Key-variable: mrec
B , that

determines the size of the
effect of radiation we need to
take in account

• even with the looser cut
mrec
B = 4.880 GeV the tail is

safely above the interesting
region [1, 6] GeV2
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B → K``(γ) for 1 GeV2 ≤ q2 ≤ 6 GeV2

mrec
B ` = e ` = µ

4.880 GeV −7.6% −1.8%
5.175 GeV −16.9% −4.6%

• radiative correction can be
sizable
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B → K``(γ) for 1 GeV2 ≤ q2 ≤ 6 GeV2

mrec
B ` = e ` = µ

4.880 GeV −7.6% −1.8%
5.175 GeV −16.9% −4.6%

• radiative correction can be
sizable

• due to the cuts applied in the
analysis the overall effect is
less important

estimate effect on RK : ∆RK = +3%

good agreement with PHOTOS up to a few %�
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Results for B → K∗``(γ)

Same story as for K...
mrec
B ` = e ` = µ

4.880 GeV −7.3% −1.7%
5.175 GeV −16.7% −4.5%

• also in the K∗ case the
effects can be potentially
sizable

• if we use the same cuts
implemented in the analysis
for B → K`` we still are safe
from J/Ψ tail and the overall
effect of radiative correction
is less important

• ∆RK∗ = 2.8%
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Summary

1. Taking into account
• low q2 region q2 ⊂ [1, 6]GeV2

• the cuts applied by LHCb analysis

RK
[1,6]GeV2 = 1.00± 0.01

2. In the region below the resonances J/Ψ
• good agreement with PHOTOS
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