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Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated
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* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)

i2
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Meet the         Anomaliesb
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The Decay Topology

How does this transition proceed?
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(a) SM example
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(b) NP example

I We analyze b ! s`` in the decay of B0
! K⇤(892)0`+`�

I The angular distributions might reveal physics beyond the Standard Model

I We reconstruct B mesons in the Belle dataset
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Intoduction Angular Analysis Result

Flavor Changing Neutral Currents Flavor Changing Charged Currents

Rare decays with decay rate ∼ 10−6

Forbidden at tree-level, involve loops


Heavy NP could be same order as SM

Experimentally very accessible

No neutrinos in final state


Several complementary final states and

observables

Not a rare decay with decay rate ∼ 10−2

Tree-level transition


Heavy NP smaller than SM amplitude

Experimentally challenging

At least two neutrinos in final state 
when studying -leptonsτ
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FCCC:   and friendsb → cτν̄ℓ

VI.B Combination and Interpretation of the Results 41
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

VI.A Combination and Interpretation of the Results 39

Additionally, the treatment of radiative corrections,
and other subtle e↵ects in event generation such as po-
larization e↵ects, are shared in the event generators em-
ployed by many experiments. This can be a source of
common systematic uncertainties, albeit negligible com-
pared to the precision of the current measurements.

VI. COMBINATION AND INTERPRETATION OF THE
RESULTS

The semitauonic measurements described in Sec. IV
exhibit various levels of disagreement with the SM pre-
dictions. In this section, we further examine these results
and explore these tensions. To briefly resummarize, at
the time of the publication of this review, the following
recent measurements were available (see also Table V):

1. In B ! D
(⇤)
⌧⌫ decays

(a) Six measurements of R(D⇤) and three of
R(D). For convenience we resummarize here
these results in Table XVII.

(b) One measurement of the ⌧ polarization frac-
tion, P⌧ (D⇤) = �0.38 ± 0.51+0.21

�0.16
.

(c) One measurement of the D
⇤ longitudinal po-

larization fraction, FL,⌧ (D⇤) = 0.60 ± 0.08 ±
0.04.

(d) Two measurements of the e�ciency corrected
q
2 distributions shown in Fig. 11.

2. One measurement of a b ! c⌧⌫ transition using Bc

decays, R(J/ ) = 0.71 ± 0.17 ± 0.18.

3. One measurement of a b ! u⌧⌫ transition, R(⇡) =
1.05 ± 0.51.

In Sec. VI.A, we inspect the measurements of R(D(⇤))
in terms of the light-lepton normalization modes, the
isospin-conjugated modes, and their measured values as
a function of time. Thereafter we revisit in Sec. VI.B the
combination of the measured R(D(⇤)) values. In partic-
ular, we discuss the role of non-trivial correlation e↵ects
on such averages and point out that with more precise
measurements on the horizon these e↵ects will need to be
revisited. In Sec. VI.C we discuss the saturation of the
measured inclusive rate by exclusive contributions as im-
plied by the current world averages of R(D⇤) and R(D)
together with the expected B ! D

⇤⇤
⌧⌫ rates. Finally,

Secs. VI.D and VI.E discuss the challenges in develop-
ing self-consistent new physics interpretations of the ob-
served tensions with the SM and possible connections to
the present-day FCNC anomalies, respectively.

A. Dissection of R(D(⇤)) results and SM tensions

The current status of LFUV measurements versus SM
predictions, and the significance of their respective ten-

Table XVII Summary of R(D(⇤)) measurements and world
averages. The hadronic-⌧ LHCb result (Aaij et al., 2018b)
has been updated taking into account the latest HFLAV av-
erage of B(B0

! D
⇤+
`⌫) = 5.08 ± 0.02 ± 0.12)%. The values

for “Average (⇢̂D⇤⇤)” are calculated by profiling the unknown
B ! D

⇤⇤
l⌫ correlation and obtaining ⇢̂D⇤⇤ = �0.88 as de-

scribed in Sec. VI.B.

Experiment ⌧ decay Tag R(D) R(D⇤) ⇢tot

BABAR a
µ⌫⌫ Had. 0.440(58)(42) 0.332(24)(18) �0.31

Belleb
µ⌫⌫ Semil. 0.307(37)(16) 0.283(18)(14) �0.52

Bellec
µ⌫⌫ Had. 0.375(64)(26) 0.293(38)(15) �0.50

Belled
⇡⌫, ⇢⌫ Had. 0.270(35(+28)

(�25) –

LHCbe
⇡⇡⇡(⇡0)⌫ – – 0.280(18)(25)(13) –

LHCbf
µ⌫⌫ – – 0.336(27)(30) –

Avg. (⇢̂D⇤⇤) 0.337(30) 0.298(14) �0.42

HFLAV Avg.g 0.340(30) 0.295(14) �0.38

a (Lees et al., 2012, 2013) b (Caria et al., 2020) c (Huschle et al., 2015)
d (Hirose et al., 2018)
e (Aaij et al., 2018b) f (Aaij et al., 2015c) g (Amhis et al., 2019)

Table XVIII Current status of LFUV measurements (see
Sec. IV) versus SM predictions in Sec. II, and their respective
agreements or tensions. For P⌧ (D⇤) and FL,⌧ (D⇤) we show
a näıve arithmetic average of the SM predictions (Tab. II)
as done for R(D(⇤)). For R(D(⇤)) we show the world average
from the HFLAV combination (Amhis et al., 2019); below the
line we show for comparison the results of the R(D(⇤)) world
average obtained in this work (see Sec. VI.B).

Obs.
Current

World Av./Data
Current

SM Prediction Significance

R(D) 0.340 ± 0.030 0.299 ± 0.003 1.2�
)

3.1�
R(D⇤) 0.295 ± 0.014 0.258 ± 0.005 2.5�

P⌧ (D⇤) �0.38 ± 0.51+0.21
�0.16 �0.501 ± 0.011 0.2�

FL,⌧ (D⇤) 0.60 ± 0.08 ± 0.04 0.455 ± 0.006 1.6�

R(J/ ) 0.71 ± 0.17 ± 0.18 0.2582 ± 0.0038 1.8�

R(⇡) 1.05 ± 0.51 0.641 ± 0.016 0.8�

R(D) 0.337± 0.030 0.299 ± 0.003 1.3�
)
3.6�

R(D⇤) 0.298± 0.014 0.258 ± 0.005 2.5�

sions or agreements, is summarized in Tab. XVIII, in-
cluding the current HFLAV combination of the R(D(⇤))
data. For the SM predictions the arithmetic averages
discussed in Section II are quoted. The individual ten-
sions of all LFUV measurements with the SM expecta-
tions range from 0.2–2.5�. The combined value of R(D)
and R(D⇤) is in tension with the SM expectation by 3.1�
because of their anti-correlation. Also note that the value
of P⌧ (D⇤) is slightly correlated with both averages.

A subset of the existing measurements provide values
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R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

FB, M. Sevilla, D. Robinson, G. Wormser

[Rev. Mod. Phys. 94, 015003,arXiv:2101.08326]
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FCNC:   and friendsb → sℓℓ

The Decay Topology

How does this transition proceed?
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(b) NP example

I We analyze b ! s`` in the decay of B0
! K⇤(892)0`+`�

I The angular distributions might reveal physics beyond the Standard Model

I We reconstruct B mesons in the Belle dataset
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Intoduction Angular Analysis Result

b

q
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The Decay Topology

The decay is completely described by:
✓`, ✓K , � and q2 = M2

`+`�
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Intoduction Angular Analysis Result

R(K) =
B(B+ ! K+ µµ)

B(B+ ! K+ e e)

R(K⇤) =
B(B0 ! K⇤0 µµ)

B(B0 ! K⇤0 e e)

= 1± small corrections

Observables of choice:

Angular relations and  
kinematic dependence:

In SM
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Lepton Universality - LFU ratios results summary 18
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⇤b ! pK�`+`�

▸ See Carla Marin Benito’s talk Tue 2:40PM
arXiv:2110.09501

arXiv:2103.11769 

JHEP 05 (2020) 040

Phys. Rev. Lett. 125 (2020) 011802

R(K)

q2 = m2
ℓℓ

[arXiv:2103.11769] B+ → K+ℓℓ
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Time to get effective 

Nice Illustration 

from L. Grillo

ℋeff =
GF

2
VtbV*ts ∑

i

Ci𝒪i

Ci = CSM + CNP

ℋeff =
GF

2
Vcb ∑

i

Ci𝒪i

Ci = CSM + CNP

A word about weak effective theory 4

resembling 
β-decay

integrate 
out >Mw
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Heff =
GF
p
2
VtbV

⇤
tx

X

i

CiOi

<latexit sha1_base64="t2Bz2VSxf4XmHMVPB9LVfZyHIMo=">AAACCHicbVDLSgMxFM3UV62vUZcuDC1CQSgzItaNUOzGjVLRPqAdh0yatqGZB0lGKMMs3fgLfoIbF4q4defWnejHmE4raOuBkJNz7uXmHidgVEjD+NBSM7Nz8wvpxczS8srqmr6+URN+yDGpYp/5vOEgQRj1SFVSyUgj4AS5DiN1p18e+vVrwgX1vUs5CIjloq5HOxQjqSRb3y7bEY3hEUzuq+jiNIa7P4+zSmzrOaNgJIDTxByTXCmb//osvt1VbP291fZx6BJPYoaEaJpGIK0IcUkxI3GmFQoSINxHXdJU1EMuEVaULBLDHaW0Ycfn6ngSJurvjgi5QgxcR1W6SPbEpDcU//OaoewcWhH1glASD48GdUIGpQ+HqcA25QRLNlAEYU7VXyHuIY6wVNllVAjm5MrTpLZXMA8K++cqjWMwQhpsgSzIAxMUQQmcgAqoAgxuwD14BE/arfagPWsvo9KUNu7ZBH+gvX4DRI6cnQ==</latexit>

Ci = CSM
i + CNP

i

▸ Main SM-contributions:

▸ Vector (C9) and Axial 
Vector (C10) leptonic 
currents

▸ Dipole b → sγ* 
contribution in C7

SM: Vector - Axial 
Vector current

_ _

SM:  Vector (  ) and Axial-Vector (  ) leptonic

currents


Further contributions from  operator (  )

C9 C10

b → sγ* C7

Vector - Axial-Vector currentSM:  



  and friendsb → cτν̄ℓ

q

q

q

q

b

q

q
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Measurement Strategies

R =
b ! q ⌧ ⌫̄⌧
b ! q `⌫̄`

` = e, µ

1. Leptonic or 
Hadronic 𝝉 decays?
Some properties (e.g. 𝝉 polarization) readily 
accessible in hadronic decays.

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to 
separate from normalisation and backgrounds

Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated

Vqb

W
�

�

⌫̄

b

q

Vqb

W
�

�

⌫̄

b

q
u

u

* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)

i2

12 / 31

LHCb: Isolation criteria, displacement of 𝝉, kinematics

B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics

Signal

Normalization
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3. Semileptonic decays at B-Factories 

Nice Illustration 

from C. Bozzi

Measurement Strategies

‣ e+/e- collision produces Y(4S) → BB 

‣ Fully reconstruct one of the two B-
mesons (‘tag’) → possible to assign all 
particles to either signal or tag B 

‣ Missing four-momentum (neutrinos) 
can be reconstructed with high precision


✓ Small efficiency (~0.2-0.4%) 
compensated by large integrated 
luminosity 

pmiss = (pbeam � pBtag � pD(⇤) � p`)

Nice Illustration 

from C. Bozzi
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	

π

π
π

K

ν

l

B

ϒ(4S)
e+ e-

B̅

l

J/ψ

K

π

tag

ν
τD*

D0

signal
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4. Semileptonic decays at LHCb

Semileptonic decays	at	LHCb
• No	constraint	from	beam	energy	at	
an	hadron	machine

• However:	
• Large	Lorentz	boost	

(decay	lengths	~mm)

• Well	separated	decay	vertices
• Momentum	direction	of	decaying	
particle	is	well	known

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 16

p
PV

p

z

y

D0

B0

π − π −

π −
π +

π +

K +

τ +

ντ

ντ

Measurement Strategies

‣ No constraint from beam energy at a 
hadron machine, but.. 

‣ Large Lorentz boost with decay 
lengths in the range of mm


✓ Well-separated decay vertices 

✓ Momentum direction of 
decaying particle is well       
known 

‣ With known masses and other decay 
products can even reconstruct four-
momentum transfer squared q2 up 
to a two-fold ambiguity Nice Illustration 


from C. Bozzi

q2 =
�
pXb � pXq

�2
Even bit more complicated 

for leptonic tau decays



#

‣ Reconstruct one of the two B-mesons (‘tag’) in 
semileptonic modes → possible to assign 
all particles in detector to tag- & signal-side 

‣ Demand Matching topology + 
unassigned energy in the calorimeter 

 to discriminate background from signal
EECL

11

Latest  from BelleR(D(*))

Nice Illustration 

from C. Bozzi
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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6

backgrounds.
To improve the resolution of the D⇤-D mass di↵erence,

�M , for the D⇤+ ! D0⇡+ decay mode, the charged pion
track from theD⇤+ is refitted to theD0 decay vertex. We
require �M be within 2.5 MeV/c2 around the nominal
D⇤-D mass di↵erence for the D⇤+ ! D0⇡+ decay mode,
and within 2.0 MeV/c2 for the D⇤+ ! D+⇡0 and D⇤0 !
D0⇡0 decay modes. These windows correspond to ±3.2
and ±2.0 times the resolution, respectively. We require
a tighter mass window in the D⇤ modes containing low-
momentum (“slow”) ⇡0 to suppress a large background
arising from misreconstructed neutral pions.

In each event we require that there be two B candi-
dates of opposite in flavor. While it is possible for sig-
nal events to have the same flavor due to BB̄ mixing,
we do not allow such events as they lead to ambiguous
D⇤` pair assignment and hence to a larger combinatorial
background.

On the signal side, we require cos ✓B,D(⇤)` to be less

than 1.0 and theD(⇤) momentum in the ⌥(4S) rest frame
to be less than 2.0 GeV/c. Finally, we require that events
contain no extra charged tracks, K0

S candidates, or ⇡0

candidates, which are reconstructed with the same crite-
ria as those used for the D candidates.

When multiple Btag or Bsig candidates are found in
an event, we select the Btag candidate with the highest
tagging classifier output, and the Bsig candidate with the
highest p-value resulting from theD orD⇤ vertex fit. The
e�ciencies of the best candidate selection algorithm are
95%, 93%, 88%, and 86% for the D+`�, D0`�, D⇤+`�

and D⇤0`� samples, respectively.

IV. SIGNAL EXTRACTION

To distinguish signal and normalization events from
background processes, we use the sum of the energies
of neutral clusters detected in the ECL that are not as-
sociated with reconstructed particles, denoted as EECL.
To mitigate the e↵ects of photons related to beam back-
ground, for the EECL calculation we include only clusters
with energies greater than 50, 100, and 150 MeV, respec-
tively, from the barrel, forward, and backward calorime-
ter regions [18]. Signal and normalization events peak
near zero in EECL, while background events populate a
wider range as shown in Figure 1. We require that EECL

be less than 1.2 GeV.
To separate reconstructed signal and normalization

events, we employ a BDT based on the XGBoost pack-
age [28]. The input variables to the BDT are cos ✓B,D(⇤)`;
the approximate missing mass squared m2

miss = (Ebeam�
ED(⇤) � E`)2 � (pD(⇤) + p`)2; the visible energy Evis =P

i Ei, where (Ei,pi) is the four-momentum of particle
i. The BDT classifier is trained for each of the four
D(⇤)` samples using MC events of signal and normaliza-
tion modes. We do not apply any selection on the BDT
classifier output, denoted as class; instead we use it as

one of the fitting variables for the extraction of R(D(⇤)).

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ar
b.

 u
ni

ts

0

0.05

0.1

0.15

0.2
ν τ D(*) →B 

ν D(*) l →B 

Background

FIG. 1. EECL distributions for the signal, normalization, and
background taken from MC simulation. The distributions for
all decay modes are summed together and normalized to unity.

We extract the yields of signal and normalization
modes from a two-dimensional (2D) extended maximum-
likelihood fit to the variables class and EECL. The fit
is performed simultaneously to the four D(⇤)` samples.
The distribution of each sample is described as the sum
of several components: D(⇤)⌧⌫, D(⇤)`⌫, feed-down from
D⇤`(⌧)⌫ to D`(⌧)⌫, D⇤⇤`/⌧⌫, and other backgrounds.
The PDFs of these components are determined from MC
simulations. A large fraction of B ! D⇤`⌫ decays for
both B0 and B+ is reconstructed in theD` samples (feed-
down). We leave these two contributions free in the fit
and use their fitted yields to estimate the feed-down rate
ofB ! D⇤⌧⌫ decays. As the probability ofB ! D(`/⌧)⌫
decays contributing to the D⇤` samples is small, the rate
of this contribution is fixed to its expected value.
The free parameters in the final fit are the yields of

signal, normalization, B ! D⇤⇤`⌫` and feed-down from
D⇤` to D` components. The yield of fake D(⇤) events
is fixed to the value estimated from the �M sidebands.
The yields of other backgrounds are fixed to their MC
expected values. The ratios R(D(⇤)) are given by the
formula:

R(D(⇤)) =
1

2B(⌧� ! `�⌫̄`⌫⌧ )
· "norm

"sig
· Nsig

Nnorm
, (3)

where "sig(norm) andNsig(norm) are the detection e�ciency
and yields of signal (normalization) modes and B(⌧� !
`�⌫̄`⌫⌧ ) is the average of the world averages for ` = e and
` = µ.
To improve the accuracy of the MC simulation, we

apply a series of correction factors determined from con-
trol sample measurements. The lepton identification e�-
ciencies are separately corrected for electrons and muons
to account for di↵erences between data and simulations
in the detector responses. Correction factors for these
e�ciencies are evaluated as a functions of the lepton

Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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G. Caria et al (Belle), 

Phys. Rev. Lett. 124, 161803, April 2020

[arXiv:1904.08794]

Eextra = EECL = ∑
i

Eγ
i

Signal

Normalization



#

‣ Use kinematic properties to separate  signal from 
 normalization 


‣ Construct BDT with 3 variables: , , 

B → D(*)τν
B → D(*)ℓν

cos θB−D(*)ℓ Evis m2
miss = p2

miss

12

Separation of signal & normalization

5

FIG. 1. The cos θB-D∗! distributions for B̄0
→ D∗+τ−ν̄τ

(solid red circles) and B̄0
→ D∗+$−ν̄! (open black circles)

taken from MC simulation.

IV. SIGNAL, NORMALIZATION AND
BACKGROUND SEPARATION

To separate reconstructed signal and normalization
events, we employ a neural network using the NeuroBayes
software package [28]. The variables used as inputs to
the network are cos θsigB-D∗!, the missing mass squared
M2

miss = (2Ebeam −
∑

i Ei)2/c4 − |
∑

i "pi|2/c2, and the
visible energy Evis =

∑

i Ei, where (Ei, "pi) is the four-
momentum of particle i in the Υ(4S) rest frame. The
most powerful observable in separating signal and nor-
malization is cos θsigB-D∗!. The neural network is trained
using MC samples of signal and normalization events.
We will use the neural network classifier as one of the fit-
ting variables for the measurement ofR(D∗) without any
selection on the neural network classifier. Typically, for
a requirement the neural network classifier to be larger
than 0.8, 82% of the signal is kept while rejecting 97% of
the normalization events.

The dominant background contributions arise from
events with misreconstructed D(∗) mesons (denoted
fakes). The sub-dominant contributions arise from two
sources in which D∗ mesons from both Bsig and Btag

are correctly reconstructed. One source is B → D∗∗#ν!,
where the D∗∗ meson decays to D(∗) and other particles.
The other source is B → XcD∗ events, where one D∗

meson is correctly reconstructed and the other charmed
meson Xc decays semileptonically. If the hadrons in the
semileptonic Xc decay are not identified, such events can
mimic signal. Similarly, events in which Xc is a D+

s me-
son decaying into τ+ντ can also mimic signal.

To separate signal and normalization events from back-
ground processes, we place a criterion on the sum of the

energies of neutral clusters detected in the ECL that are
not associated with reconstructed particles, denoted as
EECL. To mitigate the effects of photons related to beam
background in the energy sum, we only include clusters
with energies greater than 50, 100, and 150 MeV, respec-
tively, from the barrel, forward, and backward calorime-
ter regions, defined in Ref. [17]. Signal and normalization
events peak near zero in EECL, while background events
can populate a wider range as shown in Figure 2. We
require EECL to be less than 1.2 GeV.

FIG. 2. The EECL distributions for the signal (solid red cir-
cles), the normalization (open black circles), and the back-
ground (open blue triangles) taken from MC simulation,
where the EECL is defined as the sum of the energies of neu-
tral clusters detected in the ECL that are not associated with
reconstructed particles.

V. MC CALIBRATION

To improve the accuracy of the MC simulation, we ap-
ply a series of calibration factors determined from con-
trol sample measurements. The lepton identification ef-
ficiencies are separately corrected for electrons and for
muons to account for differences between the detector
responses in data and MC. Correction factors for lep-
ton identification efficiencies are evaluated as a func-
tions of the momentum and direction of the lepton us-
ing e+e− → e+e−#+#− and J/ψ → #+#− decays. We
reweight events to account for differing D(∗) yields be-
tween data and MC.
The differing yields of correctly reconstructed D(∗)

mesons in data and MC affect the R(D∗) measure-
ment, as it biases the determination of the background
contribution. Calibration factors for events with both
correctly- and falsely-reconstructed D mesons are es-
timated for each D meson decay mode using a two-
dimensional fit to MD. For this calibration, we use sam-

Signal

Normalization

𝒪BDT

EECL

Signal

Normalization

Backgrounds

In case you are wondering how a cosine can be outside [-1,1]: it’s because the reconstruction 
uses measured energies and the definition assumes only a single missing neutrino
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‣ Use kinematic properties to separate  signal from 
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Separation of signal & normalization

𝒪BDT

EECL

Signal

Normalization
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FIG. 3. EECL fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) samples,
are shown for the full classifier region (left) and the signal region defined by the selection class > 0.9 (right).

Signal

Signal-enriched selection with cut on 𝒪BDT
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Separation of signal & normalization
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FIG. 3. EECL fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) samples,
are shown for the full classifier region (left) and the signal region defined by the selection class > 0.9 (right).
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Signal enriched selection with cut on 𝒪BDT
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momentum and direction using e+e� ! e+e�`+`� and
J/ ! `+`� decays.

We reweight events to account for di↵ering yields of
misreconstructed D(⇤) between data and MC simula-
tions. The calibration factor for the fake charm correc-
tion is provided by the ratio of 2D histograms of class vs.
EECL for the �M sideband of data and MC events. In
order to correct for the di↵erence in Btag reconstruction
e�ciencies between data and MC simulations, we build
PDFs of correctly reconstructed and misreconstructed
Btag candidates using MC samples, and perform a fit
to data. The ratios between the measured and expected
yields provide the Btag calibration factors. To validate
the fit procedure, we perform fits to multiple subsets of
the available MC samples. We do not find any bias with
the evaluation of the statistical uncertainties.

V. SYSTEMATIC UNCERTAINTIES

To estimate various systematic uncertainties contribut-
ing to R(D(⇤)), we vary each fixed parameter 500 times,
sampling from a Gaussian distribution built using the pa-
rameter’s value and uncertainty. Then we repeat the fit
and estimate the associated systematic uncertainty from
the standard deviation of the resulting distribution. The
systematic uncertainties are summarized in Table I.

In Table I the label “D⇤⇤ composition” refers to the
uncertainty introduced by the branching fractions of the
B ! D⇤⇤`⌫` channels and the decays of the D⇤⇤ mesons,
which are not well known and hence contribute signifi-
cantly to the total PDF uncertainty due to B ! D⇤⇤`⌫`
decays. The uncertainties on the branching fraction of
B ! D⇤⇤`⌫` are assumed to be ±6% for D1, ±10% for
D⇤

2 , ±83% for D0
1, and ±100% for D⇤

0 , while the uncer-
tainties on each of the D⇤⇤ decay branching fractions are
conservatively assumed to be ±100%.

The e�ciency factors for the fake D(⇤) and Btag recon-
struction are calibrated using collision data. The uncer-
tainties on these factors is a↵ected by the size of the sam-
ples used in the calibration. We vary the factors within
their errors and extract associated systematic uncertain-
ties.

The reconstruction e�ciency of feed-down events, to-
gether with the e�ciency ratio of signal to normalization
events, are varied within their uncertainties, which are
limited by the size of MC samples.

The e↵ect of the lepton e�ciency and fake rate, as
well as that due to the slow pion e�ciency, do not can-
cel out in the R(D(⇤)) ratios. This is due to the dif-
ferent momentum spectra of leptons and charm mesons
in the normalization and signal modes. The uncertain-
ties introduced by these factors are included in the total
systematic uncertainty.

A large systematic uncertainty arises from the limited
size of MC samples. To estimate it, we recalculate PDFs
for signal, normalization, fake D(⇤) events, B ! D⇤⇤`⌫`,
feed-down, and other backgrounds by generating toy MC

TABLE I. Systematic uncertainties contributing to the
R(D(⇤))results.

Source �R(D) (%) �R(D⇤) (%)
D⇤⇤ composition 0.76 1.41
Fake D(⇤) calibration 0.19 0.11
Btag calibration 0.07 0.05
Feed-down factors 1.69 0.44
E�ciency factors 1.93 4.12
Lepton e�ciency and fake rate 0.36 0.33
Slow pion e�ciency 0.08 0.08
MC statistics 4.39 2.25
B decay form factors 0.55 0.28
Luminosity 0.10 0.04
B(B ! D(⇤)`⌫) 0.05 0.02
B(D) 0.35 0.13
B(D⇤) 0.04 0.02
B(⌧� ! `�⌫̄`⌫⌧ ) 0.15 0.14
Total 5.21 4.94

samples from the nominal PDFs according to a Poisson
statistics, and then repeat the fit with the new PDFs.
We include minor systematic contributions from other

sources: one related to the parameters that are used for
reweighting the semileptonic B decays from the ISGW to
LLSW model; and the others from the integrated lumi-
nosity and the branching fractions of B ! D(⇤)`⌫, D,D⇤

and ⌧� ! `�⌫̄`⌫⌧ decays [26]. The total systematic un-
certainty is estimated by summing the aforementioned
contributions in quadrature.

VI. RESULTS

Our results are:

R(D) = 0.307± 0.037± 0.016 (4)

R(D⇤) = 0.283± 0.018± 0.014, (5)

where the first uncertainties are statistical, and the sec-
ond are systematic. The same ordering of uncertainties
holds for all following results. The statistical correlation
between the quoted R(D) and R(D⇤) values is �0.53,
while the systematic correlation is �0.52. The dataset
used in this measurement includes the one used for the
previous R(D⇤+) result from Belle [13], which is consis-
tent with this measurement. Being statistically corre-
lated, the earlier measurement should not be averaged
with this one, which combines R(D⇤+) and R(D⇤0). A
breakdown of electron and muon channels yields R(D) =
0.281± 0.042± 0.017, R(D⇤) = 0.304± 0.022± 0.016 for
the first case, andR(D) = 0.373±0.068±0.030, R(D⇤) =
0.245±0.035±0.020 for the second case. All fitted yields
are listed in Table II. The EECL and class projections
of the fit are shown in Figures 2, 3, 4, 5. The 2D com-
bination of the R(D) and R(D⇤) results of this analy-
sis, together with the most recent Belle results on R(D)
and R(D⇤) ([12, 14]) obtained using a hadronic tag, are

Most precise measurement to date
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• The	most	abundant	background	is	due	to	
(“prompt”)	Xb→D*-π+π-π+(+neutrals) 
where	the	3	pions come	from	the	Xb vertex	
(BR	~100	times	higher	than	signal).

• Suppressed	by	requiring	minimum	distance	
between	Xb and	τ vertices	(>4σDz).

• This	background	is	suppressed	by	3	orders	of	
magnitude,	while	signal	efficiency	is	35%

• Possible	due	to	the	excellent	LHCb vertex	
precision.
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LHCb Measurement of R(D*) arXiv:1711.02505

‣ Tau reconstructed via 𝝉→𝜋+𝜋+𝜋-(𝜋0)ν, only two neutrinos missing
Although a semileptonic decay is studied, nearly no background from B → D* X𝝁 ν

‣ Main background: prompt      
Xb → D*𝜋𝜋𝜋 + neutrals

‣ Suppressed by requiring 
minimum distance 
between Xb & 𝝉 vertices (> 4 σΔz)

BF ~ 100 times larger than signal,

all pions are promptly produced

σΔz : resolution of vertices separation

‣ Reduces this background 
by three orders of 
magnitude

R. Aaij et al (LHCb), 

Phys.Rev.Lett.120,171802 (2018) [arXiv:1708.08856]

Phys.Rev.D 97, 072013 (2018) [arXiv:1709.02505]
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‣ Tau reconstructed via 𝝉→𝜋+𝜋+𝜋-(𝜋0)ν, only two neutrinos missing
Although a semileptonic decay is studied, nearly no background from B → D* X𝝁 ν

‣ Main background: prompt      
Xb → D*𝜋𝜋𝜋

‣ Suppressed by requiring 
minimum distance 
between Xb & 𝝉

BF ~ 100 times larger than signal,

all pions are promptly produced

σΔz : resolution of vertices separation

‣ Reduces this background 
by three orders of 
magnitude
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Figure 1: Topology of the signal decay. A requirement on the distance between the 3⇡ and the
B0 vertices along the beam direction to be greater than four times its uncertainty is applied.

3.1.2 Background from other sources

Requirements additional to the detached vertex are needed to reject spurious background
sources with vertex topologies similar to the signal. The various background sources are
classified to distinguish candidates where the 3⇡ system originates from a common vertex
and those where one of the three pions originates from a di↵erent vertex.

The background category, where the 3⇡ system stems from a common vertex, is further
divided into two di↵erent classes depending on whether or not the D⇤� and 3⇡ system
originate from the same b hadron. In the first case, the 3⇡ system either comes from the
decay of a ⌧ lepton or a D0, D+, D+

s or ⇤+
c hadron. In this case, the candidate has the

correct signal-like vertex topology. Alternatively, it comes from a misreconstructed prompt
background candidate containing a B0, B+, B0

s or ⇤0
b hadron. The detailed composition
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Figure 2: Distribution of the distance between the B0 vertex and the 3⇡ vertex along the beam
direction, divided by its uncertainty, obtained using simulation. The vertical line shows the 4�
requirement used in the analysis to reject the prompt background component.

5

‣ Remaining double charm bkgs:
Xb → D*-Ds+X  
Xb → D*-D+X  
Xb → D*-Ds0+X 

~ 10 x Signal 
~ 1 x Signal  
~ 0.2 x Signal 

LHCb Measurement of R(D*)
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‣ Remaining backgrounds reduced via isolation & MVA

Isolation
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• Signal	candidates	are	required	to	be	well	isolated.

• Events	with	extra	charged	particles	pointing	to	the	
B	and/or	t	vertices		are	vetoed.

• Events	with	neutral	energy	(signal	in	the	
calorimeters)	are	suppressed	by	a	BDT
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• Signal	candidates	are	required	to	be	well	isolated.

• Events	with	extra	charged	particles	pointing	to	the	
B	and/or	t	vertices		are	vetoed.

• Events	with	neutral	energy	(signal	in	the	
calorimeters)	are	suppressed	by	a	BDT
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More information about that in backup
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Figure 17: Distributions of (left) t⌧ and (right) q2 in four di↵erent BDT bins, with increasing
values of the BDT response from top to bottom. The fit components are described in the legend.

is used to describe the background. The result of the fit is shown in Fig. 19. The yield
obtained is 17 808± 143.

The fit is also performed with alternative configurations, namely with a di↵erent fit
range or requiring the common mean value of the signal functions to be the same in the 7
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B → D*-Ds+(X)

R(D*) = 0.286 ± 0.019 (stat) ± 0.025 (syst)  
                       ± 0.021 (norm)

4 Bins 8 Bins 8 Bins

‣ Components: 
1 Signal component for 𝝉→𝜋+𝜋+𝜋-(𝜋0)ν

11 Background components

‣ ~ 1296 ± 86 Signal events 

‣ Using normalisation mode 
and light lepton BFs:

‣ Extraction in 3D fit to                           
MVA : q2 : 𝝉 decay time 

Invariant masses of 3𝜋 system

Invariant mass of D*3𝜋 system

Neutral isolation variables

q2 reconstructed with 
some tricks (more in 
backup)

More information about normalization in backup
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▸ Precise SM predictions
▸ Measurement uses hadronic decays of taus

▸ Flight distance of tau suppresses “prompt” background
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▸ Precise SM predictions
▸ Measurement uses hadronic decays of taus

▸ Flight distance of tau suppresses “prompt” background
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▸ Precise SM predictions
▸ Measurement uses hadronic decays of taus

▸ Flight distance of tau suppresses “prompt” background
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▸ Precise SM predictions
▸ Measurement uses hadronic decays of taus

▸ Flight distance of tau suppresses “prompt” background
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▸ Precise SM predictions
▸ Measurement uses hadronic decays of taus

▸ Flight distance of tau suppresses “prompt” background
<latexit sha1_base64="mBja3nqp7DPuyMu0qUU6yPLMY2U=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0jaaNtb0YvHCvYD2lA22027dLMJuxuhlP4FLx4U8eof8ua/cdNWUNEHA4/3ZpiZFyScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTTK4zv3NPpWKxuNPThPoRHgkWMoJ1JlX6CRsUS47tVWplz0GGXHhevbokbt1Fru0sUIIVmoPie38YkzSiQhOOleq5TqL9GZaaEU7nhX6qaILJBI9oz1CBI6r82eLWOTozyhCFsTQlNFqo3ydmOFJqGgWmM8J6rH57mfiX10t1WPNnTCSppoIsF4UpRzpG2eNoyCQlmk8NwUQycysiYywx0Saeggnh61P0P2mXbffS9m69UuNqFUceTuAUzsGFKjTgBprQAgJjeIAneLYi69F6sV6XrTlrNXMMP2C9fQI2UI5h</latexit>

3⇡
<latexit sha1_base64="cRplzjuPAfT2tBUaDvTPS5OQ7Oc="></latexit>

⇤0
b ! ⇤+

c D
�
s (X)

▸ Resonant         structure to 
describe

LHCb-PAPER-2021-044

dd
b c

p
K

π

π
π

π

<latexit sha1_base64="193M75sZjb6vB0dvWRfEPTKUXzE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac2oWy223bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFKj75Ke5mPNJ32yhW36s5BVomXkwrkaPTKX34/ZmnEFTJJjel6boJBRjUKJvm05KeGJ5SN6ZB3LVU04ibI5hdPyZlV+mQQa1sKyVz9PZHRyJhJFNrOiOLILHsz8T+vm+LgOsiESlLkii0WDVJJMCaz90lfaM5QTiyhTAt7K2EjqilDG1LJhuAtv7xKWhdV77Jau69V6jd5HEU4gVM4Bw+uoA530IAmMFDwDK/w5hjnxXl3PhatBSefOYY/cD5/AP1vkSM=</latexit>⌫⌧

<latexit sha1_base64="L0RVLGZHzUqiSWumBY4SmhgwItY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMeiF48V7Ac0IUy2m3bpZhN2N4US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH4KinAna0Uxz2k8lhTjktBdO7ud+b0qlYol40rOU+jGMBIsYAW2kwLa9EGTuiSzIPQ1ZUQR23Wk4C+B14pakjkq0A/vLGyYki6nQhINSA9dJtZ+D1IxwWtS8TNEUyARGdGCogJgqP19cXuALowxxlEhTQuOF+nsih1ipWRyazhj0WK16c/E/b5Dp6NbPmUgzTQVZLooyjnWC5zHgIZOUaD4zBIhk5lZMxiCBaBNWzYTgrr68TrpXDfe60Xxs1lt3ZRxVdIbO0SVy0Q1qoQfURh1E0BQ9o1f0ZuXWi/VufSxbK1Y5c4r+wPr8AUmtlBk=</latexit>

⌫̄⌧

▸ Hot off the press! Guy Wormser’s talk, Tue 2PM

5σ

Target ratio: 



0 0.5 1.0 1.5 2.0
 [ps]τt

200
400
600
800

1000
1200
1400
1600

C
an

di
da

te
s /

 (0
.3

3 
ps

)  LHCb

 -1  3 fb

0 0.2 0.4 0.6 0.8 1
BDT output

500

1000

1500

2000

2500

C
an

di
da

te
s /

 (0
.1

7)
  Data

Total model

τν
−τ+cΛ→0bΛ

(X)−
sD+cΛ→0bΛ

(X)−D+cΛ→0bΛ

(X)0D+cΛ→0bΛ

Combinatorial

LHCb

 -1  3 fb

33
<latexit sha1_base64="gBmOOUPigmKfV50jhccM50u/TXg=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQEYaZ2mnrrujGhYsq9gHtWDJppg3NPEgyYhnmV9y4UMStP+LOvzF9CCp6IHA451zuzXEjRoU0zQ8ts7S8srqWXc9tbG5t7+i7+ZYIY45JE4cs5B0XCcJoQJqSSkY6ESfIdxlpu+Pzqd++I1zQMLiRk4g4PhoG1KMYSSX19fx1sXep4gPUT3B6mxynR329YBol07btCjQNu3qquCK1knlSrUHLMGcogAUaff29Nwhx7JNAYoaE6FpmJJ0EcUkxI2muFwsSITxGQ9JVNEA+EU4yuz2Fh0oZQC/k6gUSztTvEwnyhZj4rkr6SI7Eb28q/uV1Y+nVnIQGUSxJgOeLvJhBGcJpEXBAOcGSTRRBmFN1K8QjxBGWqq6cKuHrp/B/0ioZVsUoX5UL9bNFHVmwDw5AEVigCurgAjRAE2BwDx7AE3jWUu1Re9Fe59GMtpjZAz+gvX0CmrqUMg==</latexit>

R(⇤+
c ) New!

0 5 10
]4c/2 [GeV2q

200

400

600

800

1000

1200

1400)4 c/2
C

an
di

da
te

s /
 (1

.8
3 

G
eV

LHCb
 -1  3 fb

0 5 10
]4c/2 [GeV2q

50

100

150

200

250

300

350

)4 c/2
C

an
di

da
te

s /
 (1

.8
3 

G
eV

Data

Total model

τν
−τ+cΛ→0bΛ

(X)−
sD+cΛ→0bΛ

(X)−D+cΛ→0bΛ

(X)0D+cΛ→0bΛ

Combinatorial

LHCb
 -1  3 fb

▸ Fit to tau decay time, Anti-Ds BDT output and q2
▸ Run 1 dataset, 3/fb

<latexit sha1_base64="30uyy9sqUtneFTr7lBXuS4GoDYQ=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaRG2+6KunBZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/j9CGo6IELh3Pu5d57goQzpR3nw1paXlldW89t5De3tnd2C3v7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fo8up37qnUrFY3OlxQv0IDwQLGcHaSLdXPdUrFB3bO62UPAcZcuZ51fKcuFUXubYzQxEWqPcK791+TNKICk04VqrjOon2Myw1I5xO8t1U0QSTER7QjqECR1T52ezUCTo2Sh+FsTQlNJqp3ycyHCk1jgLTGWE9VL+9qfiX10l1WPEzJpJUU0Hmi8KUIx2j6d+ozyQlmo8NwUQycysiQywx0SadvAnh61P0P2mWbPfc9m68Yu1iEUcODuEITsCFMtTgGurQAAIDeIAneLa49Wi9WK/z1iVrMXMAP2C9fQKUN44F</latexit>

Ds

<latexit sha1_base64="7yn9WIcPOvCryRsH9I0FIbZnOAM="></latexit>

N(⇤0
b ! ⇤+

c ⌧
�⌫̄⌧ ) = 349± 40

<latexit sha1_base64="JSihg2W2+cM7UJw/ndiiqdHNFHQ="></latexit>

N(⇤0
b ! ⇤+

c D
�
s (X)) = 2757± 80

LHCb-PAPER-2021-044

‣ Extraction in 3D fit to                           
MVA : q2 : 𝝉 decay time 

Kinematic and angular information of 3𝜋 
system, neutral energy in cone around 
3𝜋 direction
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
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l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D
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is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
B ! D

⇤⇤
l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

Note that there is a diff
(39.3%) versus 1D measurements (68.3%)
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Figure 26 Left: R(D(⇤)) world averages with di↵erent assumptions for the unknown correlation ⇢D⇤⇤ : The average with
⇢D⇤⇤ = 0 (light blue) is based on similar assumptions as (Amhis et al., 2019) and shows a compatibility with the SM expectation
of 3.2 standard deviations taking into account the small uncertainties of the theoretical predictions; ⇢D⇤⇤ = ±1 (light red or
orange) agrees with the SM expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile
the unknown correlation and obtain ⇢̂D⇤⇤ = �0.88 (heather gray) with a compatibility with the SM of 3.6 standard deviations.
Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).

The most important ones stem from the modeling of the
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l⌫ processes, which comprise a significant back-

ground source in all measurements to date. The manner
in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
nation of (Lees et al., 2012, 2013)) and the Belle mea-
surement of R(D⇤) (in the combined R(D(⇤)) analysis of
(Huschle et al., 2015)). In the individual measurements,
the systematic uncertainty associated with B ! D

⇤⇤
`⌫̄`

is 45% and �15% correlated between R(D) and R(D⇤),
respectively. From this information alone it is impossible
to derive the correct correlation structure between R(D)
and R(D⇤) across measurements.

We further investigate the dependence of the world av-
erage on the B ! D

⇤⇤
`⌫̄` correlation structure across

R(D) and R(D⇤) measurements by parametrizing them
with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
average very similar to HFLAV (Amhis et al., 2019). The
numerical values, normalized to the arithmetic average of
the SM predictions (cf. Tab. I in Sec. II.D.1), are

R(D)/R(D)SM = 1.12 ± 0.10 , (72)

R(D⇤)/R(D⇤)SM = 1.15 ± 0.06 , (73)

with an overall correlation of ⇢ = �0.33. In addition to
the B ! D

⇤⇤
`⌫̄` uncertainties, the uncertainties in the

leptonic ⌧ branching fractions and the B ! D
(⇤)

l⌫ FFs
are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem
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Right: Our world average of R(D) and R(D⇤) (black curves), compared to the various measurements of R(D(⇤)). The unknown
correlation ⇢D⇤⇤ is treated as a free, but constrained, parameter of the average (see main text for more details).
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in which the uncertainties of these background contribu-
tions are estimated varies considerably. As discussed in
Sec. V.C.1, the normalization or shape uncertainties from
the hadronic form factors are, in some measurements, val-
idated or constrained by control regions. Thus, a simple
correlation model will not be able to properly quantify
such correlations.

One particularly important point here is the treatment
of the correlations of these systematics between R(D⇤)
and R(D) measurements. In individual measurements
that measure both quantities simultaneously, this treat-
ment is straightforward. However, it becomes unclear
how to relate systematic uncertainties between e.g. R(D)
and R(D⇤) in two separate measurements. To provide a
concrete example, consider the BABAR measurement of
R(D) (in the context of the combined R(D(⇤)) determi-
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(Huschle et al., 2015)). In the individual measurements,
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respectively. From this information alone it is impossible
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with a single factor ⇢D⇤⇤ . In Fig. 26 (left) we show the
world average assuming such correlation e↵ects are neg-
ligible (labeled as ⇢D⇤⇤ = 0) and we reproduce a world
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R(D)/R(D)SM = 1.12 ± 0.10 , (72)
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with an overall correlation of ⇢ = �0.33. In addition to
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leptonic ⌧ branching fractions and the B ! D
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are fully correlated across measurements. The compat-
ibility with the SM expectation is within 3.2 standard
deviations (close to the value quoted by (Amhis et al.,
2019) of 3.1�). Figure 26 (left) also shows the impact
of setting this unknown correlation to either ⇢D⇤⇤ = 1
or ⇢D⇤⇤ = �1, resulting in compatibilities with the SM
predictions of 2.9 or 3.7 standard deviations, respectively.

A possible way to deal with an unknown parame-
ter such as ⇢D⇤⇤ in this type of problem is outlined
in (Cowan, 2019). Instead of neglecting the value, we
can incorporate it as a free parameter of the problem

See also: https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

ℛ(D*)SM = 0.258 ± 0.005
ℛ(D)SM = 0.299 ± 0.003

More Recent SM Calculations:


BaBar B->D* 

https://arxiv.org/abs/1903.10002

- R(D*)=0.253+-0.005


Gambino, Jung, Schacht  using Belle 2019 data

https://arxiv.org/abs/1905.08209

- R(D*)=0.254 +0.007 -0.006


Bordone, Jung, van Dyk using Belle 2019 data

https://arxiv.org/abs/1908.09398

- RD=297+-0.003, RD*=0.250+-0.003


HFLAV arithmetic average

of SM Calculations


FB, M. Sevilla, D. Robinson, G. Wormser

[Rev. Mod. Phys. 94, 015003,arXiv:2101.08326]
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▸ See Guy Wormser’s talk, Tue 2PM

<latexit sha1_base64="s/ibkGh38GpM+GoxwqpgdYSjipI="></latexit>

R(⇤+
c ) = 0.242± 0.026(stat)± 0.040(syst)± 0.059(ext)

*)D(R
0.1 0.2 0.3 0.4

BaBar hadronic tag
PRL 109 (2012) 101802

 0.018± 0.024 ±0.332 

Belle hadronic tag
PRD 92 (2015) 072014

 0.015± 0.038 ±0.293 

Belle SL tag
PRL 124 (2020) 161803

 0.014± 0.018 ±0.283 

Belle 1-prong
PRL 118 (2017) 211801

 0.027± 0.035 ±0.270 

LHCb muonic
PRL 115 (2015) 111803

 0.030± 0.027 ±0.336 

LHCb 3-prong
PRL 120 (2018) 171802

 0.029± 0.019 ±0.283 

LHCb average
 0.022± 0.016 ±0.305 

SM prediction by HFLAV
with inputs from
PRD 95 (2017) 115008
JHEP 12 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 74

 0.005±0.254 

)ψJ/(R
-0.5 0 0.5 1

)ψLHCb R(J/
PRL 120 (2018) 121801

 0.18± 0.17 ±0.71 

SM prediction
PRL 125 (2020) 222003

 0.0038±0.2582 

)c+Λ(R
0.2 0.3 0.4 0.5

)c
+ΛLHCb R(

LHCb-PAPER-2021-044
 0.059± 0.040 ± 0.026 ±0.242 

SM prediction
PRD 99 (2019) 055008
with input from
PRD 92 (2015) 034503

 0.004±0.324 

<latexit sha1_base64="gBmOOUPigmKfV50jhccM50u/TXg=">AAAB+3icdVDLSgMxFM3UV62vsS7dBItQEYaZ2mnrrujGhYsq9gHtWDJppg3NPEgyYhnmV9y4UMStP+LOvzF9CCp6IHA451zuzXEjRoU0zQ8ts7S8srqWXc9tbG5t7+i7+ZYIY45JE4cs5B0XCcJoQJqSSkY6ESfIdxlpu+Pzqd++I1zQMLiRk4g4PhoG1KMYSSX19fx1sXep4gPUT3B6mxynR329YBol07btCjQNu3qquCK1knlSrUHLMGcogAUaff29Nwhx7JNAYoaE6FpmJJ0EcUkxI2muFwsSITxGQ9JVNEA+EU4yuz2Fh0oZQC/k6gUSztTvEwnyhZj4rkr6SI7Eb28q/uV1Y+nVnIQGUSxJgOeLvJhBGcJpEXBAOcGSTRRBmFN1K8QjxBGWqq6cKuHrp/B/0ioZVsUoX5UL9bNFHVmwDw5AEVigCurgAjRAE2BwDx7AE3jWUu1Re9Fe59GMtpjZAz+gvX0CmrqUMg==</latexit>

R(⇤+
c ) New!LHCb-PAPER-2021-044

▸ External input
<latexit sha1_base64="51FUeXNA5tRP7cPHTeDesO6HFdQ="></latexit>

B(⇤0
b ! ⇤+

c 3⇡) = (6.14± 0.94)⇥ 10�3

<latexit sha1_base64="b39gMQY2zCpnhvRdE8qXCZ2jNkk="></latexit>

B(⇤0
b ! ⇤+

c ⌧
�⌫̄⌧ ) = (1.50± 0.16± 0.25± 0.23)%

First observation! 6.1σ

▸ External input 
<latexit sha1_base64="QWB2JyqRPYz9ZEb3hGNpCQ6aw+E="></latexit>

B(⇤0
b ! ⇤+

c µ
�⌫̄⌫) = (6.2± 1.40)%

34

<latexit sha1_base64="JHrcsNCzyF42Fi4mnyKot5/ymGA="></latexit>

R(⇤+
c )SM = 0.340± 0.004

F. U. Bernlochner, et. al. Phys. Rev. D99 (2019) 055008

Compatible with SM (~1σ)

▸ Additional measurements and additional 
observables even more important!

▸ See Guy Wormser’s talk, Tue 2PM

<latexit sha1_base64="s/ibkGh38GpM+GoxwqpgdYSjipI="></latexit>

R(⇤+
c ) = 0.242± 0.026(stat)± 0.040(syst)± 0.059(ext)

~1 σ

~1.8 σ

https://arxiv.org/abs/1903.10002
https://arxiv.org/abs/1905.08209
https://arxiv.org/abs/1908.09398


  and friendsb → sℓℓ
q

q

q

q

b

q

q



# 23

Lepton Universality Tests

5.0 5.2 5.4 5.6 5.8 6.0
]2c [GeV/)−µ+µ+m(K

0

5

10

15

20

25]4 c/2
 [G

eV
2 q

1

10

210

310

410

510
LHCb

Lepton Universality (part 1 - rare decays) 13

<latexit sha1_base64="2CVRpDfHs3kyxD+I5UfgqeKm63E=">AAAB7nicdVDLSsNAFL2pr1pfVZduBosgCCEpqWZZdOOygn1AG8tkOmmHTiZhZiKU0I9w40IRt36PO//G6UNQ0QMXDufcy733hClnSjvOh1VYWV1b3yhulra2d3b3yvsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2H46uZ376nUrFE3OpJSoMYDwWLGMHaSO1enN3lZ9N+ueLYbtX1q1Xk2J7veTXfENcxSg25tjNHBZZo9MvvvUFCspgKTThWqus6qQ5yLDUjnE5LvUzRFJMxHtKuoQLHVAX5/NwpOjHKAEWJNCU0mqvfJ3IcKzWJQ9MZYz1Sv72Z+JfXzXTkBzkTaaapIItFUcaRTtDsdzRgkhLNJ4ZgIpm5FZERlphok1DJhPD1KfqftKq2e257N16lfrmMowhHcAyn4MIF1OEaGtAEAmN4gCd4tlLr0XqxXhetBWs5cwg/YL19AqI8j8o=</latexit>

µ+
<latexit sha1_base64="M/jWGeOkrhMbNiwib88v1A7Z5PY=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgxpCUVLMsunFZwT6gjWUynbRDJ5MwMxFK6Ee4caGIW7/HnX/j9CGo6IELh3Pu5d57wpQzpR3nwyqsrK6tbxQ3S1vbO7t75f2DlkoySWiTJDyRnRArypmgTc00p51UUhyHnLbD8dXMb99TqVgibvUkpUGMh4JFjGBtpHYvzu7ys2m/XHFst+r61SpybM/3vJpviOsYpYZc25mjAks0+uX33iAhWUyFJhwr1XWdVAc5lpoRTqelXqZoiskYD2nXUIFjqoJ8fu4UnRhlgKJEmhIazdXvEzmOlZrEoemMsR6p395M/MvrZjryg5yJNNNUkMWiKONIJ2j2OxowSYnmE0MwkczcisgIS0y0SahkQvj6FP1PWlXbPbe9G69Sv1zGUYQjOIZTcOEC6nANDWgCgTE8wBM8W6n1aL1Yr4vWgrWcOYQfsN4+AaVGj8w=</latexit>

µ�

<latexit sha1_base64="x116OiIH7U95Xm/3WO2rnYUsyAs=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoMgCGEjQT0GvXiM4CaBZA2zk95kyOzsMjMrhCXf4MWDIl79IG/+jZMHookFDUVVN91dQSK4Nq775eRWVtfWN/Kbha3tnd294v5BQ8epYuixWMSqFVCNgkv0DDcCW4lCGgUCm8HwZuI3H1FpHst7M0rQj2hf8pAzaqzk4UN2Nu4WS27ZnYL8kMoiKcEc9W7xs9OLWRqhNExQrdsVNzF+RpXhTOC40Ek1JpQNaR/blkoaofaz6bFjcmKVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk145WdcJqlByWaLwlQQE5PJ56THFTIjRpZQpri9lbABVZQZm0/BhrD08jJpnJcrF+XqXbVUu57HkYcjOIZTqMAl1OAW6uABAw5P8AKvjnSenTfnfdaac+Yzh/AHzsc3rOWOnA==</latexit>

e+
<latexit sha1_base64="p7aZOot0NYjf3SfyeEcbnQUJJ74=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgxbCRoB6DXjxGcJNAsobZSW8yZHZ2mZkVwpJv8OJBEa9+kDf/xskD0cSChqKqm+6uIBFcG9f9cnIrq2vrG/nNwtb2zu5ecf+goeNUMfRYLGLVCqhGwSV6hhuBrUQhjQKBzWB4M/Gbj6g0j+W9GSXoR7QvecgZNVby8CE7G3eLJbfsTkF+SGWRlGCOerf42enFLI1QGiao1u2Kmxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NgxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadgQ1h6eZk0zsuVi3L1rlqqXc/jyMMRHMMpVOASanALdfCAAYcneIFXRzrPzpvzPmvNOfOZQ/gD5+Mbr++Ong==</latexit>

e�

=
?▸ Lepton Universal transitions in the SM

<latexit sha1_base64="oSdQo/4Zil4u2idHTGQPp1Ki1dA="></latexit>

RH =

R
q
2
max

q
2
min

dB(B!Hµ
+
µ
�)

dq2
dq2

R
q2max

q
2
min

dB(B!He+e�)
dq2

dq2
' 1

▸ Very precise SM predictions

▸ QCD uncertainty cancels to 10- 4

▸ Up to ~1% QED corrections

▸ Main experimental challenge: 
different detector response for 
different leptons

 [Bordone et al., EPJC 76 (2016) 8:440]

▸ LHCb: fewer electrons than 
muons (lower trigger rate) and 
with worse resolution 
(Bremsstrahlung)
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▸ Very precise SM predictions

▸ QCD uncertainty cancels to 10- 4

▸ Up to ~1% QED corrections

▸ Main experimental challenge: 
different detector response for 
different leptons

 [Bordone et al., EPJC 76 (2016) 8:440]

▸ LHCb: fewer electrons than 
muons (lower trigger rate) and 
with worse resolution 
(Bremsstrahlung)
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R(K) =
B(B+ ! K+ µµ)

B(B+ ! K+ e e)

R(K⇤) =
B(B0 ! K⇤0 µµ)

B(B0 ! K⇤0 e e)

= 1± small corrections

Observables of choice:

In SM

Lepton Universal transitions in the SM

Very precise SM predictions

QCD uncertainties cancel, uncertainties 


But  QED correction

∼ 10−4

∼ 1 %
[Bordone et al., EPJC 76 (2016) 8:440]

LHCb Challenge: Identifying electrons

Results in less electrons (lower trigger rate) with

worse resolution (Bremsstrahlung)

m
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=
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R(K) =
B(B+ ! K+ µµ)

B(B+ ! K+ e e)

R(K⇤) =
B(B0 ! K⇤0 µµ)

B(B0 ! K⇤0 e e)

= 1± small corrections

Observables of choice:

In SM

Lepton Universal transitions in the SM

Very precise SM predictions

QCD uncertainties cancel, uncertainties 


But  QED correction

∼ 10−4

∼ 1 %
[Bordone et al., EPJC 76 (2016) 8:440]

Belle (II) Challenge: Very rare decay

Lepton Universality (part 1 - rare decays) 14
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nificant di↵erences are found. In order to estimate the
resulting uncertainty, the ratio of B ! J/ K⇤ branch-
ing fractions between data and MC is obtained in bins of
the classifier output. The obtained ratio is propagated
as classifier output-dependent weights to candidates in
all fits to Mbc distributions, and changes in the result-
ing signal yields are taken as systematic uncertainties.
The statistical uncertainty of this reweighting procedure
is evaluated in simulations on signal MC samples, and
this adds 1-2% additional uncertainty. Further uncer-
tainties arise from limited MC statistics. E↵ects due to
migration of events between di↵erent q2 bins are studied
using MC events and found to be negligible. In the case
of results for the full region of q2 > 0.045 GeV2/c4, the
di↵erent veto regions for the electron and muon channels
need to be accounted for in the determination of recon-
struction e�ciency. This introduces model dependence
to our signal simulation, which uses form factors from
Ref. [23]. We estimate the systematic uncertainty due to
this model dependence using di↵erent signal MC samples
generated with form factors from QCD sum rules [24] and
quark models [25]. The maximum di↵erence in selection
e�ciency with respect to the nominal model, in each q2

region, is taken as our estimate for the size of this ef-
fect. This results on average in a di↵erence of 0.4± 2.4%
with a maximum of 6.5%, depending on the mode and q2

region. As discussed in the beginning, this uncertainty
only applies to the branching fractions not to the LFU
ratios. The systematic uncertainty for hadron identifica-
tion andK⇤ selection is covered in the uncertainty for the
top-level classifiers due to the multivariate selection ap-
proach. For the branching fraction measurements addi-
tional uncertainties from tracking (0.35% per track) and
the total number of BB̄ events in data are taken into ac-
count. The dominant uncertainty originates from lepton
identification, ranging between 5% and 10% depending
on the mode and q2 region, as also here a more conser-
vative estimation of uncertainty is performed to account
for residual correlations with the top-level classifiers.

In the range q2 > 0.045 GeV2/c4 we find 103.0+13.4
�12.7

(139.9+16.0
�15.4) events in the electron (muon) channels. Ex-

ample fits are presented in Fig. 1. Using the fitted signal
yields we construct the LFU ratio RK⇤ for all signal chan-
nels combined, as well as separate ratios for the B0 and
B+ decays, RK⇤0 and RK⇤+ . Our measurement of RK⇤+

is the first ever performed. Results are shown in Table II
and Fig. 2. The branching fractions are calculated as-
suming equal production of B+ and B0 mesons and the
results are presented in Table III.

In summary, all our results are consistent with the SM
expectations [26, 27]. Global analyses of measurements
of b ! s`+`� mediated decays prefer NP models that
predict RK⇤ values smaller than unity [27]. The largest
deviation along this direction is observed in the lowest q2

bin, in the same region where LHCb reports a measure-
ment deviating from the SM [4]. Our separate results
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FIG. 1. Results of the combined B+
and B0

signal yield

fit to the Mbc distributions for the electron (top) and muon

(bottom) modes for q2 > 0.045 GeV
2/c4. Combinatorial

(dashed blue), signal (red filled), charmonium (dashed green),

peaking (purple dotted), and total (solid) fit distributions are

superimposed on data (points with error bars).

for the B-meson isospin partners, RK⇤+ and RK⇤0 , are
statistically compatible, which would also be expected if
contributions from NP arise from the b ! s`+`� tran-
sition. The Belle II experiment [28, 29] is expected to
record a 50 times larger data sample than Belle, pro-
viding ideal conditions to precisely study lepton flavour
universality in these modes.

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-
ficient operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Laboratory
(EMSL) computing group for strong computing support;
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and Fig. 2. The branching fractions are calculated as-
suming equal production of B+ and B0 mesons and the
results are presented in Table III.

In summary, all our results are consistent with the SM
expectations [26, 27]. Global analyses of measurements
of b ! s`+`� mediated decays prefer NP models that
predict RK⇤ values smaller than unity [27]. The largest
deviation along this direction is observed in the lowest q2
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FIG. 1. Results of the combined B+
and B0

signal yield

fit to the Mbc distributions for the electron (top) and muon

(bottom) modes for q2 > 0.045 GeV
2/c4. Combinatorial

(dashed blue), signal (red filled), charmonium (dashed green),

peaking (purple dotted), and total (solid) fit distributions are

superimposed on data (points with error bars).

for the B-meson isospin partners, RK⇤+ and RK⇤0 , are
statistically compatible, which would also be expected if
contributions from NP arise from the b ! s`+`� tran-
sition. The Belle II experiment [28, 29] is expected to
record a 50 times larger data sample than Belle, pro-
viding ideal conditions to precisely study lepton flavour
universality in these modes.

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-
ficient operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Laboratory
(EMSL) computing group for strong computing support;

Nμ = 140 ± 16 Ne = 103 ± 13Full Belle data set (0.71/ab)

B+ → K*+(K+π0, K0
Sπ+) ℓℓ

B0 → K*0(K+π−, K0
Sπ0) ℓℓ

Fit to beam-constrained mass, 

energy difference used in 

multivariate bkg suppression

Mbc = E2
beam − |pB |2 ∼ mB

ΔE = EB − Ebeam ∼ 0

Multivariate background suppression
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TABLE I. Systematic uncertainties in RK⇤ for di↵erent q2 regions.

q2, GeV2/c4 Signal shape Peaking backgrounds Charmonium backgrounds e, µ e�ciency Classifier MC size Total

All modes

[0.045, 1.1] 0.025 0.026 0.001 0.027 0.030 0.006 0.054

[1.1, 6] 0.033 0.070 0.013 0.065 0.038 0.008 0.109

[0.1, 8] 0.002 0.054 0.051 0.058 0.024 0.005 0.098

[15, 19] 0.014 0.003 0.003 0.090 0.047 0.012 0.103

[0.045, ] 0.008 0.031 0.023 0.061 0.026 0.004 0.077

B0 modes

[0.045, 1.1] 0.005 0.049 0.001 0.024 0.112 0.007 0.125

[1.1, 6] 0.062 0.070 0.012 0.082 0.062 0.010 0.140

[0.1, 8] 0.019 0.033 0.018 0.058 0.049 0.006 0.087

[15, 19] 0.012 0.007 0.001 0.091 0.032 0.013 0.099

[0.045, ] 0.018 0.031 0.021 0.073 0.033 0.006 0.090

B+ modes

[0.045, 1.1] 0.060 0.006 0.000 0.033 0.060 0.013 0.092

[1.1, 6] 0.060 0.086 0.009 0.045 0.092 0.010 0.147

[0.1, 8] 0.040 0.048 0.107 0.060 0.023 0.010 0.140

[15, 19] 0.041 0.008 0.002 0.089 0.052 0.028 0.115

[0.045, ] 0.018 0.025 0.023 0.044 0.015 0.005 0.061

(a) (b)

(c)

FIG. 2. Results for RK⇤ compared to SM predictions from Refs. [26, 27]. The separate vertical error bars indicate the statistical

and total uncertainty.

Targets low and high  q2

B+ → K+ ℓℓ

B0 → K0
S ℓℓ

Belle also measured 
LFU ratios of

R(
K

*)

q2 = m2
ℓℓ

Consistent with SM expectation, 
statistically limited

(also consistent 
with SM)

[arXiv:1908.01848]
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nificant di↵erences are found. In order to estimate the
resulting uncertainty, the ratio of B ! J/ K⇤ branch-
ing fractions between data and MC is obtained in bins of
the classifier output. The obtained ratio is propagated
as classifier output-dependent weights to candidates in
all fits to Mbc distributions, and changes in the result-
ing signal yields are taken as systematic uncertainties.
The statistical uncertainty of this reweighting procedure
is evaluated in simulations on signal MC samples, and
this adds 1-2% additional uncertainty. Further uncer-
tainties arise from limited MC statistics. E↵ects due to
migration of events between di↵erent q2 bins are studied
using MC events and found to be negligible. In the case
of results for the full region of q2 > 0.045 GeV2/c4, the
di↵erent veto regions for the electron and muon channels
need to be accounted for in the determination of recon-
struction e�ciency. This introduces model dependence
to our signal simulation, which uses form factors from
Ref. [23]. We estimate the systematic uncertainty due to
this model dependence using di↵erent signal MC samples
generated with form factors from QCD sum rules [24] and
quark models [25]. The maximum di↵erence in selection
e�ciency with respect to the nominal model, in each q2

region, is taken as our estimate for the size of this ef-
fect. This results on average in a di↵erence of 0.4± 2.4%
with a maximum of 6.5%, depending on the mode and q2

region. As discussed in the beginning, this uncertainty
only applies to the branching fractions not to the LFU
ratios. The systematic uncertainty for hadron identifica-
tion andK⇤ selection is covered in the uncertainty for the
top-level classifiers due to the multivariate selection ap-
proach. For the branching fraction measurements addi-
tional uncertainties from tracking (0.35% per track) and
the total number of BB̄ events in data are taken into ac-
count. The dominant uncertainty originates from lepton
identification, ranging between 5% and 10% depending
on the mode and q2 region, as also here a more conser-
vative estimation of uncertainty is performed to account
for residual correlations with the top-level classifiers.

In the range q2 > 0.045 GeV2/c4 we find 103.0+13.4
�12.7

(139.9+16.0
�15.4) events in the electron (muon) channels. Ex-

ample fits are presented in Fig. 1. Using the fitted signal
yields we construct the LFU ratio RK⇤ for all signal chan-
nels combined, as well as separate ratios for the B0 and
B+ decays, RK⇤0 and RK⇤+ . Our measurement of RK⇤+

is the first ever performed. Results are shown in Table II
and Fig. 2. The branching fractions are calculated as-
suming equal production of B+ and B0 mesons and the
results are presented in Table III.

In summary, all our results are consistent with the SM
expectations [26, 27]. Global analyses of measurements
of b ! s`+`� mediated decays prefer NP models that
predict RK⇤ values smaller than unity [27]. The largest
deviation along this direction is observed in the lowest q2

bin, in the same region where LHCb reports a measure-
ment deviating from the SM [4]. Our separate results
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FIG. 1. Results of the combined B+
and B0

signal yield

fit to the Mbc distributions for the electron (top) and muon

(bottom) modes for q2 > 0.045 GeV
2/c4. Combinatorial

(dashed blue), signal (red filled), charmonium (dashed green),

peaking (purple dotted), and total (solid) fit distributions are

superimposed on data (points with error bars).

for the B-meson isospin partners, RK⇤+ and RK⇤0 , are
statistically compatible, which would also be expected if
contributions from NP arise from the b ! s`+`� tran-
sition. The Belle II experiment [28, 29] is expected to
record a 50 times larger data sample than Belle, pro-
viding ideal conditions to precisely study lepton flavour
universality in these modes.

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-
ficient operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Laboratory
(EMSL) computing group for strong computing support;

5

nificant di↵erences are found. In order to estimate the
resulting uncertainty, the ratio of B ! J/ K⇤ branch-
ing fractions between data and MC is obtained in bins of
the classifier output. The obtained ratio is propagated
as classifier output-dependent weights to candidates in
all fits to Mbc distributions, and changes in the result-
ing signal yields are taken as systematic uncertainties.
The statistical uncertainty of this reweighting procedure
is evaluated in simulations on signal MC samples, and
this adds 1-2% additional uncertainty. Further uncer-
tainties arise from limited MC statistics. E↵ects due to
migration of events between di↵erent q2 bins are studied
using MC events and found to be negligible. In the case
of results for the full region of q2 > 0.045 GeV2/c4, the
di↵erent veto regions for the electron and muon channels
need to be accounted for in the determination of recon-
struction e�ciency. This introduces model dependence
to our signal simulation, which uses form factors from
Ref. [23]. We estimate the systematic uncertainty due to
this model dependence using di↵erent signal MC samples
generated with form factors from QCD sum rules [24] and
quark models [25]. The maximum di↵erence in selection
e�ciency with respect to the nominal model, in each q2

region, is taken as our estimate for the size of this ef-
fect. This results on average in a di↵erence of 0.4± 2.4%
with a maximum of 6.5%, depending on the mode and q2

region. As discussed in the beginning, this uncertainty
only applies to the branching fractions not to the LFU
ratios. The systematic uncertainty for hadron identifica-
tion andK⇤ selection is covered in the uncertainty for the
top-level classifiers due to the multivariate selection ap-
proach. For the branching fraction measurements addi-
tional uncertainties from tracking (0.35% per track) and
the total number of BB̄ events in data are taken into ac-
count. The dominant uncertainty originates from lepton
identification, ranging between 5% and 10% depending
on the mode and q2 region, as also here a more conser-
vative estimation of uncertainty is performed to account
for residual correlations with the top-level classifiers.

In the range q2 > 0.045 GeV2/c4 we find 103.0+13.4
�12.7

(139.9+16.0
�15.4) events in the electron (muon) channels. Ex-

ample fits are presented in Fig. 1. Using the fitted signal
yields we construct the LFU ratio RK⇤ for all signal chan-
nels combined, as well as separate ratios for the B0 and
B+ decays, RK⇤0 and RK⇤+ . Our measurement of RK⇤+
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and Fig. 2. The branching fractions are calculated as-
suming equal production of B+ and B0 mesons and the
results are presented in Table III.

In summary, all our results are consistent with the SM
expectations [26, 27]. Global analyses of measurements
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predict RK⇤ values smaller than unity [27]. The largest
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FIG. 1. Results of the combined B+
and B0

signal yield

fit to the Mbc distributions for the electron (top) and muon

(bottom) modes for q2 > 0.045 GeV
2/c4. Combinatorial

(dashed blue), signal (red filled), charmonium (dashed green),

peaking (purple dotted), and total (solid) fit distributions are

superimposed on data (points with error bars).

for the B-meson isospin partners, RK⇤+ and RK⇤0 , are
statistically compatible, which would also be expected if
contributions from NP arise from the b ! s`+`� tran-
sition. The Belle II experiment [28, 29] is expected to
record a 50 times larger data sample than Belle, pro-
viding ideal conditions to precisely study lepton flavour
universality in these modes.

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-
ficient operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Laboratory
(EMSL) computing group for strong computing support;

Nμ = 140 ± 16 Ne = 103 ± 13Full Belle data set (0.71/ab)

B+ → K*+(K+π0, K0
Sπ+) ℓℓ

B0 → K*0(K+π−, K0
Sπ0) ℓℓ

Fit to beam-constrained mass

& energy difference

Mbc = E2
beam − |pB |2 ∼ mB

ΔE = EB − Ebeam ∼ 0

Multivariate background suppression
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TABLE I. Systematic uncertainties in RK⇤ for di↵erent q2 regions.

q2, GeV2/c4 Signal shape Peaking backgrounds Charmonium backgrounds e, µ e�ciency Classifier MC size Total

All modes

[0.045, 1.1] 0.025 0.026 0.001 0.027 0.030 0.006 0.054

[1.1, 6] 0.033 0.070 0.013 0.065 0.038 0.008 0.109

[0.1, 8] 0.002 0.054 0.051 0.058 0.024 0.005 0.098

[15, 19] 0.014 0.003 0.003 0.090 0.047 0.012 0.103

[0.045, ] 0.008 0.031 0.023 0.061 0.026 0.004 0.077

B0 modes

[0.045, 1.1] 0.005 0.049 0.001 0.024 0.112 0.007 0.125

[1.1, 6] 0.062 0.070 0.012 0.082 0.062 0.010 0.140

[0.1, 8] 0.019 0.033 0.018 0.058 0.049 0.006 0.087

[15, 19] 0.012 0.007 0.001 0.091 0.032 0.013 0.099

[0.045, ] 0.018 0.031 0.021 0.073 0.033 0.006 0.090

B+ modes

[0.045, 1.1] 0.060 0.006 0.000 0.033 0.060 0.013 0.092

[1.1, 6] 0.060 0.086 0.009 0.045 0.092 0.010 0.147

[0.1, 8] 0.040 0.048 0.107 0.060 0.023 0.010 0.140

[15, 19] 0.041 0.008 0.002 0.089 0.052 0.028 0.115

[0.045, ] 0.018 0.025 0.023 0.044 0.015 0.005 0.061

(a) (b)

(c)

FIG. 2. Results for RK⇤ compared to SM predictions from Refs. [26, 27]. The separate vertical error bars indicate the statistical

and total uncertainty.

Targets low and high  q2

B+ → K+ ℓℓ

B0 → K0
S ℓℓ

Belle also measured 
LFU ratios of
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*)

q2 = m2
ℓℓ

Consistent with SM expectation, 
statistically limited

(also consistent 
with SM)
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[arXiv:1904.02440]Branching Fraction of B ! K⇤`+`� NEW

reconstruct B ! K⇤(! K+⇡�,K+⇡0 ,K0
S ⇡
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2D likelihood fit to Mbc = (s/4� p⇤B
2
)1/2 and �E = E⇤

B �
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s/2
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Belle II is starting to pick up steam: 


First results presented at Moriond EW this year
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LFU @ LHCb: Strategy
Experimentally even better: measure double ratios

Introduction to Lepton Flavour Universality 4 / 19

E↵ective theory and B! K(⇤)`` di↵erential decay rate

E↵ective couplings in b ! s`` transitions
Wilson coe�cient Operator

�-penguin1 C(0)
7

e
g2mb(s̄�µ⌫PR(L)b)F
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ew. penguin C(0)
9

e2

g2 (s̄�µPL(R)b)(µ̄�
µµ)

C(0)
10

e2

g2 (s̄�µPL(R)b)(µ̄�
µ�5µ)

scalar C(0)
S

e2

16⇡2mb(s̄PR(L)b)(µ̄µ)

pseudoscalar C(0)
P

e2

16⇡2mb(s̄PR(L)b)(µ̄�5µ)
1Not for B+ ! K+`+`�

⌅ b ! s`` transitions described model-ind. in e↵. theory (Details: [A. Vicente])

He↵ = �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

Ci Oi

Wilson coe�cient
(“e↵ective coupling”)

Local operator
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Flavour-violating coupling

NP scale

⌅ Di↵erent q2 = m2(``) regions probe di↵erent operator combinations
C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays

Lepton-flavour universal! 

q2 = m2
ℓℓ

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(*))

1.014! 0.035, where the uncertainty includes the statis-
tical uncertainty and those systematic effects relevant to
the RK measurement. It does not include additional sub-
leading systematic effects that should be accounted for in a

complete measurement of rJ=ψ . As a further cross-

check, the double ratio of branching fractions, Rψð2SÞ
K ,

defined by

Rψð2SÞ
K ¼ BðBþ → ψð2SÞð→ μþμ−ÞKþÞ

BðBþ → J=ψð→ μþμ−ÞKþÞ

.BðBþ → ψð2SÞð→ eþe−ÞKþÞ
BðBþ → J=ψð→ eþe−ÞKþÞ

;

is determined to be 0.986! 0.013, where again the
uncertainty includes the statistical uncertainty but only
those systematic effects that are relevant to the RK
measurement. This ratio provides an independent valida-
tion of the analysis procedure.
Leptons from Bþ → J=ψKþ decays have a different q2

value than those from the nonresonant decay modes.
However, the detector efficiency depends on laboratory-
frame variables rather than on q2, e.g., the momenta of the
final-state particles, opening angles, etc. In these laboratory
variables there is a significant overlap between the non-
resonant and resonant modes, even if the decays do not
overlap in q2 (see the Supplemental Material [71]). The rJ=ψ
ratio is examined as a function of a number of reconstructed
variables. Any trend would indicate an uncontrolled
systematic effect that would only partially cancel in the

double ratio. For each of the variables examined, no
significant trend is observed. Figure 1 shows the ratio as
a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming
the deviations that are observed indicate genuine mismod-
eling of the efficiencies, rather than fluctuations, and taking
into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift on RK is
computed for each of the variables examined. In each case,
the resulting variation is within the estimated systematic
uncertainty on RK. The rJ=ψ ratio is also computed in two-
and three-dimensional bins of the considered variables.
Again, no trend is seen and the deviations observed are
consistent with the systematic uncertainties on RK. An
example is shown in Fig. S7 in the Supplemental Material
[71]. Independent studies of the electron reconstruction
efficiency using control channels selected from the data also
give consistent results.
The results of the fits to the mðKþlþl−Þ and

mJ=ψ ðKþlþl−Þ distributions are shown in Fig. 2. A total
of 1943! 49 Bþ → Kþμþμ− decays are observed. A study
of the Bþ → Kþμþμ− differential branching fraction gives
results that are consistent with previous LHCb measure-
ments [12] but, owing to the selection criteria optimized for
the precision on RK , are less precise. The Bþ → Kþμþμ−

differential branching fraction observed is consistent
between the 7 and 8 TeV data and the 13 TeV data.
The value of RK is measured to be

RK ¼ 0.846þ0.060
−0.054

þ0.016
−0.014 ;

where the first uncertainty is statistical and the second
systematic. This is the most precise measurement to date
and is consistent with the SM expectation at the level of 2.5
standard deviations [21,33,36,40,42]. The likelihood pro-
file as a function of RK is given in the Supplemental
Material [71]. The value for RK obtained is consistent
across the different data-taking periods and trigger catego-
ries. A fit to just the 7 and 8 TeV data gives a value for RK
compatible with the previous LHCb measurement [34]
within one standard deviation. This level of consistency is
evaluated using pseudoexperiments that take into account
the overlap between the two data samples, which are not
identical due to different reconstruction and selection
procedures. The result from just the 7 and 8 TeV data is
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FIG. 1. (Top) expected distributions of the opening angle
between the two leptons, in the laboratory frame, for the four
modes in the double ratio used to determine RK . (Bottom) the
single ratio rJ=ψ relative to its average value hrJ=ψ i as a function
of the opening angle.
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

q2 = m2
ℓℓ ∈ [1.1,6) GeV2

q2 = m2
ℓℓ ∈ [6,12.96) GeV2

Electrons Muons
q2 = m2

ℓℓ ∈ [1.1,6) GeV2

q2 = m2
ℓℓ ∈ [8.68,10.09) GeV2

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+)
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Figure 1: Distributions of (top left) J/ (µ+µ�)K0
S mass, (top right) J/ (e+e�)K0

S mass, (bottom
left) J/ (µ+µ�)K0

S⇡
+ mass and (bottom right) J/ (e+e�)K0

S⇡
+ mass with the fit models used

to determine the control mode yields.

m(K0
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�) of the muon and electron signal modes are shown in Fig. 2. The yields of
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� and B
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� decays are determined using fits to the K0
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� and
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� mass distributions. The B
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� and B
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µ
� signal decays

are modelled using DCB functions where the shape parameters are determined from fits
to simulation, with shifts in their means and widths taken from the corresponding control
mode fits to data. Combinatorial background is modelled using an exponential function,
while partially reconstructed background is excluded by the lower mass limit.

The ratios and branching fractions are determined using fits to K0
Se

+
e
� and K

0
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+
e
+
e
�

mass spectra, with the K
0
S candidate’s mass constrained to its measured value. The

B
0
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Se

+
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� and B

+
! K

⇤+
e
+
e
� signal decays are modelled using the sum of three

DCB functions, each corresponding to di↵erent numbers of recovered bremsstrahlung
photons. The DCB parameters are taken from simulation with shifts in the means and
widths taken from the control mode fits to data without a J/ mass constraint. Partially
reconstructed background from higher K⇤ resonances is modelled using a DCB function
with shape parameters constrained from simulation in the B0

! K
0
Se

+
e
� fit, and Gaussian

kernel density estimations (KDE) determined from simulation in the B
+
! K

⇤+
e
+
e
� fit,

with their yields allowed to vary freely. Leakage from the J/ control modes into the signal
region is modelled using KDE functions, with their yields constrained based on the control
mode fits and the e�ciency in simulation. Residual contamination from B

0
! K

0
S⇡

+
⇡
�

and B
+
! K

⇤+
⇡
+
⇡
� decays is modelled in each fit by a DCB function determined from
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Figure 2: Distributions of (top left) K0
Sµ

+µ� and (top right) K0
Se

+e� mass with the fit models
used to determine the B0

! K0
Sµ

+µ� yield and R�1
K

0
S
, and (bottom left) K0

S⇡
+µ+µ� and (bottom

right) K0
S⇡

+e+e� mass with the fit models used to determine the B+
! K⇤+µ+µ� yield and

R�1
K⇤+ .

simulated events, with its yield constrained using the control mode yields, the control
mode and background branching fractions, and the e�ciencies taken from simulation.
Combinatorial background is modelled with an exponential function.

The e�ciencies used in the measurements of the ratios and di↵erential branching
fractions are calculated using simulation, to which various corrections are applied to
improve the agreement with data. The PID e�ciencies for each channel are calculated
from calibration data samples of electrons, muons and pions, and are applied as per-
candidate weights to the simulation. Similarly, the electron tracking e�ciency is corrected
using calibration samples. The pT and pseudorapidity of the B mesons generated by
Pythia 8 [105], and the occupancy of the underlying events are corrected by comparing
their distributions between data and simulation using the muon control modes to calculate
per-candidate weights, which are applied to both electron and muon samples. Similarly,
the trigger e�ciency is corrected by comparing the e�ciency as a function of the pT of
the muons, the transverse energy of the electrons and pions, and the pT of the B meson,
between control mode data and simulation. Further weights are applied to correct any
residual mismodelling of the BDT classifier response. Finally, the simulated q

2 distribution
is corrected using control mode data to account for the larger observed resolution in data.

Multiple sources of systematic uncertainty are evaluated, the largest of which comes
from the statistical uncertainties of the e�ciencies, which a↵ect the R

�1
K(⇤) ratios and the
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to simulation, with shifts in their means and widths taken from the corresponding control
mode fits to data. Combinatorial background is modelled using an exponential function,
while partially reconstructed background is excluded by the lower mass limit.
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with their yields allowed to vary freely. Leakage from the J/ control modes into the signal
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simulated events, with its yield constrained using the control mode yields, the control
mode and background branching fractions, and the e�ciencies taken from simulation.
Combinatorial background is modelled with an exponential function.

The e�ciencies used in the measurements of the ratios and di↵erential branching
fractions are calculated using simulation, to which various corrections are applied to
improve the agreement with data. The PID e�ciencies for each channel are calculated
from calibration data samples of electrons, muons and pions, and are applied as per-
candidate weights to the simulation. Similarly, the electron tracking e�ciency is corrected
using calibration samples. The pT and pseudorapidity of the B mesons generated by
Pythia 8 [105], and the occupancy of the underlying events are corrected by comparing
their distributions between data and simulation using the muon control modes to calculate
per-candidate weights, which are applied to both electron and muon samples. Similarly,
the trigger e�ciency is corrected by comparing the e�ciency as a function of the pT of
the muons, the transverse energy of the electrons and pions, and the pT of the B meson,
between control mode data and simulation. Further weights are applied to correct any
residual mismodelling of the BDT classifier response. Finally, the simulated q

2 distribution
is corrected using control mode data to account for the larger observed resolution in data.

Multiple sources of systematic uncertainty are evaluated, the largest of which comes
from the statistical uncertainties of the e�ciencies, which a↵ect the R

�1
K(⇤) ratios and the

6

q2 = m2
ℓℓ ∈ [1.1,6) GeV2

q2 = m2
ℓℓ ∈ [6,11) GeV2

Electrons Muons
q2 = m2

ℓℓ ∈ [1.1,6) GeV2

q2 = m2
ℓℓ ∈ [8.98,10.21) GeV2

R(K0
S) =

ℬ(B0 → K0
S μ+μ−)

ℬ(B0 → J/ψ( → μ+μ−)K0
S)

/
ℬ(B0 → K0

Se+e−)
ℬ(B0 → J/ψ( → e+e−)K0

S)
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▸ Decays described by 4-dimentional decay rate:
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▸ Measure angular observables in q2 bins:

▸ E.g. 8 CP-averaged angular observables in 
8 q2 bins in
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B0 → K*0μμ



Angular analyses of  semileptonic decays 10
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B+ ! K⇤+µ+µ�

▸ SM prediction challenging, but 
uncertainties smaller than for BFs

▸ Optimised observables where hadronic 
uncertainties cancel out at 1st order (e.g. P5′)

▸ A growing number of global fits to 
decays  results (and others)
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b ! s``

▸ Global tension with SM:

▸ Theory uncertainty under scrutiny
▸ See Danny van Dyk’s talk

Algueró et al: arXiv:2104.08921 
Altmannshofer et al: arXiv:2103.13370 
Ciucchini et al: arXiv:1903.09632
Geng et al arXiv:2103.12738 
Hurth et al: arXiv:2104.10058 
Kowalska et al: arXiv:1903.10932 …

Phys. Rev. Lett.126 (2021) 161802

Phys. Rev. Lett. 125 (2020) 011802

JHEP 11 (2021) 043

Charm resonances could 
have an undesired impact 
on measurements and

precision of SM 
predictions
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 @ Belle IIB+ → K+νν̄
Search for                          @Belle II 21

▸ Complementary probe of potential non-SM physics 
scenarios in B- flavour anomalies, no resonances 
(single K track) but missing neutrinos  
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B+ ! K+⌫⌫̄

▸ Limit setting from inclusive tagging with only 63/fb 
already competitive. 

▸ More complementary results: searches for Lepton Flavour Violating decays , e.g.
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B(B+ ! K+⌫⌫̄) < 4.1⇥ 10�5
@90% CL
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B+ ! K+µ�⌧+, B+ ! K+µ�e+

Phys. Rev. Lett. 127, 181802 

▸ See Slavomira Stefkova ’s talk, Tue 2:20M
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B+ ! K+µ�⌧+, B+ ! K+µ�e+

Phys. Rev. Lett. 127, 181802 

▸ See Slavomira Stefkova ’s talk, Tue 2:20M

 complementary probe, 

free of charm resonances
b → sνν̄

Implausible measurement for LHCb:

e.g. single charged Kaon in final state, 

nothing else


Feasible with Belle II,  
building on inclusive tagging technique

Multivariate background subtraction 
essential, already competitive with 63/fb

Search for                          @Belle II 21

▸ Complementary probe of potential non-SM physics 
scenarios in B- flavour anomalies, no resonances 
(single K track) but missing neutrinos  
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Phys. Rev. Lett. 127, 181802 

▸ See Slavomira Stefkova ’s talk, Tue 2:20M

Elisa Manoni - INFN PG 03/17/2022

B+→K+!! search (I)
• Connected to flavour anomalies, one of the missing energy modes 

unique to Belle II

• SM expectation: (4.6 ± 0.5) × 10−6 (A. J. Buras et al.,  High Energy Phys. 02, 184 (2015))

• Key ingredient in BaBar and Belle searches: hadronic and semileptonic 
tag side reconstruction, tag efficiency at per-cent/per-mille 

• Novel inclusive approach on 63 fb-1 of Belle II data:

• Signal kaon = highest pT track

• Associate all other tracks and clusters to other B in the event 

• Use multivariate approach (2 BDTs in cascade) based on kinematics, 
event shape and vertexing variables to suppress background 

• Signal efficiency ~  4.3 % (SM signal)

12

Phys.Rev.Lett. 127 (2021) 18, 181802

Signal

arXiv:2104.12624
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Global New Physics Fits
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Lepton Universality - results summary 19

0 1 2 3
(*)KR

 Belle*+KR
4c/2 < 6.0 GeV2q1.1 < 

 Belle*+KR
4c/2 < 1.1 GeV2q0.045 < 

 Belle0
SK

R
4c/2 < 6.0 GeV2q1.0 < 

-1 LHCb 9 fb*+KR
4c/2 < 6.0 GeV2q0.045 < 

-1 LHCb 9 fb0
SK

R
4c/2 < 6.0 GeV2q1.1 < 

0 2 4 6

q2 [GeV2/c4]

0.6

0.8

1.0

1.2

1.4

R
pK

LHCb

▸ Combine the information from so many observables and channels fitting 
the EFT coefficients [B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl, 
Flavour Anomany Workshop '21]

▸ Attempt to have a best estimate of combined global significance to SM fitting all 
WC together: 4.3 σ tension with SM [arXiv:2104.05631] with only clean observables

arXiv:2110.09501

▸ See Davide Lancierini’s poster

LFU ratios &  onlyBs → μμGlobal fit

with measurements 
from ATLAS & CMS(!)
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Summary & Conclusions

Semileptonic and rare decays offer excellent probes to search for new physics

b

q

q

Measurements of semileptonic decays with  make use of SM nature 
of process in extraction , i.e. not straightforward to 
make interpretations of enhancements

τ
(q2, m2

miss, pℓ)

Measurements of rare decays have no missing particles, clean extraction possible. 
Experimental challenges are identification (LHCb) and small BF  (Belle II)∼ 10−6

Hint of Lepton Flavor Universality violation in combinations ∼ 3 − 4σ

Looking forward to new experimental measurements:

LHCb will record unprecedented number of B mesons in Run 3, Belle II is 
ramping up and both have a very complementary physics program and both will 
shed light on this.
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What’s next? - semileptonic decays 38

▸ Sensitivity projections for LFU ratios and additional observables, see also arxiv:2101.08326

FB, M. Sevilla, D. Robinson, G. Wormser

[Rev. Mod. Phys. 94, 015003,arXiv:2101.08326]



What’s next? - rare decays 39

The Belle II physics book

Physics case for an LHCb Upgrade II



Table 5: Expected errors on several selected observables in radiative and electroweak penguin

B decays. Note that 50 ab�1 projections for Bs decays are not provided as we do not expect

to collect such a large ⌥ (5S) data set.

Observables Belle Belle II

(2017) 5 ab�1 50 ab�1

B(B ! K⇤+⌫⌫) < 40 ⇥ 10�6 25% 9%

B(B ! K+⌫⌫) < 19 ⇥ 10�6 30% 11%

ACP (B ! Xs+d�) [10�2] 2.2 ± 4.0 ± 0.8 1.5 0.5

S(B ! K0
S⇡0�) �0.10 ± 0.31 ± 0.07 0.11 0.035

S(B ! ⇢�) �0.83 ± 0.65 ± 0.18 0.23 0.07

AFB(B ! Xs`+`�) (1 < q2 < 3.5 GeV2/c4) 26% 10% 3%

Br(B ! K+µ+µ�)/Br(B ! K+e+e�)

(1 < q2 < 6 GeV2/c4)

28% 11% 4%

Br(B ! K⇤+(892)µ+µ�)/Br(B !
K⇤+(892)e+e�) (1 < q2 < 6 GeV2/c4)

24% 9% 3%

B(Bs ! ��) < 8.7 ⇥ 10�6 23% �
B(Bs ! ⌧⌧) [10�3] � < 0.8 �

Hadronic B decays. This chapter presents at the prospects for charmless hadronic B

decays and direct CP violation, summarised in Tables 9 and 11. The theoretical computation

of the branching ratio and CP asymmetry of the B ! PP , PV , V V (P and V denote

pseudoscalar and vector mesons, respectively) processes using QCD and SU(3) symmetry

is reviewed. The theoretical prediction is partially data-driven and each decay mode plays

di↵erent role to reduce the theoretical uncertainties. The phenomenology of the angular

analysis of three body final state for new physics search is also reviewed. Experimental

measurement for these channels will be reduced significantly at Belle II, since those are

currently dominated by statistical or reducible systematical errors

Charm physics. This chapter presents the prospects for charm meson physics, sum-

marised in Tables 12 and 13. Charm is a large area of opportunity for Belle II, covering

CP violation, FCNC, tree level and missing energy decay transition measurements. Novel

techniques for tagging in CP violation measurements are shown.

Quarkonium. This chapter presents the prospects for quarkonium(like) physics, provid-

ing a detailed theoretical overview of perturbative QCD computation, lattice QCD as well

as models for unconventional states (Tetraquark, Hybrid mesons and Hadronic molecule)

is presented. At Belle II, charmonium(-like) states can be produced from B decays, initial

state radiation, two photon collisions, and double charmonium production, which allow for

detailed studies of the nature of any observed states. The motivations for dedicated non-

⌥ (4S) runs are detailed: to provide us with a deeper understanding of bottomonium(-like)

states. Light Higgs and lepton universality violation searches using decays of ⌥ (1S, 2S, 3S)

are also reviewed.

30/688



Hadronic 
or 

inclusive 
tagging

SL 
tagging

Leptonic 
𝝉

Hadronic 
𝝉 ⊗

⊗
πD*D

Polarisation

⊗

q2 = (pB − pD(*))2

Polarisation

pD* pℓ

Meet the 
“Measurement Matrix”

Prel. Belle: https://arxiv.org/pdf/
1901.06380.pdf (D*, incl. tagging)

Belle:  
Phys. Rev. D 93, 032007 (2016) 

 (𝜋 had tag)

Belle:  
Phys.Rev.Lett.118,211801 (2017) 
Phys. Rev. D 97, 012004 (2018) 

(D* had tag)

BaBar: 
Phys.Rev.Lett. 109,101802 (2012) 

Phys.Rev.D 88, 072012 (2013) 
(D/D* had tag, q2)

Belle:  
Phys.Rev.D 92, 072014 (2015)  

(D/D* had tag, q2) 
Phys.Rev. D94,072007 (2016)  

(D*, SL tag, pD*, pl)

LHCb: 
Phys.Rev.Lett.115,111803 (2015) 

(D*, Leptonic 𝝉) 
Phys.Rev.D 97, 072013 (2018) 

Phys.Rev.Lett.120,171802 (2018) 
(D*, Hadronic 𝝉)

& older work, e.g.

Belle:  
Phys.Rev. D82 (2010) 072005 

(D/D* incl. tag)

https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf


Florian Bernlochner 

Belle II Germany Meeting, Sep. 14th, 2020:   Belle II Status

Updated Luminosity Projection

�6

Key elements of the update (details still under study):
Aim at an ecological operation by limiting running cost
- priority on integrated luminosity, rather than peak 

luminosity
‣ Lpeak:  8x1035 cm-2s-1/6x1035 cm-2s-1 

‣ integrate 50 ab-1 by ~2030/31
Modify QCS (requires redesign of RVC)

- relocate magnets inside cryostat
‣ be able to squeeze by* down to 0.3 mm

‣ mitigate beam-beam effect in high bunch-current regime 
- enlarge radius of QCS beam pipes
‣ protect QCS against off-orbit particles/reduce risk of 

fatal quenches

‣ reduce detector background (mainly TOP and CDC)
Partial upgrade of RF power (2 stations)
- store beam currents of LER 2.8A and HER 2.0A

Keep essential investments for upgrade of Linac, Belle II 
and collimators   1.0 0.6 0.5 0.3b*y [mm]

Peter Križan, Ljubljana

Updated plan for SuperKEKB submitted to the 
MEXT Roadmap Committee

Two steps: 
Intermediate luminosity (1 x 1035 /cm2/sec, 5ab-1);
High Luminosity (6 x 1035/cm2/sec, 50 ab-1) with a detector upgrade

Roadmap 2020

8 months/yr

TOP PMT

Polarization and/or
luminosity upgrades?

Opportunity for detector upgrade in 2026
  • increase resilience against background
  • improve performance
Goal: prepare LoI’s by end of 2020 

SlideManuel Franco Sevilla LUV in charged-current b decays at LHCb

Assumptions on evolution of !ℛ(Xc)

Extrapolate !  based on Run 1 muonic !  assuming  
➡ 2× more stats starting in Run 1 from adding !  
➡ 3× more stats starting in Run 2 from better HLT (1.5×) and cross section (2×) 
➡ 2× more stats starting in Run 3 from no hardware trigger 
➡ Systematics scale with data but floor of 0.5% (optimistic) and 3% (pessimistic) 

Extrapolate !  based on Run 1 muonic !   
➡ Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) 

Estimate the other species based on !  extrapolation and 
➡ 1/4× stats for !  from smaller BF and no feed-down 

➡ 1/16× stats for !  from !  and extra track (1/2×) 

➡ 1/6× stats for  from  ~ 1/4, extra track (1/2×), and larger Λc BF 

➡ 1/20× stats for !  from !  ~ 1/4, two slow pions and lower BF 

➡ Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) but for !  same as !

"(D*) ℛ(D*+)
"(D*0)

"(J/Ψ) ℛ(J/Ψ)

ℛ(D*)
"(D)

"(D(*)
s ) fs/( fu + fd)

"(Λc) fΛb
/( fu + fd)

"(Λ*c ) fΛb
/( fu + fd)

ℛ(D) ℛ(D*)

!19

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037

1.1 2.0 - - 0.3 1.7 1.7 2.2 - - - 8.3 8.3 8.3 - - - 8.3 8.3 8.3 - 50 50 50 - 50 50 fb-1

Rough assumptions 
based on BFs and 

fragmentation fractions and 
building on work from 

Patrick Owen
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Table XV Summary of the uncertainties on the R(D(⇤)) measurements. The “Other bkg.” column includes primarily con-
tributions from DD and combinatorial backgrounds. The “Other sources” column is dominated by particle identification and
external branching fraction uncertainties.

Systematic uncertainty [%] Total uncert. [%]

Result Experiment ⌧ decay Tag MC stats D
(⇤)

l⌫ D
⇤⇤

l⌫ Other bkg. Other sources Syst. Stat. Total

R(D)
BABAR a

`⌫⌫ Had. 5.7 2.5 5.8 3.9 0.9 9.6 13.1 16.2

Belleb
`⌫⌫ Semil. 4.4 0.7 0.8 1.7 3.4 5.2 12.1 13.1

Bellec
`⌫⌫ Had. 4.4 3.3 4.4 0.7 0.5 7.1 17.1 18.5

R(D⇤)

BABAR a
`⌫⌫ Had. 2.8 1.0 3.7 2.3 0.9 5.6 7.1 9.0

Belleb
`⌫⌫ Semil. 2.3 0.3 1.4 0.5 4.7 4.9 6.4 8.1

Bellec
`⌫⌫ Had. 3.6 1.3 3.4 0.7 0.5 5.2 13.0 14.0

Belled
⇡⌫, ⇢⌫ Had. 3.5 2.3 2.4 8.1 2.9 9.9 13.0 16.3

LHCbe
⇡⇡⇡(⇡0)⌫ — 4.9 4.0 2.7 5.4 4.8 10.2 6.5 12.0

LHCbf
µ⌫⌫ — 6.3 2.2 2.1 5.1 2.0 8.9 8.0 12.0

a (Lees et al., 2012, 2013)
b (Caria et al., 2020) c (Huschle et al., 2015) d (Hirose et al., 2018) e (Aaij et al., 2015c) f (Aaij et al., 2018b)

selections would then have to be adjusted as closely as
possible to these reduced areas to maximize the physics
output of the simulation. For Belle II an attractive op-
tion to increase the size of simulated samples in analyses
that use hadronic tagging would be to only generate the
low branching fraction modes actually targeted by the
tagging algorithms. See e.g. (Kahn, 2019) for a proof-
of-concept implementation using generative adversarial
networks.

It is important to note that each of these approaches
alone will not be su�cient to cover all future needs. For
instance, the FastSim implementations currently being
employed at LHCb allow for simulated events to be pro-
duced with about ten times fewer resources than with
full simulation. However, this order of magnitude im-
provement only covers the increased needs from Run 1
(3.1 fb�1) to Run 2 (6 fb�1, twice the bb cross section,
and higher e�cienty than in Run 1). Meeting the needs
for the 50 ab�1 that will be collected by Belle II, or the
300 fb�1 by LHCb, will probably involve the combined
use of the approaches listed above and perhaps others.

B. Modeling of B ! D
(⇤)

l⌫

As discussed at length in Sec. II, the predominant the-
ory uncertainties in the modeling of b ! c⌧⌫ decays arises
in the description of their hadronic matrix elements. Pre-
cision parametrizations of these matrix elements are cur-
rently achieved by either data-driven model-independent
approaches, such as fits to HQET-based parametrizations
(Sec. II.C.2), or by lattice QCD results (Sec. II.C.4),
or a combination of both. This applies to predictions
both for the ground states as well as the excited states
(Sec. II.E) that often dominate background contribu-
tions. In the case of B ! D

(⇤)
`⌫, these approaches have

led to form factors determinations whose uncertainties

only contribute at the 1–2% level in the measurements of
R(D(⇤)).

Especially for semitauonic analyses using the electronic
or muonic ⌧ decay channels, a reliable description of
B ! D

(⇤)
`⌫ semileptonic decays is a critical input, in

order to control lepton cross-feed backgrounds. The
hadronic ⌧ decay analyses also rely on these light semilep-
tonic inputs, but to a lesser extent. Finally, there is some
additional uncertainty in the modeling of the detector
resolution for the kinematic variables that these analyses
depend upon, that can be shared across results from the
same experiment.

C. B ! D
⇤⇤

`⌫ and B ! D
⇤⇤

⌧⌫ backgrounds

1. Systematic uncertainties evaluation and control

Excited D
⇤⇤ states decay to D

⇤, D
0, or D

± mesons
plus additional photons or pions, which can escape detec-
tion. As a result, both B ! D

⇤⇤
`⌫ and B ! D

⇤⇤
⌧⌫ de-

cays can easily lead to extraneous candidates in R(D(⇤))
analyses, though the former contributes only to measure-
ments that employ the leptonic decays of the ⌧ lepton.
In hadronic analyses, the corresponding background is

formed by B ! D
⇤⇤

D
(⇤,⇤⇤)

s decays. While all analyses
exploit dedicated D

⇤⇤ control samples where some of the
parameters describing these contributions are measured,
a number of assumptions are shared among the various
measurements, namely the form factor parameterization
of the B ! D

⇤⇤
l⌫ decays (Sec. II.E) and the D

⇤⇤ decay
branching fractions.

First data-driven fits of the B ! D
⇤⇤ form factors have

been performed (Bernlochner and Ligeti, 2017; Bern-
lochner et al., 2018a), but the resulting parameters—
especially for the broad states—are not yet well con-
strained. The chosen approach is, however, improvable
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cles are identified and EECL can be reconstructed. Here,
only clusters in the barrel, forward region and backward
region with energies greater than 50, 100, and 150 MeV,
respectively are included. For correctly reconstructed
normalization and signal decays, one expects no unas-
signed neutral depositions in the detector and that EECL

peaks at zero with a tail towards positive values due to
reconstruction mistakes on the tag-side, and to a lesser
extent due to beam-background depositions and noise in
the calorimeter.

To separate signal and normalization mode decays, a
boosted decision tree is trained with the following distin-
guishing features ranked in order of importance:

• Signal side cos ✓B,D⇤`: for normalization mode de-
cays this variable will be in the physical range of
[�1, 1], whereas for the signal mode large negative
values are expected.

• Approximate missing mass squared, m
2

miss
(more

details in Sec. III.C): the additional two neutri-
nos from the ⌧ decay will produce on average a
larger missing invariant mass than the normaliza-
tion mode.

• The total visible energy Evis =
P

i
Ei of all recon-

structed particles i in the event: the two additional
neutrinos from the signal mode also will reduce the
visible energy observed in the detector in contrast
to the normalization mode.

The classifier output Osig is then directly fitted along
with the EECL of the event to disentangle signal, nor-
malization, and background contributions. This is done
by exploiting the isospin relations between the charged
and neutral final states for the normalization and signal
contributions, i.e. fixing R(D(⇤) 0) = R(D(⇤) +). The
free parameters of the fit are the yields for the signal,
normalization, B ! D

⇤⇤
l⌫, and feed-down from D

(⇤)
`

components. The yields of other background contribu-
tions from continuum and B meson decays are kept fixed
to their expectation values.

Figure 13 shows the full post-fit projections of EECL as
well as those in the signal enriched region of Osig > 0.9.
The final results are

R(D) = 0.307 ± 0.037 (stat) ± 0.016 (syst) , (50)

R(D⇤) = 0.283 ± 0.018 (stat) ± 0.014 (syst) , (51)

with the first error being statistical and the second
from systematic uncertainties, and an anti-correlation of
⇢ = �0.52 between both values. The measurement is the
most precise determination of these ratios to date and
shows a good compatibility with the SM expectation.

Table X summarizes the relative systematic and sta-
tistical uncertainties on R(D) and R(D⇤). The limited
size of the simulated sample, used to define the fit tem-
plates and to train the multivariate selection, results in

Table X Summary of the relative uncertainties for the Belle
measurement of R(D(⇤)) using semileptonic tagging (Caria
et al., 2020).

Result Contribution
Uncertainty [%]
Sys. Stat.

R(D)

B ! D
⇤⇤

`⌫̄` 0.8
PDF modeling 4.4
Other bkg. 2.0
✏sig/✏norm 1.9
Total systematic 5.2

Total statistical 12.1
Total 13.1

R(D⇤)

B ! D
⇤⇤

`⌫̄` 1.4
PDF modeling 2.3
Other bkg. 1.4
✏sig/✏norm 4.1
Total systematic 4.9

Total statistical 6.4
Total 8.1

the dominant systematic uncertainty. Uncertainties from
lepton e�ciencies and fake rates cancel only to some ex-
tent in the measured ratios because of the large di↵er-
ences in the momentum spectra of signal and normal-
ization decays. This leads to a sizeable uncertainty of
the e�ciency ratios ✏sig/✏norm. Uncertainties from the
B ! D

⇤⇤
l⌫ background are less dominant.

C. LHCb untagged measurements

The measurement of decays with multiple neutrinos in
the final state is especially challenging at hadron colliders
given the typically smaller signal-to-background ratios
compared to the B-factories and the inability to e↵ec-
tively reconstruct a tag b-hadron to constrain the kine-
matics of the signal decay. These di�culties have been
overcome by taking advantage of the large data samples
of b-hadrons produced in high-energy pp collisions and by
cleverly estimating the kinematics of the signal b-hadron
based on the particles that can be reconstructed. The
measurements described in Secs. IV.C.1 and IV.C.3 make
use of the relatively clean muonic decays of the ⌧ lepton
to limit the background contributions and estimate the
B or Bc kinematics with the so-called rest frame approx-
imation (see Sec. III.C.3). The measurement detailed in
Sec. IV.C.2 takes advantage of the additional vertex that
can be reconstructed from ⌧ ! ⇡

�
⇡

+
⇡

�
⌫ hadronic de-

cays to not only reduce hadronic backgrounds by four or-
ders of magnitude, but also to estimate the momentum of
the signal B meson relatively precisely (see Sec. III.C.2).
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IV.C - Fit TO LHCb hadronic RD* signal sample
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Figure 18 Projections of the signal fit for the LHCb measure-
ment of R(D⇤+) involving ⌧ ! ⇡

�
⇡

+
⇡

�
⌫ decays (Aaij et al.,

2018b). The four rows correspond to the four BDT bins for
increasing values of the BDT response.

Table XII Summary of the relative uncertainties for the
LHCb measurement of R(D⇤+) involving ⌧ ! ⇡

�
⇡

+
⇡

�
⌫ de-

cays (Aaij et al., 2018b).

Contribution
Uncertainty [%]

Sys. Ext. Stat.

Double-charm bkg. 5.4
Simulated sample size 4.9
Corrections to simulation 3.0
B ! D

⇤⇤
l⌫ bkg. 2.7

Normalization yield 2.2
Trigger 1.6
PID 1.3
Signal FFs 1.2
Combinatorial bkg. 0.7
Modeling of ⌧ decay 0.4
Total systematic 9.1

B(B ! D
⇤
⇡⇡⇡) 3.9

B(B ! D
⇤
`⌫) 2.3

B(⌧+
! 3⇡⌫)/B(⌧+

! 3⇡⇡0
⌫) 0.7

Total external 4.6

Total statistical 6.5

Total 12.0

will not be reduced with the increasing LHCb data sam-
ples that will be collected. Instead, additional measure-
ments from Belle II will be needed (Sec. V.E).

The result of this measurement was reported as
R(D⇤+) = 0.291 ± 0.019 ± 0.026 ± 0.013 in 2018. Tak-
ing into account the latest HFLAV average of B(B0 !
D

⇤+
`⌫) = 5.08 ± 0.02 ± 0.12)% (Amhis et al., 2019), the

result is

R(D⇤+) = 0.280 ± 0.018 (stat) ± 0.025 (syst) ± 0.013 ,

(54)
where the third uncertainty is due to the external branch-
ing fractions described above.

3. R(J/ ) with ⌧ ! µ⌫⌫

The ratio R(J/ ) was measured for the first time in
2018 by the LHCb experiment (Aaij et al., 2018a), thus
opening the possibility for the exploration of LFUV in
decays subject to very di↵erent sources of both experi-
mental and theoretical uncertainties compared to those
in R(D(⇤)). This measurement leverages two of the key
techniques developed for the muonic R(D⇤+) analysis de-
scribed in Sec. IV.C.1: the isolation BDT and the rest
frame approximation. Just as for the R(D⇤+) measure-
ment, the ⌧ lepton is reconstructed via ⌧ ! µ⌫⌫, so that
signal Bc ! J/ ⌧⌫ and normalization Bc ! J/ µ⌫ de-
cays share the same final state. The event is selected if
the only additional tracks close to the muon coming from
the ⌧ decay are a pair of oppositely charged muons that
form a vertex separated from the PV and whose invariant
mass is compatible with the J/ ! µµ decay.

The signal and normalization yields are extracted from
a four-dimensional binned maximum likelihood fit to
q
2, m

2

miss
, E

⇤
`
, and the proper time elapsed between

the production and decay of the Bc meson: the decay
time. The first three variables are calculated with the
same techniques as used in the muonic R(D⇤+) analysis
(Sec. IV.C.1). The inclusion of the decay time among the
fit variables improves the separation of Bc decays from
Bu,d,s decays, because the Bc lifetime is almost three
times shorter than that of Bu,d,s mesons.

A key di↵erence with respect to the R(D(⇤)) measure-
ments is that background contributions from partially
reconstructed Bc decays are significantly reduced thanks
to the narrow invariant mass of the J/ meson and its
clean dimuon final state. As a result of this reduction and
the overall small Bc production rate, the main sources
of background in the R(J/ ) analysis are misidentified
Hb ! J/ h

+ decays, where Hb is a more abundant b-
hadron and h

+ is a hadron incorrectly identified as a
muon, as well as random combinations of muons.

The template for the J/ h
+ contribution is estimated

by applying the the misidentification probabilities for dif-
ferent hadron species, as determined in high-purity sam-
ples of identified hadrons, to a control sample with a
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‣ Dedicated control samples for remaining backgrounds
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LHCb Measurement of R(D*) arXiv:1711.02505

‣ Actually measure BF relative to B0 → D*𝜋+𝜋+𝜋-
Method	for	measuring	R(D*)

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 31

• We	measure:

• Signal	and	normalization	share	same	visible	final	state	(D*-π+π-π+).
• Most	of	the	systematic	uncertainties	cancel	in	the	ratio (PID,	trigger	…).
• R(D*)	obtained	from:

• N(B0→D*+π-π+π-) from	a	un-binned	likelihood	fit	to	m(D*-π+π-π+).
• N(B0→D*+τ+(→π-π+π-(π0)ντ)ντ from	a	3-dimensional	template	fit.

R(D*) = Rhad (D*)×
BR(B0 →D*−π +π −π + )
BR(B0 →D*−µ+νµ )

[~4%	precision,	PDG2017]

[~2%	precision,	HFLAV	2016]

Method for measuring R(D*) 

06/06/17 A. Romero Vidal 17 

Khad (D*) =
BR(B0 →D*− τ +ντ )

BR(B0 →D*− π +π −π + )
=

N(B0 →D*− τ +ντ )
N(B0 →D*+ π −π +π − )

×
1

BR(τ + → π +π −π +(π 0 )ντ )
×
ε(B0 →D*+ π −π +π − )
ε(B0 →D*− τ +ντ )

•  What we measure: 

•  Signal and normalization share same visible final state (D*-π+π-π+). 

•  Most of  the systematic uncertainties cancel in the ratio (PID, trigger …). 

•  R(D*) obtained from: 

•  N(B0→D*-π+π-π+) from an un-binned likelihood fit to m(D*-π+π-π+). 
•  N(B0→D*-τ+ντ) from a 3-dimensional template fit. 

R(D*) = Khad (D*)×
BR(B0 →D*−π +π −π + )
BR(B0 →D*−µ+νµ )

[~4% precision] 
 
[~2% precision] 

[PDG 2016] 

‣ Measured to about 4% precision 

most precise measurement from BaBar: Phys. Rev. D94 (2016) 091101)

‣ Extraction in 3D maximum likelihood fit 
to MVA : q2 : 𝝉 decay time 

Xb → D*-Ds+X  
Xb → D*-D+X 

Use Ds+ → 3𝜋 and fit m(D*Ds) to constrain individual contributions
Use D+ → K3𝜋 to correct q2, but float in fit 

Invariant masses of 3𝜋 system

Invariant mass of D*3𝜋 system

Neutral isolation variables
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LHCb Measurement of : q2R(D*) arXiv:1711.02505

Signal	reconstruction

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 36

• 4-fold	ambiguity:

• Can	be	approximated	by	doing:

θτ

ν

3π

θ'B0

ν

D*τ

Laboratory	
frame

• Possible	to	reconstruct	rest	frame	variables	such	as	tau	decay	time	and	q2.	
• These	variables	have	negligible	biases,	and	sufficient	resolution to	preserve	good	

discrimination	between	signal	and	background.	

Slide from C. Bozzi
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The	Xb→D*- Ds
+ X control	sample

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 42

• Use	exclusive	Ds→3π decays	to	select	a	 Xb→D*- Ds
+ X control	sample	

• Determine	the	different	Xb→D*- Ds
+ X contributions	from	a	fit	to	m(D*Ds):

• B0→D*Ds,	B
0→D*Ds*,	B

0→D*Ds0*,	B
0→D*Ds1’,	Bs→D*DsX,	B→D**DsX

• only 20%	of	Ds originates directly from B,	40%	originates from Ds*,	40%	from Ds**
• Uncertainties	in	the	fit	parameters	propagated	to	final	analysis.

LHCb-PAPER-2017-017

Slide from C. Bozzi

LHCb Measurement of : Control samplesR(D*)
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LHCb Measurement of : Control samplesR(D*)
The	Xb→D*- D0 X control	sample

22/06/17 Concezio	Bozzi	-- Recent	LHCb	results	on	SL	decays 43
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• Xb→D*- D0 X decays	can	be	isolated	
by	selecting	exclusive	D0→K-3π
decays	(kaon	recovered	using	

isolation	tools).

• A	correction	to	the	q2 distributions	is	

applied	to	the	Monte	Carlo	to	match	

data.

Unfortunately,	this constraint does not	exist

for	the	D+ mesons,	K3pp° is poorly known,	
the	inclusive	BR	is not	measured

We let		the	D+ component	float in	the	fit

• In	contrast to	the	Ds
+	case,	most

3p final	states	in	D+ and	D° decays

originate from D+,0 àK0,+	3p

For	the	D°,	the	inclusive	4	prongs BR	

constrains strongly the	rate	of	3p events

LHCb-PAPER-2017-017

Slide from C. Bozzi
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The two categories of measurements

1st Category

Example: Right-handed currents & |Vub |

Measurements that have no or trivial or 
negligible dependence on parameter of interest
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FIG. 1. The allowed |V L
ub|� ✏R regions. The black ellipse in the left (right) plot shows the result of a �2 fit using the first three

(four, excluding !) measurements in Table I. The fainter ellipse in the right plot is the same as that in the left plot.

Fit |V L
ub|⇥ 104 ✏R �2 / ndf Prob.

3 modes 4.07± 0.18 �0.17± 0.06 2.5 /1 0.11

4 modes 4.00± 0.17 �0.15± 0.06 4.5 /2 0.11

TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄
decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A0,1,2) form
factors via

V ! (1 + ✏R)V , Ai ! (1� ✏R)Ai . (2)

(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K⇤`+`� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡+

in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
W� in the B restframe. Finally � is the angle between
the decay planes of the hadronic and leptonic systems
in the B restframe. This convention coincides with the
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angular variables are introduced as discriminators, which do not require an unbinned analysis of
the fully di↵erential distribution, and a detailed study of the corresponding theoretical uncertainties
is performed. A discussion on how binned measurements can access all the angular information
follows, which may be useful in both B ! ⇢`⌫̄ and B ! K⇤`+`�, and possibly essential in the
former decay due to backgrounds. The achievable sensitivity from the available BABAR and Belle
data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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former decay due to backgrounds. The achievable sensitivity from the available BABAR and Belle
data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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FIG. 1. The allowed |V L
ub|� ✏R regions. The black ellipse in the left (right) plot shows the result of a �2 fit using the first three

(four, excluding !) measurements in Table I. The fainter ellipse in the right plot is the same as that in the left plot.

Fit |V L
ub|⇥ 104 ✏R �2 / ndf Prob.

3 modes 4.07± 0.18 �0.17± 0.06 2.5 /1 0.11

4 modes 4.00± 0.17 �0.15± 0.06 4.5 /2 0.11

TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄
decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A0,1,2) form
factors via

V ! (1 + ✏R)V , Ai ! (1� ✏R)Ai . (2)

(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K⇤`+`� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡+

in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
W� in the B restframe. Finally � is the angle between
the decay planes of the hadronic and leptonic systems
in the B restframe. This convention coincides with the
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data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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FIG. 1. The allowed |V L
ub|� ✏R regions. The black ellipse in the left (right) plot shows the result of a �2 fit using the first three

(four, excluding !) measurements in Table I. The fainter ellipse in the right plot is the same as that in the left plot.

Fit |V L
ub|⇥ 104 ✏R �2 / ndf Prob.

3 modes 4.07± 0.18 �0.17± 0.06 2.5 /1 0.11

4 modes 4.00± 0.17 �0.15± 0.06 4.5 /2 0.11

TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄
decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A0,1,2) form
factors via

V ! (1 + ✏R)V , Ai ! (1� ✏R)Ai . (2)

(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K⇤`+`� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡+

in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
W� in the B restframe. Finally � is the angle between
the decay planes of the hadronic and leptonic systems
in the B restframe. This convention coincides with the
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An interesting possibility to ease the tension between various determinations of |Vub| is to allow
a small right-handed contribution to the standard model weak current. The present bounds on
such a contribution are fairly weak. We propose new ways to search for such a beyond standard
model contribution in semileptonic B ! ⇢`⌫̄ decay. Generalized asymmetries in one, two, or three
angular variables are introduced as discriminators, which do not require an unbinned analysis of
the fully di↵erential distribution, and a detailed study of the corresponding theoretical uncertainties
is performed. A discussion on how binned measurements can access all the angular information
follows, which may be useful in both B ! ⇢`⌫̄ and B ! K⇤`+`�, and possibly essential in the
former decay due to backgrounds. The achievable sensitivity from the available BABAR and Belle
data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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former decay due to backgrounds. The achievable sensitivity from the available BABAR and Belle
data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]

ar
X

iv
:1

40
8.

25
16

v1
  [

he
p-

ph
]  

11
 A

ug
 2

01
4



#

‣ As it turns out, not that easy — the measured points 
themselves are extracted assuming the SM and kinematic 
distributions sensitive to the PoI are altering the measurement

0.1 0.2 0.3 0.4 0.5 0.60.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar SM

)-1 = 0.5 (GeV+H
 / mβBaBar 2HDM Type II, tan 

SM (BLPR)

contours hold 68% CL

53

The two categories of measurements

2nd Category

Measurements that have non-trivial 

dependence on parameter of interest / other params. 

R(D)

R
(D

⇤ )

2HDM Type II

Predicted value for 
tan β / mH+ = 0.5 GeV-1 

1st Category

Example: Right-handed currents & |Vub |

Measurements that have no or trivial or 
negligible dependence on parameter of interest

2

Standard Model Æ

B Æ Xuln
B Æ tn
B Æ p ln

HFAG BLNP
HFAG
HFAG avg. wê Lattice

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
2

3

4

5

6

7

8

eR

»V u
bL
»¥
10
3

Standard Model Æ

B Æ Xuln
B Æ tn
B Æ p ln
B Æ rln
B Æ wln

HFAG BLNP
HFAG
HFAG avg. wê Lattice
Belle tagged
Belle tagged

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
2

3

4

5

6

7

8

eR

»V u
bL
»¥
10
3

FIG. 1. The allowed |V L
ub|� ✏R regions. The black ellipse in the left (right) plot shows the result of a �2 fit using the first three

(four, excluding !) measurements in Table I. The fainter ellipse in the right plot is the same as that in the left plot.

Fit |V L
ub|⇥ 104 ✏R �2 / ndf Prob.

3 modes 4.07± 0.18 �0.17± 0.06 2.5 /1 0.11

4 modes 4.00± 0.17 �0.15± 0.06 4.5 /2 0.11

TABLE II. The results of the �2 fits to the first 3 and all
modes but ! in Table I. The correlation between |V L

ub| and ✏R
in the two fits are 0.01 and 0.01.

esting to explore how the best sensitivity to ✏R may be
obtained using current and near future data sets.

In Section II we discuss the decay rate distributions.
Besides investigating the well known forward-backward
asymmetry, we propose a generalized two-dimensional
asymmetry as a new observable that would be interest-
ing to measure. Additionally we explore the possibility
to extract the full information on the di↵erential rate
by considering asymmetries in all three angles simulta-
neously. In Section III we discuss the theoretical uncer-
tainties in existing form factor calculations. Using re-
sults from a light-cone sum rule calculation [9], we esti-
mate the correlations among the uncertainties. Then we
perform a simultaneous fit to a (simplified) series expan-
sion parametrization of the form factors. In Section IV
we discuss the best theoretical predictions to extract in-
formation on right-handed currents. We investigate the
discriminating contour for the two dimensional asymme-
try. We estimate the sensitivity both with the current
B-factory data, as well as with the anticipated Belle II
dataset to compare the various observables. We use this
information in Section V to explore the impact of the
sensitivity to right-handed currents by performing global
fits simultaneously to |V L

ub| and ✏R assuming di↵erent sce-
narios for both the current B-factory as well as expected
Belle II dataset. Section VI contains our conclusions.

II. POSSIBLE OBSERVABLES

Starting from the Lagrangian in Eq. (1), the B ! ⇢`⌫̄
decay is described by replacing in the matrix element
the vector (V ) and the three axial-vector (A0,1,2) form
factors via

V ! (1 + ✏R)V , Ai ! (1� ✏R)Ai . (2)

(If Im ✏R = 0 then this can be done in the decay rate,
too.) Recently, the similar B ! K⇤`+`� decay has re-
ceived a lot of attention, in which case the decay distribu-
tions are in exact analogy with B ! ⇢`⌫̄ (assuming that
the neutrino is reconstructed). It has been advocated [13]
to use the form factor relations proposed in the heavy
quark limit [14, 15] to construct observables, which are
ratios of terms in the fully di↵erential decay distribution,
to optimize sensitivity to new physics. However, the size
of perturbative and nonperturbative corrections to these
relations are subject to discussions [16–18]. Thus, other
recent papers [19] also have to resort to some extent to
QCD sum rule calculations to estimate the corrections to
the form factor relations, which we discuss in Sec. III.

A. The general parameterization

The fully di↵erential decay rate for the four-body de-
cay B ! ⇢(! ⇡⇡)`�⌫̄` can be written in terms of four
variables. These are conventionally chosen as the mo-
mentum transfer to the dilepton system, q2, and three
angles describing the relative orientation of the final state
particles. As usual, we choose ✓V as the angle of the ⇡+

in the ⇢ restframe with respect to the ⇢ direction in the B
restframe. Similarly, ✓` is the angle of the `� in the dilep-
ton restframe with respect to the direction of the virtual
W� in the B restframe. Finally � is the angle between
the decay planes of the hadronic and leptonic systems
in the B restframe. This convention coincides with the
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former decay due to backgrounds. The achievable sensitivity from the available BABAR and Belle
data sets is explored, as well as from the anticipated 50 ab�1 Belle II data.

I. INTRODUCTION

There is a long standing persistent tension between
measurements of |Vub| from B decays in leptonic, inclu-
sive semileptonic, and exclusive semileptonic decay chan-
nels. In semileptonic decays, the di↵erence between the
inclusive determination and that based on B ! ⇡ `⌫̄ is
almost 3�. It is possible that the resolution of this is
related to not su�ciently understood theoretical or ex-
perimental issues, and future theory progress combined
with the anticipated much larger Belle II data sets will
yield better consistency. A precise determination of |Vub|

is crucial for improving tests of the standard model (SM)
and the sensitivity to new physics in B0

�B0 mixing [1].
Another possibility, which received renewed attention

recently [2, 3], is that this tension can be eased by allow-
ing for a right-handed admixture to the SM weak current.
Such a contribution could arise from not yet discovered
TeV-scale new physics. In general, from a low energy ef-
fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
suppressed by O(v2/⇤2) [4, 5], where ⇤ is a high scale
related to new physics. For simplicity, we consider the
e↵ective Lagrangian with only one new parameter,

Le↵ = �
4GF
p
2
V L
ub

�
ū�µPLb+ ✏R ū�µPRb

�
(⌫̄�µPL`) + h.c.,

(1)
where PL,R = (1⌥�5)/2. The SM is recovered as ✏R ! 0.
Since we consider observables with leading, linear, depen-
dence on Re (✏R), we assume it to be real in this paper,
unless indicated otherwise. This happens to be the ex-
pectation in models with flavor structures close to mini-
mal flavor violation. We do not consider b ! c`⌫ decay
in this paper, as the tension between the determinations
of |Vcb| is less severe, and the connection between b ! u
and b ! c transitions is model dependent (see, however,
Ref. [6]). To distinguish from determinations of |Vub|

assuming the SM, we refer to analyses which allow for

✏R 6= 0 as measurements of |V L
ub|.

The current measurements of |Vub| are summarized in
Table I, and their dependence on ✏R is indicated in the
three cases in which it is simple. The ⇢ and ! measure-
ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
and may be many years in the future. Thus, it is inter-

Decay |Vub|⇥ 103 ✏R dependence

B ! ⇡ `⌫̄ 3.23± 0.30 1 + ✏R
B ! Xu`⌫̄ 4.39± 0.21

p
1 + ✏2R

B ! ⌧ ⌫̄⌧ 4.32± 0.42 1� ✏R

Decay B ⇥ 104

B ! ⇢ `⌫̄ 1.97± 0.16 (q2 < 12GeV2)

B ! ! `⌫̄ 0.61± 0.11 (q2 < 12GeV2)

TABLE I. The |Vub| measurements [7] used in the fit shown in
Fig. 1 and their dependence on ✏R. The branching fractions
are taken from Ref. [8]
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fective theory point of view, the SM can be extended by
several new operators relevant for semileptonic decays,
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ments are from Ref. [8] using the theoretical predictions
of Ref. [9], and the two isospin-related ⇢ modes were av-
eraged assuming a 35% correlation of the systematic un-
certainties [8]. While we do not study the ! final state, it
could provide complementary information in the future
if lattice QCD calculations of the form factors become
available. For B ! Xu`⌫̄ the BLNP result was used.
The result of the �2 fit for |V L

ub| � ✏R without and with
B ! ⇢ `⌫̄ are shown in Fig. 1.
The goal of this this paper is to devise observables

sensitive to new physics contributions in ✏R, without re-
quiring the measurement of the fully di↵erential decay
distribution. It is well-known from the literature on both
semileptonic and rare decays that a full description of the
four-body final state in B ! ⇢`⌫̄ depends on the dilepton
invariant mass, q2, and three angles. While we assume
that the neutrino four-momentum is reconstructed, past
studies of B ! D⇤ [10, 11] and D ! ⇢ [12] semilep-
tonic decays show that for B ! ⇢`⌫̄, which has a much
smaller rate, the full angular analysis will be challenging
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NP Interpretation Strategies for Hb → Hcτν̄

Just fit ratios, hope that bias is small

with respect to the current precision#1

Frankly a perfectly sane strategy; after all the 
experiments do not provide any other information 
one could use and not all measurements might 
have such a strong dependence as e.g. BaBar

#2 Fold your model into the MC 
simulation, directly confront the data

#3
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Provide theorists with direct 
measurements of Wilson 
coefficients; these can be used to 
confront your favorite model

Benefit: no biases, more sensitivity as shape of all 
kinematic distributions help distinguish between models

a fairly prominent problem

[to appear soon]



Use kinematic quantities (e.g. ) 
to subtract background

|p*ℓ | , m2
miss, q2

ℛ(D(*)) =
Nsig

Nnorm
×

ϵnorm

ϵsig
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bins with equidistant bin widths for |p∗
! | ∈ (0.2, 2.2)GeV

and m2
miss ∈ (−2, 10)GeV2. The fits determine either

R(D(∗)), or the real and imaginary parts of Wilson coeffi-
cients. The preferred SM coupling is determined simultane-
ously, in order to remove explicit dependence on |Vcb|.

We construct an Asimov data set [26] assuming the frac-
tions and total number of events in Table 2, following from
the number of events in Ref. [1,24]. In the scans, the total
number of events corresponds to an approximate integrated
luminosity of 5 ab−1 of Belle II collisions. We assume events
are reconstructed in two categories targeting B → D τ ν̄ and
B → D∗τ ν̄. A fit for the real and imaginary parts of a sin-
gle Wilson coefficient plus the (real) SM coupling thus has
2 × 12 × 12 − 3 = 285 degrees of freedom.

A sizable downfeed background from D∗ mesons misre-
constructed as a D is expected in the B → D τ ν̄ channel via
both the B → D∗ τ ν̄ and B → D∗ !ν̄ decays. This is taken
into account by partitioning the simulated B → D∗τν and
B → D∗!ν events into two samples: One with the correct
m2

miss = (pB − pD∗ − p!)
2 and the other with the misrecon-

structedm2
miss = (pB−pD−p!)

2, which omits the slow pion.
This downfeed reduces the sensitivity for the case that NP
couplings induce opposite effects on the B → Dτ ν̄ versus
B → D∗τ ν̄ total rates or shapes. In addition to semileptonic
processes, we assume the presence of an irreducible back-
ground from secondaries (i.e., leptons from semileptonic D
meson decays), fake leptons (i.e., hadrons that were misiden-
tified as leptons) and semileptonic decays from higher charm
resonances (i.e., D∗∗ states). The irreducible background is
modeled in a simplified manner by assuming 10 background
events in each of the 12×12 bins, totaling overall 1440 events
per category.

Figure 1 shows the impact on the fit variables of three
benchmark models that we use to investigate the effects of
new physics:

i) The R2 leptoquark model, which sets SqLlL & 8 TqLlL
(including RGE; see, e.g., Refs. [27,28]);

ii) A pure tensor model, via TqLlL ;
iii) A right-handed vector model, via VqRlL .

For the ratio plots in Fig. 1, we fix the NP Wilson coeffi-
cients to specific values to illustrate the shape changes they
induce in |p∗

! | and m2
miss. The R2 leptoquark model and ten-

sor model exhibit sizable shape changes. The right-handed
vector model shows only an overall normalization change for
B → D τ ν̄, with no change in shape compared to the SM,
because the axial-vector B → D hadronic matrix element
vanishes by parity and angular momentum conservation. For
B → D∗, both vector and axial vector matrix elements are
nonzero, so that introducing a right-handed vector current
leads to shape and normalization changes.

Fig. 1 The ratios of differential distributions with respect to the SM,
as functions of |p∗

! | and m2
miss, for various Wilson coefficient working

points. For more details see text

Fig. 2 The B → D τ ν̄ (top) and B → D∗τ ν̄ (bottom) distributions in
|p∗

! | and m2
miss in the Asimov data set. The number of events correspond

to an estimated number of reconstructed events at Belle II with 5 ab−1

Figure 2 shows the projections of the constructed Asimov
data set, as well as the distributions expected for the three NP
models. The latter have the same couplings as those shown
in Fig. 1.
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Figure 28 Top: Typical variation of experimental acceptances for the 2HDM, the leptoquark models R2 and S1, and a pure
tensor current, normalized with respect to the SM acceptance "SM, for B ! D⌧⌫ (blue) and B ! (D⇤

! D⇡)⌧⌫ (red), with
⌧ ! e⌫⌫. The dotted, solid and dashed lines show the resulting acceptances for q

2 resolutions (see text) of 0.8, 1.2 and 1.6 GeV2,
respectively. Bottom: Variation in R(D(⇤))/R(D(⇤))SM for the same models.

such, typically many phenomenological interpretations of
these results simply require that any New Physics (NP)
accounts for the measured ratios (or other observables
such as polarization fractions) within quoted uncertain-
ties. However, this naive approach may lead to biases in
NP interpretations.

The reason for this is that in practice, as discussed in
Sec. IV, the R(D(⇤)) ratios are recovered from fits in mul-
tiple reconstructed observables. In these fits, the signal
B ! D

(⇤)
⌧⌫ decay distributions (as well as backgrounds)

are assumed to have SM shapes—their reconstructed ob-
servables are assumed to have an SM template—while
their normalization is allowed to float independently. In
the SM, the ratio of R(D)/R(D⇤) is itself tightly pre-
dicted up to small form factor uncertainties. Thus, the
current experimental approach can be thought of intro-
ducing a NP fit template, that is parametrized by varia-
tion in the double ratio R(D)/R(D⇤) as well as, say, the
overall size of R(D⇤).

Variation of R(D⇤), while keeping R(D)/R(D⇤) fixed
to its SM prediction, is consistent with NP contribu-
tions from the cVL Wilson coe�cient. This Wilson coef-
ficient by definition still generates SM-like distributions:
so that incorporating cVL contributions is self-consistent
with the fit template assumptions from which the mea-
sured R(D(⇤)) values were recovered.

However, to explain the variation in R(D)/R(D⇤)
from the SM prediction requires further NP contribu-
tions, that generically also alter the B ! D

(⇤)
⌧⌫ sig-

nal (and some background) decay distributions and ac-
ceptances. (It is possible that there exist NP contri-
butions which only modify the neutrino distributions.
Because the experiments marginalize over missing en-
ergy, this particular NP could permit R(D)/R(D⇤) to
simultanteously float from the SM prediction while pre-
serving the SM template for reconstructed observables.)
These NP contributions are thus generically inconsis-
tent with the assumed SM template in the current mea-
surement and fit, and may a↵ect the recovered values
of R(D(⇤)) themselves. As a result, while the current
world-average for R(D)–R(D⇤) unambiguously indicates
a tension with the SM, it does not a priori allow for a
self-consistent NP interpretation or explanation. A self-
consistent BSM measurement of any recovered observ-
able instead requires e.g. dedicated fit templates for each
BSM point of interest, which we discuss further below.

A similar tension with the SM can be established when
additional observables such as asymmetries, longitudinal
fractions, or polarization fractions are compared to SM
predictions (see Sec. II.D.2), and there is much litera-
ture studying their in-principle NP discrimination power.
However, the same caveat with regard to NP interpreta-
tions applies: NP contributions may alter the recovered
values of these parameters.
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Slightly dramatic example of what could happen
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Fig. 3 Top: Illustrations of biases from fitting an SM template to three
NP ‘truth’ benchmark models: the 2HDM type II with SqRlL = −2
(left), SqRlL = 0.75i (middle), and the R2 leptoquark model with
SqLlL = 8 TqLlL = 0.25+0.25i (right). The orange dot corresponds to
the predicted ‘true value’ of R(D(∗)) for the NP model, to be compared
to the recovered 68%, 95% and 99% CLs of the SM fit to the NP Asi-

mov data sets (with uncertainties estimated to correspond to ∼ 5 ab−1)
in shades of red. Bottom: The best fit regions for the 2HDM and R2
model Wilson coefficients obtained from fitting R(D(∗)) NP predic-
tions to the recovered R(D(∗)) CLs for each NP model. The shades
of red denote CLs as in the top row. The best fit (true value) Wilson
coefficients are shown by black (orange) dots

For two NP models, the recovered ratios from fitting the Asi-
mov data set exclude the truth R(D(∗))th values at ! 4σ ,
and the other at 3σ . The recovered ratios show deviations
from the SM comparable in size (but in some cases a dif-
ferent direction) to the current world average R(D(∗)), and
much smaller than the deviations expected from the truth
R(D(∗))th values. This illustrates the sizable bias in the mea-
sured R(D(∗)) values that may be presumed to ensue from
carrying out fits with an SM template, if NP actually con-
tributes to the measurements. We emphasize that the degree
to which a particular NP model is actually affected by this
type of bias – including the size and direction of the bias –
may be sensitive to the details of the experimental framework
and is therefore a question that can only be answered within
each experimental analysis.

We also show in Fig. 3 the equivalent bias arising from
a naïve fit of the R(D(∗)) NP prediction that attempts to
recover the complex Wilson coefficient. This is done by
parametrizing R(D(∗))th = R(D(∗))[cXY ], and fitting this
expression to the recovered R(D(∗))rec values. Explicitly,
one calculates CLs in the Wilson coefficient space via the
two degree of freedom chi-square χ2 = vT σ−1

R(D(∗))v, with

v =
(
R(D)th − R(D)rec , R(D∗)th − R(D∗)rec

)
. The result-

ing best fit Wilson coefficient regions similarly exclude the
truth values.

Thus, the allowed or excluded regions of NP cou-
plings determined from fits to the R(D(∗)) measurements
must be treated with caution, as these fits do not include
effects of the NP distributions in the MC templates. Sim-
ilarly, results of global fits should be interpreted carefully
when assessing the level of compatibility with specific NP
scenarios.

2.4 New physics Wilson coefficient fits

Instead of considering observables like R(D(∗)), for phe-
nomenological studies to be able to properly make inter-
pretations and test NP models, experiments should provide
direct constraints on NP Wilson coefficients themselves. For
example, this could be done with simplified likelihood ratios
that profile out all irrelevant nuisance parameters from, e.g.,
systematic uncertainties or information from sidebands or
control channels, or by other means.
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Instead of considering observables like R(D(∗)), for phe-
nomenological studies to be able to properly make inter-
pretations and test NP models, experiments should provide
direct constraints on NP Wilson coefficients themselves. For
example, this could be done with simplified likelihood ratios
that profile out all irrelevant nuisance parameters from, e.g.,
systematic uncertainties or information from sidebands or
control channels, or by other means.
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HAMMER — a tool to correct  to arbitrary NPHb → Hcτν̄

Challenge: Produce MC for each NP working point 

-
Need a MC generator that incorporates all NP 
effects and modern form factors

(e.g. EvtGen does not)

-
Very expensive; MC statistics is 
already one of the largest systematic 
uncertainties on these measurements

HAMMER offers a 
solution to these problems

SM or Phase-space MC can be corrected 
to NP or FFs via ratio of event weights

SciPost Physics Submission

the relevant ten four-Fermi operators. In addition, changes of hadronic form factors to559

evaluate uncertainties or float such as additional nuisance parameters in a minimization560

problem, can be introduced. Although the code itself does not directly construct like-561

lihoods, it provides the LHCb and Belle II experiment with the necessary key tools to562

present experimental data in a model-independent way—a concrete toy example of which563

is discussed in Section 4.4.3. The code further allows experiments to reuse their large564

dedicated SM MC samples for new physics interpretations. The algorithm is based on565

event-weights of the form566

X

↵,i,�,j

c↵c†
�
FiF

†
j

W↵i�j , (11)

that are proportional to the ratio of the differential rates (and thus depends on the final567

state kinematics). Here c↵/� denote Standard Model (SM) or new physics (NP) Wilson568

coefficients, W↵i�j denote a weight tensor (built from the relevant amplitudes describing569

a process in question), and Fi/j encode hadronic form factors. The key realization is that570

the sub-sum
P

ij
FiF

†
j

W↵i�j is independent of the Wilson coefficients. Once this object571

is computed for a specific event it can be contracted with any choice of new physics to572

generate efficiently an event weight. In an eventual fit, observed events often are described573

by binned data. This allows one to carry out the individual sub-sums and store them in574

histograms, which in turn can be used to produce efficient prediction functions. In Ref. [54]575

an interface for RooFit was presented, which admits an alternative usage in standalone576

RooFit/HistFactory analyses.577

Fermitools The Fermi Large Area Telescope (Fermi-LAT) is a space-based gamma-ray578

telescope launched in 2008 and operational since then. The LAT has all the basic ingre-579

dients of a particle physics detector (silicon tracker, CsI calorimeter, veto detector) [55]580

and mainly provides the directions and energies of the observed gamma rays. The re-581

quirement that the data and associated analysis tools be published approximately a year582

after the end of commissioning led to the development of Fermitools [56], which provide583

pre-defined, and allow user-defined, statistical models to be convolved with parametrized584

detector response functions. Different classes of event selections are offered with respec-585

tive response functions corresponding to different levels of background [57]. Examples of586

relevance to particle physics include the search for annihilation signals from dark matter587

in dwarf galaxies [58, 59]. Another example, where these tools have been applied by users588

outside of the Fermi-LAT Collaboration is the characterization of an excess of gamma rays589

from the center of the Milky Way in terms of dark matter (see, for example, Ref. [60]).590

The approach taken by Fermi-LAT is not so much to publish likelihood functions for591

given models but rather to provide the community with easy to use tools to allow individual592

scientists to implement their own analysis. Models of universal backgrounds (isotropic,593

galactic diffuse gamma-ray emission and point sources) are provided as templates (in fits594

format or as text files) [61]. Likelihoods for specific models given specific datasets are595

not published as part of the Fermitools, but some individual analyses decided to publish596

likelihood functions in machine-readable format (see e.g. Ref. [59]). An early example of597

application of Fermitools in a particle physics context is the use of data for dwarf galaxies598

to search for supersymmetric dark matter [58,59]. In this case the publicly available event599

selection, detector response functions and backgrounds were used but the convolution with600

detector response functions was implemented by the author for faster computation. Current601

implementations of BSM global fits (see also Section 4.7) use the above mentioned machine-602

readable likelihoods.603
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6

covered R(D(⇤))rec values. Explicitly, one calculates
CLs in the Wilson coe�cient space via the two de-
gree of freedom chi-square �

2 = vT
�
�1
R(D(⇤))

v, with

v =
�
R(D)th �R(D)rec , R(D⇤)th �R(D⇤)rec

�
. The re-

sulting best fit Wilson coe�cient regions similarly ex-
clude the truth values.

Thus, the allowed or excluded regions of NP cou-
plings determined from fits to the R(D(⇤)) measure-
ments must be treated with caution, as these fits do
not include e↵ects of the NP distributions in the MC
templates. Similarly, results of global fits should be in-
terpreted carefully when assessing the level of compat-
ibility with specific NP scenarios.

2.4 New physics Wilson coe�cient fits

Instead of considering observables like R(D(⇤)), for phe-
nomenological studies to be able to properly make inter-
pretations and test NP models, experiments should pro-
vide direct constraints on NP Wilson coe�cients them-
selves. For example, this could be done with simplified
likelihood ratios that profile out all irrelevant nuisance
parameters from, e.g., systematic uncertainties or infor-
mation from sidebands or control channels, or by other
means.

As an example, we now use Hammer to perform such
a fit for the real and imaginary parts of the NP Wilson
coe�cients, using the set of three NP models in Sec. 2.2
as templates. These are fit to the same two truth bench-
mark scenarios as in Fig. 4: a truth SM Asimov data set;
and a truth Asimov data set reweighted to the 2HDM
Type II with SqRlL = �2.

Figure 4 shows in shades of red the 68%, 95% and
99% confidence levels (CLs) of the three NP model
scans of SM Asimov data sets. For the SM truth bench-
mark, the corresponding best fit points are always at
zero NP couplings. The derived CLs then correspond
to the expected median exclusion of the fitted NP cou-
pling under the assumption the SM is true.

We further show in shades of yellow the same fit CLs
for the 2HDM truth benchmark Asimov data set. These
latter fits illustrate a scenario in which NP is present,
but is analyzed with an incomplete or incorrect set of
NP Wilson coe�cients. Depending on the set of coe�-
cients, we see from the ��

2 of the best fit points that
the new physics might be obfuscated or wrongly iden-
tified. This underlines the importance for LHCb and
Belle II to eventually carry out an analysis in the full
multi-dimensional space of Wilson coe�cients, spanned
by the operators listed in Table 1.

3 The Hammer library

In this section we present core interface features and
calculational strategies of the Hammer library. Details
of the code structure, implementation, and use, can be
found in the Hammer manual [40]; here we provide only
an overview.

3.1 Reweighting

We consider an MC event sample, comprising a set of
events indexed by I, with weights wI and truth-level
kinematics {q}I . Reweighting this sample from an ‘old’
to a ‘new’ theory requires the truth-level computation
of the ratio of the di↵erential rates

rI =
d�

new
I

/dPS

d�
old
I

/dPS
, (3)

applied event-by-event via the mapping wI 7! rIwI .
The ‘old’ or ‘input’ or ‘denominator’ theory is typically
the SM plus (where relevant) a hadronic model — that
is, a form factor (FF) parametrization. (It may also
be composed of pure phase space (PS) elements, see
App. A.2.) The ‘new’ or ‘output’ or ‘numerator’ the-
ory may involve NP beyond the Standard Model, or a
di↵erent hadronic model, or both.

Historically, the primary focus of the library is
reweighting of b ! c`⌫ semileptonic processes, often
in multistep cascades such as B ! D

(⇤,⇤⇤)(! DY ) ⌧(!
X⌫)⌫̄. However, the library’s computational structure is
designed to be generalized beyond these processes, and
we therefore frame the following discussion in general
terms, before returning to the specific case of semilep-
tonic decays.

3.2 New Physics generalizations

The Hammer library is designed for the reweighting of
processes via theories of the form

L =
X

↵

c↵ O↵ . (4)

where O↵ are a basis of operators, and c↵, are SM or
NPWilson coe�cients (defined at a fixed physical scale;
mixing of the Wilson coe�cients under RG evolution,
if relevant, must be accounted for externally to the li-
brary). We specify in Table 1 the conventions used for
various b ! c`⌫ four-Fermi operators and other pro-
cesses included in the library.

The corresponding process amplitudes may be ex-
pressed as linear combinations c↵A↵. They may also be
further expressed as a linear sum with respect to a basis
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FIG. 2. Example process tree for a decay cascade involving 10 particles (numbers), 4 vertices

(circles) and 3 edges (dark lines).

of the signatures of available Amplitude classes. A similar technique, using the hash of

the hadronic particles in a vertex, is used to identify whether form factors are needed at

each vertex. (If form factors are required at a vertex, Hammer will obtain the relevant form

factor parameterization as specified by the user for the hadronic transition in question.)

If no amplitude is found for a vertex, hammer will simply skip this step of the cascade.

This behavior means that hammer implicitly prunes potentially highly extended cascades,

providing an amplitude tensor only for vertices Hammer ‘knows’ (i.e. the parts of the cascade

we care about for understanding NP e↵ects or FF parametrizations).

In certain cases the strategy adopted for determining the process amplitude is more

sophisticated than a vertex-by-vertex approach. For certain decays, it can be computation-

ally advantageous to calculate an amplitude for two adjacent amplitudes. For example, in

B ! (D⇤
! D�)`⌫, simpler expressions can be obtained if one calculates the entire ‘merged’

amplitude, treating the D⇤ as an onshell internal state, rather than two separate amplitudes

exchanging D
⇤ spin. Similarly, for ⌧ ! (⇢ ! ⇡⇡)⌫, treatment of non-resonant e↵ects from

the broad ⇢ motivate expressing this amplitude as one merged amplitude, even though in the

process tree it would be represented as two vertices. Multistep decays involving the broad

D
⇤⇤ may also be more tractable when merged in this manner. Thus in additional to vertex

amplitudes, Hammer is also capable of processing ‘edge’ amplitudes, that is, one amplitude

belonging to two adjacent vertices connected by an edge in the process tree. It can therefore

happen that although Hammer does not know the amplitude for a particular vertex, it does

know an edge amplitude involving that vertex and another.

To explain what this means in practice for the user, it’s useful to introduce a vertex

and edge notation for the process tree. If Hammer knows the amplitude at a vertex, the

vertex is denoted by a filled circle, and if unknown, by an open circle. If an edge vertex

is available for two vertices, we connect them by a double line. This leads to five di↵erent

types of amplitude combinations, defined in Table I. The arithmetic followed by Hammer in
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bins with equidistant bin widths for |p∗
! | ∈ (0.2, 2.2)GeV

and m2
miss ∈ (−2, 10)GeV2. The fits determine either

R(D(∗)), or the real and imaginary parts of Wilson coeffi-
cients. The preferred SM coupling is determined simultane-
ously, in order to remove explicit dependence on |Vcb|.

We construct an Asimov data set [26] assuming the frac-
tions and total number of events in Table 2, following from
the number of events in Ref. [1,24]. In the scans, the total
number of events corresponds to an approximate integrated
luminosity of 5 ab−1 of Belle II collisions. We assume events
are reconstructed in two categories targeting B → D τ ν̄ and
B → D∗τ ν̄. A fit for the real and imaginary parts of a sin-
gle Wilson coefficient plus the (real) SM coupling thus has
2 × 12 × 12 − 3 = 285 degrees of freedom.

A sizable downfeed background from D∗ mesons misre-
constructed as a D is expected in the B → D τ ν̄ channel via
both the B → D∗ τ ν̄ and B → D∗ !ν̄ decays. This is taken
into account by partitioning the simulated B → D∗τν and
B → D∗!ν events into two samples: One with the correct
m2

miss = (pB − pD∗ − p!)
2 and the other with the misrecon-

structedm2
miss = (pB−pD−p!)

2, which omits the slow pion.
This downfeed reduces the sensitivity for the case that NP
couplings induce opposite effects on the B → Dτ ν̄ versus
B → D∗τ ν̄ total rates or shapes. In addition to semileptonic
processes, we assume the presence of an irreducible back-
ground from secondaries (i.e., leptons from semileptonic D
meson decays), fake leptons (i.e., hadrons that were misiden-
tified as leptons) and semileptonic decays from higher charm
resonances (i.e., D∗∗ states). The irreducible background is
modeled in a simplified manner by assuming 10 background
events in each of the 12×12 bins, totaling overall 1440 events
per category.

Figure 1 shows the impact on the fit variables of three
benchmark models that we use to investigate the effects of
new physics:

i) The R2 leptoquark model, which sets SqLlL & 8 TqLlL
(including RGE; see, e.g., Refs. [27,28]);

ii) A pure tensor model, via TqLlL ;
iii) A right-handed vector model, via VqRlL .

For the ratio plots in Fig. 1, we fix the NP Wilson coeffi-
cients to specific values to illustrate the shape changes they
induce in |p∗

! | and m2
miss. The R2 leptoquark model and ten-

sor model exhibit sizable shape changes. The right-handed
vector model shows only an overall normalization change for
B → D τ ν̄, with no change in shape compared to the SM,
because the axial-vector B → D hadronic matrix element
vanishes by parity and angular momentum conservation. For
B → D∗, both vector and axial vector matrix elements are
nonzero, so that introducing a right-handed vector current
leads to shape and normalization changes.

Fig. 1 The ratios of differential distributions with respect to the SM,
as functions of |p∗

! | and m2
miss, for various Wilson coefficient working

points. For more details see text

Fig. 2 The B → D τ ν̄ (top) and B → D∗τ ν̄ (bottom) distributions in
|p∗

! | and m2
miss in the Asimov data set. The number of events correspond

to an estimated number of reconstructed events at Belle II with 5 ab−1

Figure 2 shows the projections of the constructed Asimov
data set, as well as the distributions expected for the three NP
models. The latter have the same couplings as those shown
in Fig. 1.
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Semileptonic decays	at	B	Factories
• e+/e-	collisions	producing	ϒ(4S) →BB̅ 

• Using	fully	reconstructed	B-tag	and	a	
constraint	to	the	ϒ(4S) mass,	possible	to	
measure	the	momentum	of	the	B-signal

à”A	beam	of	B	mesons!”

• Then,	the	missing	mass	(neutrinos)	can	be	
measured	with	high	precision.

• Small	(~10-3)	B-tag	efficiency	compensated	
by	large	integrated	luminosity	
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As an example, we now use Hammer to perform such a fit
for the real and imaginary parts of the NP Wilson coefficients,
using the set of three NP models in Sect. 2.2 as templates.
These are fit to the same two truth benchmark scenarios as in
Fig. 4: a truth SM Asimov data set; and a truth Asimov data
set reweighted to the 2HDM Type II with SqRlL = −2.

Figure 4 shows in shades of red the 68%, 95% and 99%
confidence levels (CLs) of the three NP model scans of SM
Asimov data sets. For the SM truth benchmark, the corre-
sponding best fit points are always at zero NP couplings. The
derived CLs then correspond to the expected median exclu-
sion of the fitted NP coupling under the assumption the SM
is true.

We further show in shades of yellow the same fit CLs for
the 2HDM truth benchmark Asimov data set. These latter fits
illustrate a scenario in which NP is present, but is analyzed
with an incomplete or incorrect set of NP Wilson coefficients.
Depending on the set of coefficients, we see from the ∆χ2 of
the best fit points that the new physics might be obfuscated or
wrongly identified. This underlines the importance for LHCb
and Belle II to eventually carry out an analysis in the full
multi-dimensional space of Wilson coefficients, spanned by
the operators listed in Table 1.

3 The Hammer library

In this section we present core interface features and cal-
culational strategies of the Hammer library. Details of the
code structure, implementation, and use, can be found in the
Hammer manual [40]; here we provide only an overview.

3.1 Reweighting

We consider an MC event sample, comprising a set of events
indexed by I , with weights wI and truth-level kinematics
{q}I . Reweighting this sample from an ‘old’ to a ‘new’ the-
ory requires the truth-level computation of the ratio of the
differential rates

rI =
dΓ new

I /dPS
dΓ old

I /dPS
, (3)

applied event-by-event via the mapping wI "→ rIwI . The
‘old’ or ‘input’ or ‘denominator’ theory is typically the SM
plus (where relevant) a hadronic model — that is, a form
factor (FF) parametrization. (It may also be composed of
pure phase space (PS) elements, see App. A.2.) The ‘new’ or
‘output’ or ‘numerator’ theory may involve NP beyond the
Standard Model, or a different hadronic model, or both.

Historically, the primary focus of the library is reweight-
ing of b → c$ν semileptonic processes, often in multistep
cascades such as B → D(∗,∗∗)(→ DY ) τ (→ Xν)ν̄. How-

Fig. 4 The 68%, 95% and 99% CL allowed regions of the three models
under consideration, from fitting the SM (red) and 2HDM type II (yellow
and with SqRlL = −2) Asimov data sets. (Top) R2 leptoquark model
with SqLlL = 8TqLlL ; (middle) NP in the form of a left-handed tensor
coupling; (bottom) NP in the form of a right-handed vector coupling

ever, the library’s computational structure is designed to be
generalized beyond these processes, and we therefore frame
the following discussion in general terms, before returning
to the specific case of semileptonic decays.
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