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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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• Recent hints of possible violation of lepton flavor universality in B 
meson decays
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Figure 67: Measurements of R(D) and R(D⇤) listed in Table 92 and their two-dimensional
average. Contours correspond to ��2 = 1, i.e., 68% CL for the bands and 39% CL for the
ellipses. The black point with errors is the average of the SM predictions for R(D⇤) and R(D)
obtained from Refs. [584–586]. The prediction and the experimental average deviate from each
other by 3.08�. The dashed ellipse correspond to a 3� contour (99.73% CL).
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HFLAV, Eur. Phys. J. C 81, 226 (2021) LHCb, arXiv:2103.11769
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R(D(⇤)) =
BF(B ! D(⇤)⌧⌫)

BF(B ! D(⇤)`⌫)
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LEPTON UNIVERSALITY IN     DECAYS
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• New physics contributions to charged-
current semileptonic B decays can also 
contribute to neutral-current processes
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⌥Motivation

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020

In$[Phys.$Lett.$B653,$67,$2007]$a$light$CP@odd
Higgs$boson$A0 is$proposed.$In$2HDM(II)$with$
large$tan# the$A0 boson$exclusively$decays$into$
!@pairs$and$thus$New$Physics$effects$might$
modify R)78)))in$Υ(nS)$decays.

Aloni et$al$in$[J.$High$Energ.$Phys.$06,$019$
(2017)]$propose$a$New$Physics$contribution$to$
b→c@A which$explains$the tension$in$R(D(*))$and$
which$must$also$modify$the R)78))observable$
– encourage$this$measurement$to$be$made
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The only other measurement is by the CLEO collaboration [Phys.Rev.Lett. 98
(2007) 052002]: B)CD = 1.05±0.08±0.05.
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⌥(nS)

• Deviations expected at 0.2%-4% level 
for models motivated by
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R(D(⇤)) =
BF(B ! D(⇤)⌧⌫)

BF(B ! D(⇤)`⌫)Aloni et al., JHEP 06, 019 (2017); García-Duque et al., PRD 103, 
073003 (2021)

• Hadronic uncertainties cancel in 
ratio:
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vector boson model) were presented in Refs. [40–42]1. It
was found that although the model can accommodate the
R(D(⇤)) anomalies, the framework is severely constrained
by the direct searches of neutral resonances decaying into
⌧+⌧� pairs at ATLAS and CMS [41, 42]. Di↵erent W 0

boson scenarios (either UV completions and simplified
models) have also been studied [43–52] and complemen-
tary tests of these models with the searches for heavy ⌧⌫
resonances performed at the LHC, showed an agreement
with the constraints from ATLAS and CMS data (see,
for instance, Refs. [43, 44, 52, 53]).

Additionally, alternative approaches regarding W 0

bosons associated with pure right-handed currents (in-
volving a right-handed neutrino) have been discussed
recently in the literature within di↵erent NP realiza-
tions [44, 51, 52, 54–64]. Nevertheless, some recent anal-
yses have shown that this right-handed neutrino interpre-
tation seems to be disfavored by the LHC data [29, 44].

On the other hand, LFU can also be tested through
the ratio of leptonic decays of bottomonium meson
⌥(nS) [65]

R⌥(nS) ⌘
BR(⌥(nS) ! ⌧+⌧�)

BR(⌥(nS) ! `+`�)
, (8)

with n = 1, 2, 3 and ` = µ, e, providing a clean theoretical
environment. Experimentally, the BABAR and CLEO
Collaborations have reported the values [66, 67]

R⌥(1S) =

(
BABAR-10: 1.005± 0.013± 0.022 [66],

SM: 0.9924 [65],
(9)

R⌥(2S) =

(
CLEO-07: 1.04± 0.04± 0.05 [67],

SM: 0.9940 [65],
(10)

R⌥(3S) =

(
CLEO-07: 1.05± 0.08± 0.05 [67],

SM: 0.9948 [65],
(11)

where the theoretical uncertainty is typically of the order
±O(10�5) [65]. These measurements are in good accor-
dance with the SM by 0.5�, 0.8�, and 0.6�, respectively.
Recently, in 2020 the BABAR experiment has released a
new measurement on the ratio R⌥(3S) [68], whose value
is

RBABAR�20

⌥(3S)
= 0.966± 0.008± 0.014, (12)

which improves the precision of the experimental value
previously obtained by CLEO [67]. Despite this improve-
ment, the new value is below the SM expectation and
shows an agreement at the 1.8� level [68], in higher ten-
sion than CLEO. Moreover, averaging the CLEO-07 [67]
and BABAR-20 [68] measurements we obtain

RAve

⌥(3S)
= 0.968± 0.016, (13)

1
Let us notice that a simultaneous explanation of both the b !
c⌧ ⌫̄⌧ and b ! sµ+µ�

anomalies have been also discussed within

the vector boson model in Refs. [40, 41, 49, 50]; however, this

approach is beyond the scope of the present work.

which deviates at the 1.7� level with respect to the SM
prediction (uncertainties were taken in quadrature). Mo-
tivated by the tension generated by the new BABAR
measurement on R⌥(3S), it is intriguing to study its pos-
sible NP implications. As additional motivation, it is
known that new physics scenarios (with left-handed neu-
trinos) aiming to provide an explanation to the R(D(⇤))
anomalies also induce inevitable e↵ects in the leptonic de-
cay ratio R⌥(nS) [65]. The connection between charged-
current b ! c⌧ ⌫̄⌧ and neutral-current bb̄ ! ⌧ ⌧̄ pro-
cesses was first pointed out by the authors of Ref. [42], in
which they performed a recast of existing ⌧+⌧� resonance
searches at the CMS and ATLAS experiments, allowing
one to set constraints on di↵erent simplified models ad-
dressing the R(D(⇤)) anomalies.
Keeping in mind the correlation between NP solutions

to the charged-current b ! c⌧ ⌫̄⌧ anomalies and neutral-
current bb̄ ! ⌧ ⌧̄ processes [42, 65], and to the light of
the very recent BABAR result on R⌥(3S) [68], in this
work we present a reanalysis of the extra gauge bosons
within the vector triplet model that preferentially couples
to third-generation fermions [41, 42]. A previous analysis
addressing the R(D(⇤)) anomalies and the complemen-
tary R⌥(nS) in this model was presented in Ref. [65], in
which the authors found within 95% confidence level the
numerical values for the Wilson coe�cients that minimize
the observed anomaly in R(D(⇤)), and the corresponding
predictions for R⌥(nS). This study was implemented by
considering the 2016 HFLAV averages [69], which di↵er
from the most recent 2019 HFLAV ones [12, 13]. Here,
by means of a di↵erent approach we carry out a ro-
bust phenomenological analysis of the parametric space
of gauge couplings allowed by charged-current b ! c⌧ ⌫̄⌧
and R⌥(nS) data. Particularly, for the b ! c⌧ ⌫̄⌧ data, we
include the polarizations of D⇤ and the tau lepton associ-
ated with B̄ ! D⇤⌧ ⌫̄⌧ , the ratio R(J/ ), and the upper
limit on BR(B�

c ! ⌧�⌫̄⌧ ), and we incorporate the forth-
coming sensitivity of Belle II on R(D(⇤)) measurements.
In that sense, our work complements and extends the
previous analysis performed in [65]. We will show that
the vector triplet model is in conflict with the BABAR
measurement of R⌥(3S) and the 1� range uncertainties
cannot be explained in simultaneity with b ! c⌧ ⌫̄⌧ data.
The outline of this paper is organized as follows. In

Sec. II, we briefly present the main features of the left-
handed vector bosons model. A phenomenological anal-
ysis of the parametric space of gauge couplings allowed
by charged-current and neutral-current data is presented
in Sec. III. The main concluding remarks of this work are
given in Sec. IV.

II. LEFT-HANDED VECTOR BOSONS MODEL

The SM is extended by including a color-neutral real
SU(2)L triplet of massive vectors W 0 and Z 0 that cou-
pled predominantly to left-handed (LH) fermions from
the third-generation [41, 42]. The Lagrangian describ-
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BABAR EXPERIMENT
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• 529/fb data 
collected at  
 
and off-peak     

• We use 27.96/fb at  
          , 78.3/fb at 
          , and  
10.37/fb off-peak

• Blind analysis strategy: use 9% of             dataset as optimization 
sample used to determine analysis method, discard for final results

January 12, 2018    Searches for light new particles with BABAR data              Steven Robertson 18
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DIMUON SAMPLE

5

• Only 2 oppositely charged particles in the event, back-to-back  
(< 20º) in center-of-mass (CM) frame

• Dimuon mass most of CM collision energy,

• At least one track consistent with muon hypothesis using particle 
identification (PID) algorithms

• These selections are sufficient to obtain 99.9% purity
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0.8 < Mµµ/
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s < 1.1

<latexit sha1_base64="8FUuNps+qKXJ1rlytgCVHvzNSr0="></latexit>

µ+

<latexit sha1_base64="gFaCZo+EZ3yfBflPlDRc/cTDzAI="></latexit>

µ�

<latexit sha1_base64="7/K4Yw2edfSMTdX4crTkRvF+qOA="></latexit>

e+
<latexit sha1_base64="CLtYB2X953lsczTPgabEqyRresM="></latexit>

e�



DITAU SAMPLE
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• Only 2 oppositely charged, roughly back-to-back in CM (< 70º) 
particles in the event, large transverse momentum

• Tracks are acollinear in CM (> 3º) and (electron+most energetic 
photon) must be acollinear with other track (> 2º)

• Missing momentum within 
detector acceptance, missing mass 
exceeds 10% of CM energy, 
restrictions on total calo energy 

• Purity of 99%
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• One track passes electron PID, the other one fails electron PID



EFFICIENCY CORRECTIONS
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• Off-peak samples in the vicinities of                         are used to 
determine relative efficiencies of muon/tau, and to derive data/MC 
corrections
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• Data/MC ratios also independent of energy (from known 
continuum dilepton cross sections):
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= 1.0146± 0.0016

•                  is independent of energy in both data and MC
<latexit sha1_base64="LP5y/jFCU3hUjazZW+IGHoRDTaA="></latexit>

N⌧⌧/Nµµ = 0.11665± 0.0017



• Fix relative muon/tau 
contribution in continuum 
and simultaneously fit 
both               and 

DISTINGUISHING CONTINUUM
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• Need to distinguish                          from continuum  

• Continuum dilepton sample has more significant tail from ISR
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⌥(3S) ! `+`�

the signal, but not the continuum background. If the
ISR photons have an energy greater than a few MeV (an
amount associated with the PEP-II beam energy spread),
then the e+e� interaction energy is too low to form the
bb̄ bound state. This e↵ect results in a significant dif-
ference in the radiative tail of the Mµµ distribution for
the continuum and resonance production processes for
reconstructed dimuon candidates, as shown in Fig. 1.
About 23% of the continuum candidates are in the low
mass radiative tail region (Mµµ/

p
s < 0.98; 3� of invari-

ant mass resolution corresponds to approximately 0.02 in
these units) whereas for the resonance decays this num-
ber is only 7%, and is associated with final state radiation
e↵ects.
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FIG. 1: Comparison of Mµµ/
p
s distributions for the con-

tinuum production e+e� ! µ+µ� in data at ⌥ (4S) o↵-
resonance energy and ⌥ (3S) ! µ+µ� decays in MC, where
only final-state radiation is expected. The distributions are
normalized to the same number of events. The vertical dashed
line shows the border Mµµ/

p
s = 0.98.

In Fig. 2 the selected signal events are shown for simu-
lated ⌥ (3S) decays. For the dimuon events, the Mµµ/

p
s

variable is plotted whereas for the ⌧+⌧� events the total
reconstructed event energy, scaled to center-of-mass en-
ergy, E⌧⌧/

p
s, is plotted. In the dimuon events, decays

of the ⌥ (3S) to lower mass ⌥ (1S) or ⌥ (2S) resonances
via radiative and hadronic transitions, where the ⌥ (1S)
or ⌥ (2S) then decay into a dimuon pair, are clearly seen
and separated. In this paper we refer to such processes,
including analogous processes with a ⌧+⌧� final state,
as “cascade decays”. Owing to the excellent momentum
resolution of the tracking system, the Mµµ/

p
s distri-

bution provides not only an estimate of the number of
⌥ (3S) ! µ+µ� events but also a direct evaluation of
the contributions from the cascade decays. In the ⌧+⌧�

channel, however, these cascade decay channels all have
the same broad distribution in E⌧⌧/

p
s and are nearly

indistinguishable.

In order to extract the ratio R⌥ (3S)
⌧µ that takes into ac-
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FIG. 2: Distributions of Mµµ/
p
s (top plot) and E⌧⌧/

p
s

(bottom plot) variables in MC. Cascade decays are clearly
separated in dimuon events and nearly indistinguishable in
⌧+⌧� events.

count correlations between components, a binned max-
imum likelihood fit procedure based on the Mµµ/

p
s

and E⌧⌧/
p
s distributions is employed. The fit proce-

dure is based on the template-fitting method of Ref. [15]
and takes into account the finite number of events in
the fit-template components. The ⌥ (3S) ! µ+µ� and
⌥ (3S) ! ⌧+⌧� templates are taken from the KKMC-
based MC without ISR e↵ects. The templates for
⌥ (2S) ! `+`� and ⌥ (1S) ! `+`� via cascade decays,
as well as the remaining small contributions from ⌥ (nS)
hadronic decays, are taken from the EvtGen-based MC.
The continuum templates use data control samples, as
described in the following paragraph.

The amount of BABAR data collected on-resonance is
about ten times larger than o↵-resonance. Consequently,
when the continuum template is based only on the o↵-
resonance data, the small size of that sample dominates
the statistical uncertainty of the ratio. To overcome this
limitation, ⌥ (4S) on-resonance Run 6 data, with an inte-
grated luminosity of 78.3 fb�1 and the same detector con-
figuration as Run 7, is used for the continuum template in

5

• Radiative tail only visible in dimuon sample
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COMPONENTS FOR FIT
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• Signal template taken from MC

• Continuum template taken Run6 on-peak            sample (78/fb), 
which has negligible leptonic BF
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⌥(3S), ⌥(4S)

• Radiative return production of                                   at 10.58 GeV 
is estimated & subtracted from continuum template
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⌥(1S)/⌥(2S)/⌥(3S)

• There is a small contamination of low-multiplicity        in tau 
continuum sample at            energy
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⌥(3S), ⌥(4S)

• We leave template as-is, but apply 0.42% correction to tau rate 
obtained from fit



the signal, but not the continuum background. If the
ISR photons have an energy greater than a few MeV (an
amount associated with the PEP-II beam energy spread),
then the e+e� interaction energy is too low to form the
bb̄ bound state. This e↵ect results in a significant dif-
ference in the radiative tail of the Mµµ distribution for
the continuum and resonance production processes for
reconstructed dimuon candidates, as shown in Fig. 1.
About 23% of the continuum candidates are in the low
mass radiative tail region (Mµµ/

p
s < 0.98; 3� of invari-

ant mass resolution corresponds to approximately 0.02 in
these units) whereas for the resonance decays this num-
ber is only 7%, and is associated with final state radiation
e↵ects.
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FIG. 1: Comparison of Mµµ/
p
s distributions for the con-

tinuum production e+e� ! µ+µ� in data at ⌥ (4S) o↵-
resonance energy and ⌥ (3S) ! µ+µ� decays in MC, where
only final-state radiation is expected. The distributions are
normalized to the same number of events. The vertical dashed
line shows the border Mµµ/

p
s = 0.98.

In Fig. 2 the selected signal events are shown for simu-
lated ⌥ (3S) decays. For the dimuon events, the Mµµ/

p
s

variable is plotted whereas for the ⌧+⌧� events the total
reconstructed event energy, scaled to center-of-mass en-
ergy, E⌧⌧/

p
s, is plotted. In the dimuon events, decays

of the ⌥ (3S) to lower mass ⌥ (1S) or ⌥ (2S) resonances
via radiative and hadronic transitions, where the ⌥ (1S)
or ⌥ (2S) then decay into a dimuon pair, are clearly seen
and separated. In this paper we refer to such processes,
including analogous processes with a ⌧+⌧� final state,
as “cascade decays”. Owing to the excellent momentum
resolution of the tracking system, the Mµµ/

p
s distri-

bution provides not only an estimate of the number of
⌥ (3S) ! µ+µ� events but also a direct evaluation of
the contributions from the cascade decays. In the ⌧+⌧�

channel, however, these cascade decay channels all have
the same broad distribution in E⌧⌧/

p
s and are nearly

indistinguishable.

In order to extract the ratio R⌥ (3S)
⌧µ that takes into ac-
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FIG. 2: Distributions of Mµµ/
p
s (top plot) and E⌧⌧/

p
s

(bottom plot) variables in MC. Cascade decays are clearly
separated in dimuon events and nearly indistinguishable in
⌧+⌧� events.

count correlations between components, a binned max-
imum likelihood fit procedure based on the Mµµ/

p
s

and E⌧⌧/
p
s distributions is employed. The fit proce-

dure is based on the template-fitting method of Ref. [15]
and takes into account the finite number of events in
the fit-template components. The ⌥ (3S) ! µ+µ� and
⌥ (3S) ! ⌧+⌧� templates are taken from the KKMC-
based MC without ISR e↵ects. The templates for
⌥ (2S) ! `+`� and ⌥ (1S) ! `+`� via cascade decays,
as well as the remaining small contributions from ⌥ (nS)
hadronic decays, are taken from the EvtGen-based MC.
The continuum templates use data control samples, as
described in the following paragraph.

The amount of BABAR data collected on-resonance is
about ten times larger than o↵-resonance. Consequently,
when the continuum template is based only on the o↵-
resonance data, the small size of that sample dominates
the statistical uncertainty of the ratio. To overcome this
limitation, ⌥ (4S) on-resonance Run 6 data, with an inte-
grated luminosity of 78.3 fb�1 and the same detector con-
figuration as Run 7, is used for the continuum template in
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the signal, but not the continuum background. If the
ISR photons have an energy greater than a few MeV (an
amount associated with the PEP-II beam energy spread),
then the e+e� interaction energy is too low to form the
bb̄ bound state. This e↵ect results in a significant dif-
ference in the radiative tail of the Mµµ distribution for
the continuum and resonance production processes for
reconstructed dimuon candidates, as shown in Fig. 1.
About 23% of the continuum candidates are in the low
mass radiative tail region (Mµµ/
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s < 0.98; 3� of invari-

ant mass resolution corresponds to approximately 0.02 in
these units) whereas for the resonance decays this num-
ber is only 7%, and is associated with final state radiation
e↵ects.
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FIG. 1: Comparison of Mµµ/
p
s distributions for the con-

tinuum production e+e� ! µ+µ� in data at ⌥ (4S) o↵-
resonance energy and ⌥ (3S) ! µ+µ� decays in MC, where
only final-state radiation is expected. The distributions are
normalized to the same number of events. The vertical dashed
line shows the border Mµµ/

p
s = 0.98.

In Fig. 2 the selected signal events are shown for simu-
lated ⌥ (3S) decays. For the dimuon events, the Mµµ/

p
s

variable is plotted whereas for the ⌧+⌧� events the total
reconstructed event energy, scaled to center-of-mass en-
ergy, E⌧⌧/

p
s, is plotted. In the dimuon events, decays

of the ⌥ (3S) to lower mass ⌥ (1S) or ⌥ (2S) resonances
via radiative and hadronic transitions, where the ⌥ (1S)
or ⌥ (2S) then decay into a dimuon pair, are clearly seen
and separated. In this paper we refer to such processes,
including analogous processes with a ⌧+⌧� final state,
as “cascade decays”. Owing to the excellent momentum
resolution of the tracking system, the Mµµ/

p
s distri-

bution provides not only an estimate of the number of
⌥ (3S) ! µ+µ� events but also a direct evaluation of
the contributions from the cascade decays. In the ⌧+⌧�

channel, however, these cascade decay channels all have
the same broad distribution in E⌧⌧/

p
s and are nearly

indistinguishable.

In order to extract the ratio R⌥ (3S)
⌧µ that takes into ac-
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FIG. 2: Distributions of Mµµ/
p
s (top plot) and E⌧⌧/

p
s

(bottom plot) variables in MC. Cascade decays are clearly
separated in dimuon events and nearly indistinguishable in
⌧+⌧� events.

count correlations between components, a binned max-
imum likelihood fit procedure based on the Mµµ/

p
s

and E⌧⌧/
p
s distributions is employed. The fit proce-

dure is based on the template-fitting method of Ref. [15]
and takes into account the finite number of events in
the fit-template components. The ⌥ (3S) ! µ+µ� and
⌥ (3S) ! ⌧+⌧� templates are taken from the KKMC-
based MC without ISR e↵ects. The templates for
⌥ (2S) ! `+`� and ⌥ (1S) ! `+`� via cascade decays,
as well as the remaining small contributions from ⌥ (nS)
hadronic decays, are taken from the EvtGen-based MC.
The continuum templates use data control samples, as
described in the following paragraph.

The amount of BABAR data collected on-resonance is
about ten times larger than o↵-resonance. Consequently,
when the continuum template is based only on the o↵-
resonance data, the small size of that sample dominates
the statistical uncertainty of the ratio. To overcome this
limitation, ⌥ (4S) on-resonance Run 6 data, with an inte-
grated luminosity of 78.3 fb�1 and the same detector con-
figuration as Run 7, is used for the continuum template in
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CASCADE & HADRONIC BKDS

10

• Other backgrounds include cascade decays  
and hadronic decays that nevertheless pass dilepton selections
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⌥(3S) ! ⌥(nS) +X, n = 1, 2

• These templates are taken from MC (EvtGen)



the fit. Since the leptonic width of the ⌥ (4S) is negligible
compared to the total width, only continuum-produced
dilepton events are expected in the sample. However,
other ⌥ (nS) ! `+`� decays appear in the data contin-
uum template via the ISR process. The radiative return
processes have been extensively studied by BABAR (e.g.,
a narrow resonance production described in Ref. [16])
and based on this approach, the amount of ISR-produced
⌥ (nS) mesons are estimated and subtracted from the
continuum template.

The number of ⌥ (3S) ! µ+µ� events Nµµ and the
raw ratio R̃⌧µ = N⌧⌧/Nµµ are free parameters of the fit.
In the non-signal templates, this ratio is fixed either as in
data for the continuum background or to the simulation
prediction for the other templates.

A graphical representation of the fit result is shown
in Figs. 3 and 4. The fit yields a raw ratio of R̃⌧µ =
N⌧⌧/Nµµ = 0.10788 ± 0.00091. The MC-based selection
e�ciencies and their ratio, which are needed to obtain
the ratio R⌧µ, are shown in Table II.

TABLE II: MC selection e�ciencies in percent for ⌥ (3S) !
`+`�. The quoted uncertainties reflect MC statistics.

"µµ (%) "⌧⌧ (%) "⌧⌧/"µµ

69.951± 0.018 7.723± 0.010 0.11041± 0.00015

Low multiplicity ⌥ (4S) ! BB̄ decays, such as semilep-
tonic decays, can potentially mimic ⌧ -pair events and
then pass the selection criteria. These would modify the
⌥ (4S)-based continuum template. Note that significant
numbers of ⌥ (4S) ! BB̄ events are not expected in the
final dimuon sample since Mµµ of such candidates is too
small. To estimate this e↵ect, a MC sample of 265 mil-
lion ⌥ (4S) ! BB̄ events was processed, which is about
three times the size of the ⌥ (4S) data, and resulted in 15
dimuon and 7644 ⌧+⌧� candidates. Thus, the BB̄ con-
tribution to the muon template can be safely neglected
whereas the amount of ⌧+⌧� candidates translates into
a correction of �BB̄ = 0.42% to the expected number of
⌥ (3S) ! ⌧+⌧� candidates and is applied to the ratio
R⌧µ.

Combining the fit result R̃⌧µ, the ratio of MC e�-
ciencies "µµ/"⌧⌧ , the data/MC correction CMC, and the
correction from BB̄ events �BB̄ , the ratio is

R⌥ (3S)
⌧µ = R̃⌧µ

1

CMC

"µµ
"⌧⌧

· (1 + �BB̄) = 0.9662± 0.0084,

where uncertainties from the data/MC correction and
MC e�ciencies are included in the statistical uncertainty.

The sources of the systematic uncertainty in R⌥ (3S)
⌧µ

are summarized in Table III.
To assess the particle identification uncertainty, three

additional ⌧+⌧� classifiers were considered. The first
used tighter electron selectors for both the ⌧ to electron
and the ⌧ to non-electron selection. The second had a
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FIG. 3: The result of the template fit to the ⌥ (3S) data in
the Mµµ/

p
s variable. In (a) all events are shown, in (b) and

(c) the dominant continuum e+e� ! µ+µ� background is
subtracted, and (c) is a magnified view of (b) to better show
cascade decays and the radiative tail region.
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• Binned maximum-likelihood template fit to                and  
•         and the ratio                  are free parameters, as are 

normalizations of background components except hadronic decays
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the fit. Since the leptonic width of the ⌥ (4S) is negligible
compared to the total width, only continuum-produced
dilepton events are expected in the sample. However,
other ⌥ (nS) ! `+`� decays appear in the data contin-
uum template via the ISR process. The radiative return
processes have been extensively studied by BABAR (e.g.,
a narrow resonance production described in Ref. [16])
and based on this approach, the amount of ISR-produced
⌥ (nS) mesons are estimated and subtracted from the
continuum template.

The number of ⌥ (3S) ! µ+µ� events Nµµ and the
raw ratio R̃⌧µ = N⌧⌧/Nµµ are free parameters of the fit.
In the non-signal templates, this ratio is fixed either as in
data for the continuum background or to the simulation
prediction for the other templates.

A graphical representation of the fit result is shown
in Figs. 3 and 4. The fit yields a raw ratio of R̃⌧µ =
N⌧⌧/Nµµ = 0.10788 ± 0.00091. The MC-based selection
e�ciencies and their ratio, which are needed to obtain
the ratio R⌧µ, are shown in Table II.

TABLE II: MC selection e�ciencies in percent for ⌥ (3S) !
`+`�. The quoted uncertainties reflect MC statistics.

"µµ (%) "⌧⌧ (%) "⌧⌧/"µµ
69.951± 0.018 7.723± 0.010 0.11041± 0.00015

Low multiplicity ⌥ (4S) ! BB̄ decays, such as semilep-
tonic decays, can potentially mimic ⌧ -pair events and
then pass the selection criteria. These would modify the
⌥ (4S)-based continuum template. Note that significant
numbers of ⌥ (4S) ! BB̄ events are not expected in the
final dimuon sample since Mµµ of such candidates is too
small. To estimate this e↵ect, a MC sample of 265 mil-
lion ⌥ (4S) ! BB̄ events was processed, which is about
three times the size of the ⌥ (4S) data, and resulted in 15
dimuon and 7644 ⌧+⌧� candidates. Thus, the BB̄ con-
tribution to the muon template can be safely neglected
whereas the amount of ⌧+⌧� candidates translates into
a correction of �BB̄ = 0.42% to the expected number of
⌥ (3S) ! ⌧+⌧� candidates and is applied to the ratio
R⌧µ.

Combining the fit result R̃⌧µ, the ratio of MC e�-
ciencies "µµ/"⌧⌧ , the data/MC correction CMC, and the
correction from BB̄ events �BB̄ , the ratio is

R⌥ (3S)
⌧µ = R̃⌧µ

1

CMC

"µµ
"⌧⌧

· (1 + �BB̄) = 0.9662± 0.0084,

where uncertainties from the data/MC correction and
MC e�ciencies are included in the statistical uncertainty.

The sources of the systematic uncertainty in R⌥ (3S)
⌧µ

are summarized in Table III.
To assess the particle identification uncertainty, three

additional ⌧+⌧� classifiers were considered. The first
used tighter electron selectors for both the ⌧ to electron
and the ⌧ to non-electron selection. The second had a
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(c) the dominant continuum e+e� ! µ+µ� background is
subtracted, and (c) is a magnified view of (b) to better show
cascade decays and the radiative tail region.
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tighter electron selector for the ⌧ to non-electron selec-
tion. The third replaced the ⌧ to non-electron selection
with an explicit requirement that the non-electron par-
ticle be identified as a muon or a pion. Even though
the data-driven corrections associated with each of these
separate ⌧+⌧� classifiers were applied, and despite the
highly correlated statistics in these samples, there re-
mains a 0.9% di↵erence between one of these three test
classifiers and the default classifier, which we assign as
the particle identification systematic uncertainty.

The ratio of the number of dimuon and ⌧+⌧� events
from the cascade decays in the MC fit templates are fixed
according to lepton-flavor universality. To assess the ef-
fect of this assumption, the ratio was varied according
to the current experimental uncertainties in branching
fractions for ⌥ (1S) and ⌥ (2S) to dimuon and ⌧+⌧� final
states, resulting in a maximum di↵erence in R̃⌧µ to be
0.6%, which is taken as the systematic uncertainty.

As there is no reliable two-photon fusion MC, the con-
tribution to the systematic uncertainty arising from the
two-photon fusion background is estimated by varying
the selection on the transverse momentum, which reduces
the ⌧+⌧� selection e�ciency to almost half its nominal
value. These variations result in a maximal deviation in
R̃⌧µ of 0.5%.

The simulation of other generic ⌥ (3S) decays shows
that a small fraction of background events (about 0.1%
of dimuon and 1% of ⌧+⌧� samples) still pass the se-
lection criteria. These backgrounds do not exhibit any
features that allow them to be easily separated in the fit
itself. Because of this, the amount of this background is
fixed to the MC prediction and a 0.4% systematic un-
certainty is assessed by varying by 50% the background,
which is dominated by the ⌥ (3S) !hadrons that primar-
ily contaminate the ⌧+⌧� sample.

To estimate the systematic uncertainty associated with
imperfect modeling of radiative e↵ects, the KKMC-based
templates for ⌥ (3S) ! `+`� decays used in the fit are re-
placed with templates created using EvtGen with PHOTOS.
This primarily modifies the shape associated with radia-
tive tail, shown in Fig. 3, resulting in a change in R̃⌧µ of
0.2%. There is a small ⇠ 1% di↵erence in Mµµ resolu-
tion between ⌥ (3S) and ⌥ (4S) data, as well as the same
order of magnitude di↵erence between data and MC. To

TABLE III: The summary of systematic uncertainties.

Source Uncertainty (%)
Particle identification 0.9

Cascade decays 0.6
Two-photon production 0.5

⌥ (3S) ! hadrons 0.4
MC shape 0.4

BB̄ contribution 0.2
ISR subtraction 0.2

Total 1.4

estimate the systematic uncertainty due to this di↵er-
ence, the mass resolution in the MC is degraded to be
up to 10% worse than the resolution in data. This re-
sults in a shift in R̃⌧µ of up to 0.4%. From this study,
the uncertainty from the MC template shape mismod-
eling of ⌥ (3S) ! µ+µ� is conservatively estimated to
be 0.4%. The total systematic uncertainty from the MC
shape modelling associated with the radiative and reso-
lution e↵ects is 0.4%.
The uncertainty from the BB̄ background in the con-

tinuum template is estimated by varying the expected
amount of the background by 50%, resulting in a 0.2%
change in the ratio.
The systematic uncertainty associated with ⌥ (nS)

mesons produced by the radiative return process in the
continuum template is estimated by accounting for exper-
imental uncertainties of total widths and leptonic branch-
ing fractions of these mesons and by varying the overall
amount of these produced mesons by 10% in order to con-
servatively account for radiator function uncertainties.
We assign a value of 0.2% as the systematic uncertainty
coming from these various e↵ects.
All of the systematic uncertainties described in the

paragraphs above are combined in quadrature, giving to-
tal systematic uncertainty of 1.4%.
In conclusion, based on the data collected by the

BABAR detector near the ⌥ (3S) and ⌥ (4S) resonances,
the ratio of the leptonic branching fractions of the ⌥ (3S)
meson is measured to be

R⌥ (3S)
⌧µ = 0.966± 0.008stat ± 0.014syst.

This is in agreement with the SM prediction of 0.9948 [4]
within two standard deviations and its uncertainty al-
most an order of magnitude smaller than the only pre-
vious measurement reported by the CLEO collabora-
tion [3].
We are grateful for the excellent luminosity and ma-

chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated e↵ort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Russia),
MINECO (Spain), STFC (United Kingdom), BSF (USA-
Israel). Individuals have received support from the Marie
Curie EIF (European Union) and the A. P. Sloan Foun-
dation (USA).

⇤ Now at: Wuhan University, Wuhan 430072, China
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Bologna, I-47921 Rimini, Italy
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• Dominant PID uncertainty comes 
from varying electron PID 
requirements used

• Relax assumption of LFU in cascade 
decays, error captures spread

• Vary selections on track transverse momentum to eliminate two-
photon production, difference in result taken as uncertainty

• Hadronic backgrounds varied by 50% to assess systematic

• MC shape: compare results of different generators 
(EvtGen+PHOTOS vs. KKMC) and vary signal resolution

• ISR: vary subtraction by 10% to account for uncertainties in 
radiative return, vary masses/widths within PDG values
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R⌥(3S)
⌧µ (SM) = 0.9948

BABAR, PRL 125, 241801 (2020) 

• Total uncertainty of 0.016, 6x more precise than CLEO

• Agreement with SM at level of 2σ
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• Factor of 6 improvement over previous measurement at CLEO

<latexit sha1_base64="cHGBvs/gO24a13SyVn9AD4xO8MY="></latexit>

R(3S)
⌧µ =

BF(⌥(3S) ! ⌧+⌧�)

BF(⌥(3S) ! µ+µ�)
= 0.9662± 0.0084stat ± 0.014syst

• Agrees with the SM value of 0.9948 at the 2σ level

• BABAR still producing leading flavor results 12 years after end of data 
taking!

• New method using radiative tail on dimuon distribution allows 
separation of signal and continuum backgrounds

• High-purity dimuon and ditau samples at BABAR allow precise 
measurement of ratio of             BFs to taus and muons 
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6

the e↵ective operators. Furthermore, in the 2HDM case
�
� ⇠ (1, 2)+1/2

�
neither of these decays is modified because

of the vector structure of the qq̄ mesons.

TABLE III: The simplified (single boson) models and the predicted range for R
V

⌧/`
for V = ⌥(1S), (2S). The

achievable and projected uncertainties are our estimations, see the text for more details.

UV field content R⌥(1S)
⌧/` R (2S)

⌧/` Predicted modification to R⌥(1S)
⌧/`

W 0
µ ⇠ (1, 3)0 0.989-0.991 0.390 Decrease by 0.2%� 0.4%

Uµ ⇠ (3, 1)+2/3 0.952-0.990 SM Decrease by 0.3%� 4.0%

S ⇠ (3, 1)�1/3 SM 0.389-0.390 –

Vµ ⇠ (3, 2)�5/6 0.976-0.987 SM Decrease by 0.5%� 1.6%

SM 0.992 0.390

Current measurement 1.005± 0.025 0.39± 0.05

Achievable uncertainty (with current data) ±0.01 ±0.02

Projected uncertainty (L⌥(3S) = 1/ab in Belle II) ±0.004 –

One clear advantage of analyzing such simplified models is that each scenario predicts distinct relations between the
various EFT operators. These relations can, however, be modified due to SU(2)L breaking e↵ects. Let us explain why
we ignore these e↵ects in our analysis. Electroweak breaking e↵ects split the spectrum of the charged and neutral NP
fields, which, in turn, changes the relations between the Wilson coe�cients of the CC and NC e↵ective operators by
O (�M/M). This modifies our predictions for RV

⌧/`
. The unavoidable loop-induced splitting is smaller than a GeV,

and therefore negligible. Tree-level splitting is typically of order �M/M ' v
2
/M

2 and might change our final results
by a few percent. This splitting is, however, generated by a free parameter in the scalar potential which we take to
be zero (up to small loop-induced e↵ects). Once a specific UV model is considered in full detail, this assumption can
be modified, and other consequences of it (such as corrections to the oblique T parameter) should be considered.

As concerns the flavor structure of the fundamental couplings, we impose a global U(2)Q symmetry, under which the
light left-handed Q1,2 quarks transform as a doublet. This choice is taken to avoid large production rate at the LHC
and dangerous FCNC transitions in the first and second generation1. To determine uniquely the flavor structure of
the NP couplings one should further specify the mass basis alignment of the UV operators. In what follows, we always
consider alignment to the down mass basis, with Q3 =

�
V

⇤
uib

uLi , bL

�
. For the L̄3L3Q̄3Q3 and ē3L3Q̄3d3 operators this

choice is essential to ensure that b ! c transition is modified, once U(2)Q is preserved. For the L̄3e3Q̄3u2 operators
(generated by the S and D fields) one could choose alignment to the up-mass basis. In this case neither cLcR ! ⌧

+
⌧
�

nor bLbR ! ⌧
+
⌧
� transitions are generated. Nevertheless, other NC operators which result in bLbL ! ⌧

+
⌧
� and

cRcR ! ⌧
+
⌧
� transitions are formed, with the same CKM suppression (since Vtb ' 1) and the same Wilson coe�cient

as in the down-aligned scenarios. We therefore find no change in our results once up-alignment is taken.
We assume no significant mixing between the NP and SM fields (this is crucial for the W

0 scenario), and take the
quartic |XNP|

2
|H|

2 couplings to be negligible. To keep our models in the perturbative regime, we take all parameters
to be smaller than 4⇡ at the TeV scale. We stress again that, once an anomaly is found in LFU of ⌥ or  decays,
these assumptions should be reconsidered and a complete UV theory should be studied in full detail. Since we do
not study the 2HDM case, condensation of the NP fields is absent due to Lorentz and/or SU(3)C symmetries. In the
following, we take all the couplings to be real and denote Xij ⌘ XiXj .

To find the best fit values of the Wilson coe�cients we minimize the �2 function. We use the experimental results
quoted in Eq. (2). The theoretical uncertainties on the form factors which a↵ect R(D(⇤)) in the SM are small compared
to the experimental errors, as evident from the accurate SM predictions. (See also Figs. [1-2] in Ref [50].) As for the
other form factor (FT in the notations of Ref. [50]), we have explicitly checked that varying it within 20% error does
not alter our results for R

V

⌧/`
. When considering a model, we are agnostic about how plausible it is from a model

building point of view, and only compare it to the SM point. The latter gives �2
' 20.

As concerns kinematical observables, the q
2 distribution of � [B ! D

⇤
⌧⌫] is hardly modified in all of the scenar-

1 This typically suppresses the non-universality e↵ect in  (2S) decays to the permil level, and might not be necessary in some cases [71].

Aloni et al., JHEP 06, 019 (2017)
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. The unavoidable loop-induced splitting is smaller than a GeV,

and therefore negligible. Tree-level splitting is typically of order �M/M ' v
2
/M

2 and might change our final results
by a few percent. This splitting is, however, generated by a free parameter in the scalar potential which we take to
be zero (up to small loop-induced e↵ects). Once a specific UV model is considered in full detail, this assumption can
be modified, and other consequences of it (such as corrections to the oblique T parameter) should be considered.

As concerns the flavor structure of the fundamental couplings, we impose a global U(2)Q symmetry, under which the
light left-handed Q1,2 quarks transform as a doublet. This choice is taken to avoid large production rate at the LHC
and dangerous FCNC transitions in the first and second generation1. To determine uniquely the flavor structure of
the NP couplings one should further specify the mass basis alignment of the UV operators. In what follows, we always
consider alignment to the down mass basis, with Q3 =
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uLi , bL
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. For the L̄3L3Q̄3Q3 and ē3L3Q̄3d3 operators this

choice is essential to ensure that b ! c transition is modified, once U(2)Q is preserved. For the L̄3e3Q̄3u2 operators
(generated by the S and D fields) one could choose alignment to the up-mass basis. In this case neither cLcR ! ⌧
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� and
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� transitions are formed, with the same CKM suppression (since Vtb ' 1) and the same Wilson coe�cient

as in the down-aligned scenarios. We therefore find no change in our results once up-alignment is taken.
We assume no significant mixing between the NP and SM fields (this is crucial for the W

0 scenario), and take the
quartic |XNP|

2
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2 couplings to be negligible. To keep our models in the perturbative regime, we take all parameters
to be smaller than 4⇡ at the TeV scale. We stress again that, once an anomaly is found in LFU of ⌥ or  decays,
these assumptions should be reconsidered and a complete UV theory should be studied in full detail. Since we do
not study the 2HDM case, condensation of the NP fields is absent due to Lorentz and/or SU(3)C symmetries. In the
following, we take all the couplings to be real and denote Xij ⌘ XiXj .

To find the best fit values of the Wilson coe�cients we minimize the �2 function. We use the experimental results
quoted in Eq. (2). The theoretical uncertainties on the form factors which a↵ect R(D(⇤)) in the SM are small compared
to the experimental errors, as evident from the accurate SM predictions. (See also Figs. [1-2] in Ref [50].) As for the
other form factor (FT in the notations of Ref. [50]), we have explicitly checked that varying it within 20% error does
not alter our results for R

V

⌧/`
. When considering a model, we are agnostic about how plausible it is from a model

building point of view, and only compare it to the SM point. The latter gives �2
' 20.

As concerns kinematical observables, the q
2 distribution of � [B ! D

⇤
⌧⌫] is hardly modified in all of the scenar-

1 This typically suppresses the non-universality e↵ect in  (2S) decays to the permil level, and might not be necessary in some cases [71].

!1 →'e'$$, !2 →'µ $$ ||'h'n%0 $ n=0,1,2,..
• Two$and$only$two$opposite$charged$charged$particles,$each$with$polar$angle$

acceptance$designed$to$be$insensitive$to$CM$energy:$41o<&CM<148o
• Tracks$roughly$backed@to@back$in$CM:$angle$>$110o
• PID$one$track$as$electron$ AND$the$other$must$fail$the$

same$electron$PID$requirements:$e$and$not@e

Require'Presence'of'neutrinos'from'! decays
• Track$azimuthal$acollinearity >$3o
• Total$calorimeter$energy$<$0.70$x$$[Ebeam(e@)+Ebeam(e+)]
• |M2

MISS|>$0.01$x$E2cm
• cos HI//JKK <0.85$

Suppress''Bhabha backgrounds
• Both$azimuthal$and$polar$angle$acollinearity of

not@e$and$[e+' ] >2o
Suppress'of'TwoQphoton'backgrounds
• Cuts$on$transverse$momenta$of$the$two$tracks$

e+eQ →M+MQ Signal'Selection

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020

2.17x106 !! candidates
Purity'='98.9%

5

hadrons
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e+eQ →μ+μQ Signal'Selection

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 8

18.8x106µµ candidates
Purity'='99.9%

Two'High'Momentum'BackQtoQBack'Charged'Particles
• Two$and$only$two$opposite$charged$charged$particles

each$within$polar$angle$acceptance$designed$to$be$insensitive$to$CM$energy:$
0.65$rad$<$&CM(") < 2.5 rad$$&&$0.58$rad$<$&CM(+) < 2.56 rad$

• CM$opening$angle$between$charged$particles$>$160o

• CM$polar$angle$back@to@back$in$Filter:$2.8$rad$<$&CM(") + &CM(+) < 3.5 rad
• PCMhigh >$4$GeV$||$PCMlow >$2$GeV$

Invariant'mass'of'two'charged'particles'near'CM'energy
• 0.8$<$Mµµ/Ecm <$1.1

Tracks'are'muonQlike:'suppress''Bhabha backgrounds
• Total$EM$calorimeter$energy$associated$with

both$tracks$<$2GeV
• At$least$one$particle$has$response$in$the

Instrumented$Flux$Return$(IFR)$
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Fitting'Templates
(Mµµ/Ecm and'E!!/(cm displayed'in'same'1D'histo)

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 24

Run$6$Y(4S)$data Signal$µµMC$no$ISR Signal$!!MC$no$ISR

EvtGen
MC$

EvtGen
MC$

EvtGen
MC$

Mµµ/(cm

E!!/(cm
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M+MQ Selection:'Bhabha background'suppression

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 26
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M+MQ Selection:'2Qphoton'background'suppression

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 27
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Correct'for'ISRQproduced'ϒ(nS)'in'ϒ(4S)'Data'
Templates'intended'to'describe'Continuum'only

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 13

PHOKHARA
MC$Correction
to$$above$formula
For$soft$photon
emission$
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SUBTRACTING RADIATIVE RETURNFinal'Fit'with'continuum'subtracted

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 18

Effects'of'ISR'production'of'ϒ(nS)'evident'in'
continuumQsubtracted''distribution'…'ϒ (1S)'particularly'clear

Continuum'template'is'NOT'corrected
For'ISR'production'of'Y(nS)

Continuum'template'IS'corrected
For'ISR'production'of'Y(nS)
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Accounting'for'BB''Background

J.M.Roney,$Univ.$of$Victoria$$$$$$$tau@mu$LFU$in$Y(3S)$Decays$at$BaBar$$$$$$$$$$$$$$$$BEAUTY$2020 14

__

Continuum'template'uses'RUN'6'data'at'ϒ(4S)'and'low'multiplicity'B'
meson'decays'can'contaminate'the'sample:''in'MC'that'is'3x'data'
sample'15'µ+µ" events'and'7644''!+!" events'are'selected'

Results'in'a')BB ='0.42%'correction'to'R!µ


