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Lepton Flavour Universality and the Lepton Flavour
Violation in Y(35) decays at the BABAR detector

= Lepton Universality
v’ Precision Measurement of the Ratio B(Y(3S) —» t¥1t7)/B(Y(3S) » u*tu™)
Phys. Rev. Lett. 125, 241801 (2020) by BABAR Collaboration

= Charged Lepton Flavor Violation

v’ Search for Lepton Flavor Violation in Y (35) = etu™
arXiv:2109.03364, Phys. Rev. Lett. — accepted (January 27, 2022)
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Motivations

Lepton Universality (LU)

Charged Lepton Flavour Violation
(CLFYV)

a) In the SM, the branching fraction for the
decay of Y(nS) » 71t (n =1,2,3&1 =
e, U, T) is independent of the flavour of [
excluding a tiny lepton mass effect

b) Any deviation from the unity for the ratio
of branching fractions would indicate the
new physics

¢) Leptonic decays of the Y (nS) mesons are
also important in search for phenomena
beyond the SM

(e

— cpodd — Higgs

a) Observation of mixing between the

neutrino flavour eigenstate permits the
CLFV in higher-order

b) However, in the Standard Model (SM),
CLFYV is highly suppressed due to the small

. Amg 2
neutrino masses, €.g. >
Mw

c) Observation of CLFYV is, therefore, a

clear sign of new physics (NP) beyond the
SM




BaBar Detector

Between Dec

. 2007 — Apr. 2008, BaBar collected data below Y (4S5)
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Analysis Modes

Lepton Universality CLFV -
B(Y(35) > T2 7)/B(Y(3S) = wHu") Y (3S) - ety

= 27.96 b1 Y(3S) on-peak data (signal = 27.9 fb-! Y(3S) on-peak data (signal

events) events)

= 78.3 fb'! Y(4S) on-peak data and = 78.31 fb! Y(4S) on-peak data and

= 7.75 b1 Y(4S) off-peak data (40 MeV = 7.75 tb-! Y(4S) off-peak data (40 MeV
below the on-peak) and below the on-peak) and

= 2.62fb-1Y(3S) off-peak data (40 = 2.62fb-1Y(3S) off-peak data (40
MeV below the on-peak) as control MeV below the on-peak) are used for
samples sytematic studies (data driven

= Control samples are used to evaluate continuum background)

properties of background, to study
systematic effects, and to calculate MC signal: ete™ —» Y(3S5) -
corrections to MC based efficiencies! etu®:103000 events
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Lepton Universality
B(Y(3S) » t17)/B(Y(3S) - utu~) Phys. Rev. Lett. 125, 241801

L Monte Carlo (MC) samples:
> Continuum: 477, u*u~, Bhabhas, uds, c¢
> 1717, uTu™ -- KKMC generator(with radiative effects)
» Bhabhas -BHWIDE generator
» Hadronic continuum and generic Y(3S) — EvtGen generator (PHOTOS)

> Y(3S) » trt~, utu” signal events — KKMC (ISR turned off) — Signal MC
sample is about three times the size of the data sample
» GEANT4 for detector acceptance

O Event selections:
» two oppositely charged tracks (each in one hemisphere)

= At least one u hit IFR (suppressing Bhabha) =  One of the particles must be an electron and the

= 0.8<M,/Vs<ll other not

= 99.9% purity = Angle between two track in the center-of-mass >
110°

" |cosB,,ss] < 0.85 in the center-of-mass frame
= 98.9 % purity



Lepton Universality
B(Y(3S) » tv17)/B(Y(3S) — u*tu~) Phys. Rev. Lett. 125, 241801
d Data Analysis

» Off-resonance data (Y (4S),Y (3S5)) are used to correct the differences
between MC and data (t¥77/ u*u™) selection efficiency ratios

> Continuum modeling: 800 e e e e e e e
700 | Y(3S) - utu- BABAR E

7o) - ! =
600 |~ ; -

S F |- ete” = [ ; \ ;
g' 500 %‘ ISR effect is =
AL - . | highly z
3 400 = " | suppressed! =
% = ‘ 2
L 300 =
‘E . 23%; Y(4S) off-resonance .
M 200 - 7%; Y(3S) decay in MC simulation B
100 E- Radiative tail E

()E 3o-bocgeed--g-op-qg-=-q--p--F-9= ;-—;‘—i———‘—;‘; HE 1 ; ' R =

0.8 0.85 09 0.95 1 1.05 1.

M5
> For the 717~ events the total reconstructed event energy scaled to the
center-of-mass energy E,,/+/s is plotted

» Cascade decays are considered (via radiative and hadronic transitions)
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Lepton Universality
B(Y(3S) » 1) /B(Y(3S) » utu~) Phys. Rev. Lett. 125, 241801
 Data Analysis: Fitting

» To extract the ratio R;{ﬁss), a binned maximum likelihood fit i1s employed

on My, /+/s and E;;/+/s
> Y(3S) » utu~ and Y(3S) — ¥~ are taken from KKMC (no ISR)
> Y(28) - 1717, Y(1S) —» I*l7, and Y(nS) — hadrons are from EvtGen

S . g N , — ——
o o Y(3S) - ptu- BABAR _ oL T 16T BABAR _
3 | Cascade Y'(2S) — pu- & E | (D00 Cascade Y'(2S5) — t+t- E
. Cascade Y'(IS) = p*u- A Cascade Y(IS) - T 1
v 10°E"| [ Other Y(3S) decays 3 g 10°E| ] Other r(3S) decays E
8 | g
S 10f e E S 10°%
2 = 8 E
jé N U Lo E
M 10 ;/r"”"/ - B 10’ -
- AR . 10% = E
Hl\ N L 1“{ 12 i DN R A O | T E_. L L |
09 0.95 1 1.05 1.1 0 1
M,,Iys E.lys

» Cascade decays are clearly separated in dimuon events and nearly
indistinguishable in 777~ events.

» Continuum templates are then use data control samples: Y(4S) data
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Lepton Universality
B(Y(3S) » t17)/B(Y(3S) - utu~) Phys. Rev. Lett. 125, 241801
(] Data Analysis: Fit Result

» My, /\/s and E;;/+/s are simultaneously fit using MC and data derived
templates

> The free parameters of the fit are the number of Y(3S) — u*tu~ events

~ N
. _ TT
Ny, and the raw ratio Ry, = N
10° Hp
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Fig. 2: The result of the template fit to the Y(35) data
in the % variable after the continuum background i1s

subtracted.
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Fig. 1: The result of the template fit to the Y(3S) data in the % variable. In (a) all events are shown, in

(b) and (c) the dominant continuum e*te™ — u*tu~ background is subtracted, and (¢) is a magnified view
of (b) to better show cascade decays and the radiative-trail region.



Lepton Universality
B(Y(3S) » tv17)/B(Y(3S) —» u*tu™) Phys. Rev. Lett. 125, 241801

(] Data Analysis: Fit Result

@) _p 1 _
RT# — RT/,t C—MCEL:(I +5BB)

~

» Ry, 1s the fit result, Cy,c is the data/MC correction, &, /€, 1s the MC

selection efficiency, and 8z is the correction from BB events
» Using Y(3S) data with Y(4S) and off-resonance control samples BaBar
measures the ratio of the leptonic branching fractions of the Y(35) meson

. Y(3S B(Y(3S)>ttT™
is: Ry Y = B((Y((BS)L;;_)) = 0.966 + 0.0085,q¢ + 0.014 4y
= 0.966 + 0.016,,,

» Six times more precise than the CLEO measurement [PRL 98, 052002
(2007)]

» The final ratio is with 20 of the SM value 0.9948 [J. High Energy Phys.
06 (2017) 019]
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Charged Lepton Flavor Violation
Y (3S) = etut
. S. Nussinov, et. al.
 Theory: Phy:gxozv); (3001) 016003
Forbidden in the SM

= Lepton Flavor Violation & Re—ordering ' .
incoming/outgoing particles

» Compare the re-ordered diagram with the ordinary Muon decay

r(u- 3e)y_ r(v-ete)r(v - etu®) /My,
- 4 ex_change ~ [BR(1 > 3e)ly_exch. = ( 2 Ll = )( W)
I'(u - evv) r<(w - ev) My

> S. Nussinov, et. al. estimated that the contribution of the virtual Y (35) —e*u™ to
the p —eee rate would be reduced by approximately M?,/ (2 M?)

> No published experimental measurement of the decay on ¥Y(35)— e*utyet!
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Charged Lepton Flavor Violation

J Data Analysis: selection and reconstruction

2/21/22

>

two oppositely charged tracks (directly
from Y'(3S) - signal candidates!)
momentum close to beam energy

\/_
(Ep =)
angle between two tracks: 05 >
179°

energy deposit by muons on EMC >
50 MeV

EMC acceptance 24° < 0, < 130°
main sources of backgrounds: ete™ —
T, utu(y),eTe (y)

in second stage tighter and optimized
particle identification (PID) and
kinematics criteria applied, i.e. lepton
momentum plane
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Charged Lepton Flavor Violation

[ Data Analysis: results BABAR Preliminary
s ";::‘l:_hosc T L] | LI | I LN ) I LELEL I LENLEL l LELEL I LI} I LENLEL l LENLE | l T 1149
_. % 5 ._ ——+— Y(3s) Data3sOn _.
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é o™ 4 — =
o r o
= o [ !
= ~.I -
8 F E
: £ | :
c, - -
= w2 [ .
1 E ~
2 i : Masasdmbfmnoflimev;‘ : :
Before final selection criteria were 0 el L a
applied (3% unblinded preselected data) 90 9.2 94 96 9.8 10.0 10.2 104 10.6 10.8 11.0
M., (GeV)
. . . Ncandidate ~NBg _ -7
» Branching Fraction: = (1. 0 + 1. 4stae(Ngngigare) L 0 85yst)><10

EsigX Ny
> Set an upper limit at 90% confidence level: B(Y'(3S) — e*uF) < 3.6 x 1077 @ 90% CL

> Paper is accepted by PRL (January 27, 2022); arXiv:2109.03364



Summary

( BABAR has made a significant contribution to Lepton Universality search by
B(Y(3S) » tv17)/B(Y(3S) — u*tu™) and verify the SM prediction
-- the result 1s six times precise than the only previous measurement by
CLEO.
-- result published in Phys. Rev. Lett. 125, 241801

O No significant evidence for Charged Lepton Flavor Violation in Y'(3S) — etu®
decay and an upper limit has been set.
-- based on this result and world average value of B(Y(3S) —» u*tu~) a

calculation on 22 js VP > 80 TeV [arXiv:2109.03364]

gnp? INP




Backup Slides (LU)

= Extended van Royen—Weisskopf formalism for lepton—antilepton meson decay
widths:

\I/ 2
Ty_spp = -Lazcz| Ve 0) (14 2m?2/M?) \/1——1772[/\[2 (1)

P Pesrr (1 +2m2 [M?)+/1 — 4m2 /M2
T — =

Tr—pn 2mz [ M?) \/1 — 4mz, [ M?

(d Muon selection: more

m Polar angle of the negative muon must be in the range 0.65< 6_ <2.5 radians in
the center of mass frame

m Polar angle of the positive muon must be in the range 0.58< 6, <2.56 radians
in the center of mass frame

m Open angle between muons must be ¥ > 160° in the center of mass frame
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Backup Slides (LU)

d Tau selection: more

m Polar angle of the particles must be in the range 41° < 6+ < 148° radians in the
center of mass frame

m Open angle between must be ¥ > 110° in the center of mass frame

m Total energy deposition must be <0.7x E;,,;. Where E;,; is the initial energy in
the laboratory frame

m Acollinearity of azimuthal angles of the particles must be |¢p, — ¢_| - 180° > 3°

| =10001 X8

m Polar angle of the missing momentum vector must be | cos 6,,,;ss| < 0.85 in the
center-of-mass frame

u [AG] = [|pey — byl — 180°| > 2° and |AG] = ||f., — 6/ — 180°| > 2°

m Missing mass of an event must be |M2

188
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J Systematics

2/21/22

Backup Slides (LU)

Source

Uncertainty (%)

Particle identification
Cascade decays
Two-photon production
Y(3S) — hadrons

MC shape

BB contribution

ISR subtraction

Total

0.9
0.6
0.5
0.4
0.4
0.2
0.2

1.4
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¢ Previous experimental limits

2/21/22

Backup Slides (CLFV)

Existing Measurements | Results CL (%) | Collaboration
BF(Y(3S) = e*1™) <42 x10° 90

— J.P. Lees et al. PR D89 111102
BF(Y(3S) — yir+) <3.1 x10° 90 [BaBar Collaboration]
BF(Y(3S) - ﬂiﬁ) <203 x10°¢ |95 Love et al. PRL 101, 201601

[CLEO Collaboration]
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Backup Slides (CLFV)

¢ Monte Carlo (MC) samples:
> Continuum: t¥7~,u*u~, Bhabhas, uds, cc
> 1717, uTu™ -- KKMC generator(with radiative effects)

» Bhabhas -BHWIDE generator
» Hadronic condinuum and generic Y(3S5) — EvtGen generator (PHOTOS)

¢ Limit of New Physics (NP):
» This result is the first reported experimental upper limit on its kind
» It can be interpreted as a limit on NP using the relationship:

(9]2\713 )2/ 47T()4QEDQ5 2 _ BF(T(?)S)—)G/L)
ANP My (35) BF(Y(35)— pup)

ANP/QJQ\/'PZ 80 TeV @90% CL



Backup Slides (CLFV)

% Systematics

TABLE II: Summary of systematic uncertainties. The values
of the efficiency, background, and number of 7°(3S) decays are
presented in the first column and their uncertainties in the
second column. The different contributions to the efficiency
systematic uncertainties are also presented.

Component Value Uncertainties by Source

Lep. Mom. cut: [0.0068 (2.9 %)
Back-to-back cut: [0.0026 (1.1 %)
All other cuts: 0.0028 (1.2 %)

Signal MC statistics: 0.0003 (0.13 %)
Efficiency: 0.2342 +0.0078 (3.3 %)
Ny: 117.7 x 10° + 1.2 x 10° (1.0 %)

BG: 12.2 + 2.3 (19 %)
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