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Motivation

Lepton Flavor Violation (LFV) in the neutral lepton sector has already indicated
by the observation of neutrino oscillations by the Super-Kamiokande
Observatory and the Canadian Sudbury Neutrino Observatories (SNO).

Such an oscillation mechanism cannot induce observable LFV in the charged
lepton sector.

Charged Lepton flavor violating (CLFV) processes are strongly suppressed in

2 2
the standard model by powers of (small) neutrino masses, €.g. (?Wn;") < 10748

[1]

Observation of CLFV is, therefore, a clear sign of new physics (NP) beyond the
SM.

[1] Phys. Rev. Lett. 104, 151802



Charged Lepton Flavor Violation
in Upsilon Decays

Between Dec 2007 - Apr 2008, PEP 1II collected data below Y (4S)
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30 fb~'@ Y(3S) 122 M Y decays
~10 x Belle Dramatic Increase in sensitivity to

~20 x CLEO rare decays: [y(45)/T y(ns) = 10°

15 fb~ '@ Y(2S) 100 M Y decays

~12 x CLEO Upsilon System: CUSB detector, CLEO Collaboration

T. Bohringer et al., Phys. Rev. Lett. 44, 1111 (1980) and P. Finocchiaro et al., Phys. Rev. Lett. 45, 222 (1980)




Motivation

Table: CLEO, BELLE, and BABAR results on different decay modes of Y

Experiments Measurements Upper limits Confidence level
(“0)
90

BABAR B[Y(3S) - etr] <5x107°

BABAR B[Y(3S) - putrT] <4.1x107° 90

BABAR B[Y(3S) - etu™] <3.7%x1077 90

BABAR B[Y(2S) » eTut] NEW! NEW!
BELLE B[Y(2S) - utr] <0.23x 1076 90
BELLE B[Y(2S) - e*r ] <1.12x107° 90
CLEO B[Y(1S) - utrT] <6x107° 95
CLEO B[Y(2S) - ptrT] < 14.4x107° 95
CLEO B[Y(3S) - ptrT] <20.3x107° 95

* In this talk, we will focus on two analysis:
> B [Y(ZS ) - e + ‘Ll+] New analysis — to be published in a next few months

> B [Y(3S) - ei‘u-l_] BaBar Collaboration, Phys. Rev. Lett. 128, 091804 (2022)



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804

Theoretical Background

* Let us assume that a vector boson V; ( here V; could be either a fundamental state, such
as the Z°, or a quark-antiquark bound state such as the ¢, J /i, or Y) couples to eTu™.
The effective coupling between the vector boson V; and efu™ can be written as [2]

_ I:l:'sgll':’:(::on Re_ordering : p s channel
€ . incoming/outgoing particles ki e~
I?.'
I ) H,
[2] S. Nussinov, et al., Phys.
et et . Rev. D63 (2001) 016003

6
[B( #_’38)]V—exch. =

[(V—ete )[(V—e u") ( My

[2(W—ev) \ My,
[BR(W — ev) * 'y ]? Mrps)’
N —ev) *x [y T(25)
[BR(T(ZS) — eN)] = BR(:U' - 666) [BR(T(QS) - e+e—) * FT(QS’)] * FT(QS)[ My J

Using B (n —eee) <1.0 x 1072 [3] and other data pertaining to the e* e~ widths of the various vector
mesons V;, we find

B (Y(3S) » etut) <25x%x 1078 B (Y(2S) » e*u™) <9.58 x 107°

[3] SINDRUM collaboration, Nucl. Phys. B299, 1 (1988)



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.63.016003
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.63.016003
https://www.sciencedirect.com/science/article/abs/pii/0550321388904622

Theoretical Background

The size of the vector boson exchange contribution to the u — eee decay
amplitude can be significantly reduced if there are kinematical suppressions.

Such suppressions are possible when the effective vector boson couplings
involve derivatives (momentum factors).

The contribution of the virtual T(25) — eFu* to the u — eee the rate would
be reduced by approximately:
M2
L
2 S. Nussinov, et al., Phys. Rev. D63 (2001) 016003
2M¥ 5y
Leading to a modified bound on

B(Y (3S) —eu™) reduced by<1x1073
B(Y (2S) —etu*) reduced by < 1.7 x 10~*


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.63.016003

BaBar Detector and PEP-II

BABAR and PEP-I| operated from 1999-2008 at SLAC

Superconducting
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u Detector (IFR) Central Tracker (DCH) High Energy Ring

[B. Aubert et al., The BABAR detector, Nucl. Instrum. Meth., A 479:1116, 2002.]




Data and SP samples

Y(25) 10.023 13.60 + 0.02 + 0.09
Y(2S) off — peak (~ 40 MeV below +/s) 1.419 + 0.006 + 0.011
MC — continuum QED, Y(2S) generic

Y (2S) signal MC 145, 000 events [EvtGen]
Y (4S) data driven continuum background 10.579 78.31+0.02 £ 0.35
Y(35) 10.355 27.96 £ 0.03 £ 0.16
Y(3S) off — peak (~ 40 MeV below +/s) 2.623 £ 0.008 £+ 0.017
MC — continuum QED, Y(3S) generic

Y (3S) signal MC 103,000 events [EvtGen]
Y (4S) data driven continuum background 10.579 78.31+0.02 +£ 0.35

* We used about 7% of data as blinded analysis to optimize our selection criteria
and signal efficiency; we then discarded these from the total data luminosity

[4] BaBar collaboration, NIMA 726 (2013) 203-213



https://www.sciencedirect.com/science/article/pii/S0168900213004348?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900213004348?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900213004348?via%3Dihub

Signal and Background

Y(nS)[n = 2,3] > e*pf(etp orept)

Event selection proceeds in two stages:
*  Pre-selection and

Events consists of exactly two oppositely
charged primary particles

Two charge tracks with total charge =0

Sum of momentum of two tracks >9 GeV/c

A dedicated ey filter is used to preselect events
with only an electron candidate and a muon
candidate in the detector

The preselection has an 80% (in Y(35)) and
82% (in Y(2S5)) efficiency for signal events

Main sources of background:

a)e*e” - utu~(y) and

b)ete” » eTe (y)
Background from ete™ —» 717 = etut2020
is efficiently removed with the kinematic
requirements

¢ Y(2S) Data2SOn
® Y(4S) Data4SOn Runé
[ Y(2S) generic MC
e'e’ = e'e
e'e’ =
BN cc v
B e —co
e‘e’ — uds
B Y(2S)— e (Signal MC)
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Signal and Background
Y(nS)[n =2,3] > efpt(etporept)

Event selection proceeds in two stages:

2) Final selection

Signal MC
(Y(nS)) n=2,3

Two tracks (one in each hemisphere)  one electron and one muon in the L“;.' 102 =
final state E 3
Lepton momentum plane 2 2 0.8 -
( Le —1) +( P —1) <001 = S E
\/5*0,5 \/E* 0.5 D.BG:— =
Back-to-back o E
9%\4 > 179° 082 -
09 7
EMC acceptance 240 < 0, < 13 0° o 3 E
Muon energy deposited in EMC oesf- s =
> 50 Mev El.éﬁ. ' :1](!)8 I .O.IQI ' :IJ.;JE. lIZJSIM I IEJ-.EIJSI 0.98 ) '1(IJ4

p./ \s'0.5

Distribution of the squared distance from the point
(1,1) in the plane of the scaled electron vs muon
momenta for events satisfying all other selection

criteria in the data.

» Optimized PID selection for et u¥ track
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Entries / 0.033 GeV

Final Mass distribut_ion of
Y(2S,3S) > etut

(after all selection and optimized PID criteria are applied)

18 BABAR Preliminary

Y(2S) -» etpt
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BaBar Collaboration, Phys. Rev. Lett. 128, 091804 (2022)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
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Systematic Studies

S A BF — Neana = N6y us)rune
<§ 1 ?B:L\BAR Preliimlnary P Esic X Ny(zs)
s F % : : E We assess the systematic uncertainties in the
g s000f= .'._ - signal efficiency by the data-driven approach.
= mi_ '-,. ] . i E Data to MC yields for a control sample of
Yk '.,..581deband:i: 6 -8 GeV ] ete”™ - tt7™ - etut 2020 events in an ep
ool ?‘-..ﬂ. . mass sideband.
QG%HLM1 The Coptrol.sample is produced by reversing
Ma“diﬁuﬁﬂz p “;-I;TW two major kinematic r.equlrements: the Eg
o (beam energy) normalized lepton momentum
N?V“m_NB G ~0.012 or 1.2% cut and the requirement on the angle between
T—pairs the two tracks.
____ * This t control sample study measures the
3B BABAR il = systematic uncertainty associated with particle
% 20000 B natg B identification, tracking, kinematics, trigger
Pl ¥ e selection criteria, and all other effects except
Z 1o = Y(3S) - etu” J those associated with the two major kinematic
so00 -"--____ 3 requirements used to select the control sample.
A

M., (GeV)



Summary of systematic uncertainties (1 (25))

Table: Summary of systematic uncertainties. The values of the efficiency,

background, and number of Y (2S) 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:
Back-to-back cut:

0.0039 (2.1 %)
0.0014 (0.8 %)

All other cuts: 0.0022
Signal MC statistics: 0.0002 (0.1 %)
Efficiency: 0.1837 +0.0047 (2.6 %)
Ny: 91.6 x 10° 0.9 x 10° (1.0 %)
BG: 4.19 +0.83 (20 %)

Y (35) —etu’

Component value

Uncertainties by source _

Signal efficiency:
0.2342

Candidate events:

Lepton momentum cut:
Back-to-back cut:

All other cuts:

MC statistics:

Total

0.0068 (2.9%)
0.0026 (1.1%)
0.0028 (1.2%)
0.0003 (0.13%)
+ 0.0078 (3.3%)

Ny: 117.7 x 106 + 1.2 x 106 (1.0%)

BG: 12.2 +2.3 (19%)

15 (27.0 fb71)
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Summary and results (' (25) and Y (35))

B = (Ncand — NBGT(45))/(€SIG X NT(QS))

(055) = (27 P (o3)’ + (22 P (onne) + (ZEP (0. + (CEE Y (0x)?

5N data 5N BG 6Ne 5N T
\ J \ J
| |
Statistical error Systematic error

B [T(2S) — e*uT] = [0.5 £ 1.3 (stat) & 0.5 (syst)]x 10~7

BABAR preliminary

B[Y(3S) = e*uT| = [1.0 + 1.4(stat) + 0.8(syst)] x 10~

BaBar Collaboration, Phys. Rev. Lett. 128, 091804 (2022)
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Results and upper limits (1 (25) and Y (35))

* As this result is consistent with no signal, we set an upper limit at 90% confidence
level (C.L.) on the branching fraction by using CLs method including the
systematic uncertainties.

CL; vs Branching Fraction

1.0+

— CLs
——=- 90% CL threshold
=== Limit = 3.44e-07

A. L. Read, J. Phys. G 28, 2693 (2002); G. Cowan,
K. Cranmer, E. Gross, O. Vitells, Eur. Phys. J. C 71,
1554 (2011), Erratum: Eur. Phys. J. C 73, 2501 (2013).

CLs

Branching Fraction le—7

B[T(25) = e*uT] < 3.4 x 1077 @ 90% CL | BABAR preliminary

B(T(gS) 3 e* M:F) <36x107 @ 90% CL | BaBar Collaboration, Phys. Rev. Lett. 128, 091804 (2022)
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Upper limits vs constraints on NP

« Since this result reports the first search for electron-muon LFV in the
Y(2S) decays, we use this result to place constraints on gzﬂ @ 90% C.L.
NP

of New Physics processes that include LFV

(S22 BIT(2S) = ey]  Anp
Y (2S) NP = — > 75 TeV
(easuyz ~ B[Y(2S) = wul ~ g2,
, BABAR preliminary
® :
Y(3S) Ave) _BIYGS) > ew] - 22 > 80 TeV
dmtazsQp 2 B[Y(3S) - .u.u] gNP
< My 3s) > BaBar C -
aBar Collaboration, Phys. Rev. Lett. 128, 091804 (2022)

 gip is the coupling of the new physics, Ayp is the energy scale of the new physics,
ans(n=2,3) 1s the fine structure constant at My .5y scale, and @y, is the charge of the

bottom quark respectively.
* B[Y(2S) » uu]l = 1.93+0.17, and B[Y(3S) = uu] =2.18 £0.21

P. A. Zyla et al., Phys. 2020, 083C01 (2020)



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.091804
https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Conclusions

(1 BABAR has made a significant contribution to CLFV searches in Y (nS) -
etu®[n = 2,3] decays
-- no significant evidence for CLFV has been observed
-- an upper limit at 90% CL has been set

d These are the leading experimental limits on the branching fraction of ¥'(nS) —
etut[n = 2,3]

 The measurement we report here is several orders of magnitude more sensitive
than the indirect limit

 These results translated into the constraints on NP processes that include LFV

Thanks!



Back up: Theoretical Upper limit (Indirect)

Nussinov, Peccei, Zhang [1]

* Assume coupling of Y to eu looks like: Lesr = gVp,fiyaeV
* Through Fig 1. this coupling contributes to A (1 = 3e)

T = 9v.. 9v.
Ap — 3€) = (@u(p)y e (k3)) (Te (k1) Yatte (ko) ) reers
I 172 L
M-S —O
[C(x — 3e)lv Vo0 Vee |, i —(2)
V_ecach ~ o ce /‘ W (Left) A vector exchange diagram contributing to u — 3e
[F (‘“ - EL"J;‘)] ‘11{1 M é-" (Right) Ordinary muon decay, u — evv, which proceeds via W

exchange.

Since [['(V — efe™)] ~ g* Ve My and
T(V — e=uF)] ~ g2 V., My, while (W — ev)] ~ g2, My

e BF(p — ece) < 1.0 x 10712

e BF(p — evw) = 100 %

(V= e*e)|ID(V — )] My g UMW b
[FQ(‘[«V . EU” My ) —G) BE(T(3S) — I17) ~ (2.18 + 0.21) %

T(T(35) = (20.32 + 1.85) keV’

[BR{H — 35)]1”—&1‘6!1 ~

(W — ev)? My
DY) — ee My 9
BR(T(39) — etpT < 2.5 x 1078,

T(W) = (2.046 + 0.049) GeV’

BR(YT — eu) = BR(pu — ece)

S.Nussinov, et. al. estimate that the contribution of the virtual 3X107° V=c

Y (3S) —e*ut tothe p —eee rate would be reduced by approximately m, 3x1074 V=J/

M2/ (2 M?y) leading to a re-calculated indirect bound: 203 ~Bx107 =Y )

BF(Y (35) —efu®) <1x 1073 3x1077 p=2"° 19

[1] Nussinov, et. al. PRD 63, 016003 (2001)



Back up: Analysis Scheme

Blind Analysis: To eliminate experimenter’s bias. ~

Pre-Selection: Needs a special background filter to collect eTu™ events efficiently.

Final Selection by the analyst: Applied on the pre-selected events

PID Selection: Multivariate Technique applied, tested 16 different PID selectors.
- . Sen

Optimized Electron and Muon selectors: ATNee) where

Eey 18 the final efficiency as determined by signal MC and
Npg¢ 1s the number of expected background events

Peaking Background

Source of Data Driven Peaking
Background Continuum Background

Background Y'(4S) | from Generic

Y (3S) MC

Tight PID selection 122 +2.1 0
Loose PID N/A 1.80+ 0.9
selection




Selection criteria on the lepton
momentum plane

Distribution of the squared distance from the point

Signal Monte Carlo }
(1,1) in the plane of the scaled electron vs muon

ll'"l'l'l'l'll"l"'l"'ll"l'l"l"'l

wx e 2 . . .
o UE &= momenta for events satisfying all other selection
102~ — criteria in the data.
' E. _: N 14 LN LU L RO WL L RO TN LIS L IO A l—.
- 4 O ]
98 =2 ==a o ——+— ¥Y(3s) Data3sOn .
- - 8 12 BABAR BN Y(3s) — e, Signal MC 7]
0 96— iy . I Y(4s) DatadsOn as BG ]
O = = o _
o i 10 =
S e 7 il
E ] 23 . -
092~ =4 5 Rejected ]
= m c ]
09 - = w 6 -
0.88 ;— _; q _f
0.86f— o .
08 2 [
PJE. 0
0.0 0.01 0.02 0.03 0.04

(p. /Eg -1)*+(p,, [Eg - 1)?
The lepton momenta must satisfy the condition which is defining a circle of radius

2 2 5
(Q— ) +<—” ) (0.1)? = 0.01 Where, Det +~?—EB
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