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Introduction

® Lepton flavor violation (LFV)

# not forbidden by SM gauge symmetry
# most new models naturally include LFV vertex

® In SM, LF is conserved for zero degenerate v masses

® Now we have clear indication that ©’'s have finite mass
= Lepton Flavor is violated in Nature: but by how much?

® SM extended to include finite » mass and mixing predicts LE'V

B(Ti — ,UJj:’)/)[Lee-Shrock, Phys. Rev. D 16, 1444 (1977)]
3 Am2,\? . o
= == ( 2—3) sin® 20mixB(T — pv,vr)

With A ~ 107°% eV?, My ~ O(10M) eV
~ O(107°%) (Omix : Max)

... many orders below experimental sensitivity!

® Observation for LFV = [unambiguous signature of new physics)
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Lepton Flavor Violating Tau Decays

® Predicted by many beyond SM processes ...

o SUSY models: non-diagonal slepton mass matrix = LFV
» Normal (Inverted) slepton hierarchy = 7+ — =~ (7 — e*7)

®» Some models: LEV upto existing experimental bounds

B(r — () | B(t — tr)
SUSY Higgs (PLB549(2002)159, PLB566(2003)217) 10—10 10=7
SM+Heavy Majorana vr (PRD66(2002)034008) 107 1010
Non-Universal Z’ (PLB547(2002)252) 10~ 1078
SUSY SO(10) (NPB649(2003)189, PRD68(2003)033012) 108 10—10
mSUGRA+seesaw (EPJC14(2000)319, PRD66(2002)115013) 10~7 109

lllustrations:
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Probing TeV scale via Upsilon Decays

» SUSY + Higgs (A.Brignole, A.Rossi, PLB566(2003)217)
— an 3 e 50A 7 |2+ |50A g2
® B(T — 000) = 1077 x (BBL)6 5 (100CeV )4 (SOBLLLLOORE )

o If Higgs light, s-particles ~ O(TeV), tan 3 ~ 50

® No direct observation, but 7 — pupup. observable (?)
s Sensitivity ~ 1078 — 10~ 1Y at B-Factories, LHC

®» Same new physics at TeV scale also predicts LFV Upsilon Decays

Re-ordering of et |
T incoming/outgoing
articles T

T - =

| g v

B(T — 666) F(W — EV)2 (MT/MW)G S.Nussinov, et. al.

B(T — 67) ~ B(T N ﬁyﬁ) F(T)F(T . M) PRD 63, 016003 (2001)

» Br—ll)<2-4x10"°% = B(YT —/Ir)<3—-6x10"°

BaBar PRL 99, 251803 (2007), Belle PLB 660,154 (2008)
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Lepton Flavor Violating Upsilon Decays
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How small is the rate known to be?

#® BaBar/Belle searches for LFV in T— e/uy decays at /s = Y(4S)

8 L=232fb"t= N, ~4x10°:
8 L=232fb"1= N, ~4x 108 :

® L=535fb"1 =N ~1x10°:
® L=535fb"1= N, ~1x10°:

o CLEO search for Y—ur, t—evv

B(t — ey) <11 x 1078 @ 90% C.L.
BaBar Collab., PRL 96, 041801 (2006)

B(r — py) < 6.8 x107% @ 90% C.L.
BaBar Collab., PRL 95, 041802 (2005)

B(r —ey) <12 x 1078 @ 90% C.L.

B(r — py) < 4.5 x107% @ 90% C.L.
Belle Collab., PLB 666, 16 (2008)

CLEO Collab., PRL 101, 201601 (2008)

T(15) T(2S) T(39)

Mass (GeV/c?)
N decays (millions)
(Y — pp) (keV)

9.46 10.02 10.36
208 9.3 5.9
1.252 0.581 0.413

I'(T) (keV) 53.0 43.0 26.3
B(up) (x1073) 23.6 13.5 15.7
< B(ur) (95% CL UL, x107Y) 6.0 144 203 >

B(ur)/B(up) (95% CL UL, x10-°) 025 1.1 1.3

A (95% CL LL, TeV, ay = 1.0)

1.30  0.98 0.98
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How small a rate can BABAR measure?

Between Dec 2007 - Apr 2008,
PEP Il collected data below Y (4S):

Integrated Luminosity [fb™]

~ 30 fb!' @ Y(3S) (122 M decays) - :
~ |5 fb’! @ Y(2S) (100 M decays) S
Dramatic increase in 205_ .........................................................................................
sensitivity to rare decays: bl vGes) .
I"y@s) /T" y(ns) ~ 10° P Gy

%%%%%
QQQQQQQQQQQQQQQQ
S R S S S S S S S S S S S

Improving Sensitivity for LFV discovery in Y Decays:

~20 times more Y (3S) decays than CLEO @ lower limits by ~4

Improving Sensitivity for LFV discovery in T Decays:

470 tb1 @ Y(4S) , 30 fb! @Y (3S), 15 fb'! @ Y(2S) = N, ~ 10°
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The BABAR Detector

1.5T solenoid Electromagnetic Calorimeter
6580 CsI(TI) Crystals

Cherenkov Detector (DIRC)

144 Quartz bars and 11000
PMTs

Drift Chamber
40 layers

e” (8-9 GeV)

X

Instrumented Flux Return
Resistive Plate Chambers Silicon Vertex Tracker
and Limited Streamer Tubes 5 layers, double strip
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Tt - pvy . Signal Characteristics

® myu, ~m;

® CMFrame: AE = /P2 +m2 + E, —/s/2~0
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v = py . Signhal Characteristics

® (Energy, Mass)daughters ~ (@, m.) (upto resolution & radiation)

; r_:‘ﬂ Einitial State Radiation| (T e Simulation]

O 2= __

g - f-- "- 102 AE = Erec — Aé ~ ()
o | R T g(AE) ~ 42MeV
TP Ry 1 :

S 1.8@;%__ - Mgc (o ~8.3MeV)

BER _ 10 Beam energy

i e L constrained mass

Photon at edge” .
1650 acceptance after vertexing

I N T 1 v at p POCA(XY)

1 - 65 Tk | 05 [Inv. mass: o ~ 18 MeV ]

AE (GeV)

= Signal Region: = 2 ¢ around ((AE), (Mgc))
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v = py . Signhal Characteristics

9 (Energy, MaSS)daughters ~ (ga
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Initial State Radiation|

1 05

05

AE (GeV)

102

10

1

m.) (upto resolution & radiation)

(T — L1y simulation]

AE = Eree — £ ~ 0
7(AE) ~ 42MeV

Mg (o ~8.3MeV)
Beam energy
constrained mass
after vertexing

v al L pocA(XY)

[Inv. mass: o ~ 18 MeV |

@ Blinded Region: -

- 3 o around ((AE), (Mgc))
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Analysis Strategy in a clean
e*e— t'1T environment

/ * Reconstruct final state from two or four
(T — 7) charged tracks with zero total charge
l _ 1 or 3 prong |° Divide event into signal-side and tag-side

hemispheres perpendicular to Thrust axis
» Classify tag-side as e, \, m, p, 3h tags
e For T ey search, veto e-tag because of

Y very large radiative Bhabha cross-section

: : :  For leptonic tags, reduce QED backgrounds

SlgnaI_SIde Tag_SIde characterized by zero missing momentum
Backgrounds: e For hadronic tags, reduce backgrounds using

cuts on tag-side missing mass

P ey (T — py): * Finally reduce remaining backgrounds using

Neural Net based discriminators, tuned for

each tag and at each center-of-mass energy

® 77 (T — LUD) Study backgrounds in Grand Signal Box (GSB)

® q7 (V) e 1.55GeV/c? < mgc < 2.05GeV/c?
o —1.0GeV < AE <0.5GeV.

#® Radiative Bhabha (di-muon)
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QED Backgrounds in Leptonic Tags

Exploit correlation between 2 kinematic variables:

® cosine of the opening angle Cos(Hrecon) between the signal-track and the total observed tag-side
momentum in the reference frame recoiling against the signal photon

signal track momentum

CM . hot
o AE’Y — E’v | S'n(91 ‘|‘92)| p Oon ________________________________________________________
\/g o \/E sin 91—|—sin 92—|—| sin(91—|—92)|
total tag-side momentum
. . . . BaBAR
MY . M'tag 10° MM- M'tag TT. M'tag Data- M'tag preliminary
I%0.4:‘ _ I%04:‘ 10 %0.4-‘ 10 I%04:‘ —I 10
L : 10° i i
< LS < <
0 7 10° 1 1 1
-0.2 102
-0.4
-1 -0.9 -0.8 -0.7 -0.6 -0.5 1 00-08-0.7 0.6 -0.5 10" 1 00-08-0.7 0.6 -0.5 10" 1 00-08-0.7 0.6 -0.5 10"
Cos(erecoil) Cos(erecoil) Cos(arecoil) Cos(erecoil)

® Inbotheand utagsint — Uy search, remove events passing
AE,| < 0.125y/s and coSOrecoi < —0.975

® Int — ey search, not enough background events in u tag = so no additional cut needed
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Tag-side Missing Mass for Hadronic Tags

® Exploit the unique feature that signal-side T decay is neutrino-less
= fully reconstruct the direction of tag-side T assumed to be ys/2 in CM frame

T+ - e*y:
Bi%i5. Data ey
— ¢ [ e‘e qaq
300[
I ++
200] It
3 J
I t
100 [ t
e .
™51 0 i 2
2
m?2 (GeV*~)

200[

150

100¢

50

T

+

— pEy:

BABAR
] Tt

preliminary * Data

=y i
[ whw qq

-

II' -f
—
o]

0o 12
m?2 (GeV?)
Require: |m?| < 0.25 GeV'? for 7- and 3h-tags, and |m?| < 0.50 GeV*? for p-tag.
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Neural Net Based discriminator

T+ = e*y: TE — pEy:

BiBir . Data e*y ) BiBiR , Data uy )

T ete’ qq T uhu’ qq
1000 1000%
100 100}

10; 10
5 t oot
1| NIRRTl S ===
0050 05 1 15 005 0 05 1 1.5
Neural Net Output Neural Net Output

A cut of NN output > .85 improves Signhal/Background
by 40% for T = ey search and by 30% for T = Wy search
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2-dim Fit with Background PDFs only

PDFior = (fe."‘e—//,t."‘/.z,— X PDFe'*‘e—/y,'*‘u—) + ([1 - fe'*‘e—//,t.'*‘p.—] X PDFT)

T — e™y: TS — py
< 25¢ - 251 ~ 50 ~ 50
& BABAR| 8 | BABAR 3 BABAR| i ¢ BABAR
3 20 preliminary 3 20&V preliminary by preliminary g . D preliminary
S T S i = c 40-
PR g [\] g g o
c c L1AY c s a\
3 15: 3 15_ \ :>: + l% 30_ \
- £ (1] B
10 10: e B TN
I E - — I/I { N N
5 5- = [t
16I 0|1' _1-1;——__2J -01_ — (I) e 01
: : M, (GeV) AE (GeV)

AE (GeV)

The number of background events (N§4@) inside the +20 ellipse is estimated as:

J\;da.ta . an PDFtot
20 T
fFitBo.r—Sa pDFtOt

Cross-check neighbouring ellipses shifted in the mass variable:

data
X ‘ZVF-itBo:c—Sa

Decay modes | # of events 90 Do 0 +5 0 +9 o

™+ > ety Observed 2 1 ? 2 2
Expected | 1.240.2 | 1.4+£0.2 | 1.6+£0.3 | 1.9 0.3 | 2.1+0.3

™+ > pty Observed 3 1 ? 4 6
Expected | 2.840.3 | 3.1+0.3 | 3.6+0.4 | 4.2+0.4 | 4.840.5
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Results

N: -.:: o :" s ':. o5 ... 0 ‘\Tc-; N ‘;. M P ) ..&- ‘,l-- o
Q ..: o .. LaeP © iX e | ... oo ...':;.:.":.’.:.“Bq B4 o
% 2 ..; o .: . .:5:'. : Eo:: :. % 2 oo ::...:,.’. ) &‘:-“':.’.:'P'relirﬁ.ingy
S [Pegtrgliasm oo ] ] st ]
ol1.9k~ " B TN ., — ol.9 . .:E:..:‘ e —
S PR S N 3 Rt T UL
£ Pl it .t 7 £ 03 W -
L o0 %e, 5 e o ° o. . PO .
1.8y, LA e — 1.8 —
oo» o '..5’.' 8.":‘ o o . o .
+ + /o TR T e e e . O . + + .. "@ .
T Ty pen Ay B e Tt -
17F s st e ~ 1.7 T —
i' ‘.-....-3',-:':.,.,‘..::'-'.:3'.: An | weoo
..‘:,“s.'.;'..;.‘.'o.:": o . -
1.6 [ - .-: :-’;:.".'.'- R — L .
.:.. & . . .’-;;..:?. ...:‘.,“ | ] 16
e 104 3..L°‘ o % | 1 ’ £° .0 4 S | 1
-1 -0.5 0 0.5 -1 0 0.5
A E (GeV) A E (GeV)
N (963 +7) x 10°
75 — T~ search
Number of background events expected in 20 signal ellipse (1.6 £0.4)
Efficiency in 20 signal ellipse (3.9 +0.3)%
Expected Feldman & Cousins Upper Limit (w/o systmatics) B(t* — eF7) < 9.8 x 107% at 90% CL
Expected Feldman & Cousins Upper Limit (with systmatics) B(t* — ev) < 9.8 x 10~% at 90% CL %ﬂ?
Numbers of events observed in 20 signal ellipse 0
Observed Feldman & Cousins Upper Limit = — eTy) < 3.3 x 107° at 90% CL_—>
served Feldman ousins Upper Limi @ ey) < X at 90% -
7% — pu* search (e
Number of background events expected in 20 signal ellipse (3.6 £0.7)
Efficiency in 20 signal ellipse (6.1 £0.5)%
Expected Feldman & Cousins Upper Limit (w/o systmatics) B(t* — p*v) < 7.9 x 10~% at 90% CL
Expected Feldman & Cousins Upper Limit (with systmatics) B(t* — p*v) < 8.2 x 1078 at 90% CL
Numbers of events observed in 20 signal ellipse 2
Observed Feldman & Cousins Upper Limit T — pTy) < 4.4 x 1078 w
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Y—=eT, T UVvV: Sighal Characteristics
Sigr&_’)xal MC SimulaEion:

§ .'l. "n:'..
N\ .‘ll'.
P LR Y

) \ L\ \
! Y
R

y (T-dau ghte 9

\ £ (Primary Leptgn
\\ / ~ Beam Energy)

L8
\
\
\
\
)
‘l.l }
i
‘l.- "l
) f
' ’

"ll .l‘- ll":‘
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Event Selection

Y(3S)—ut
Y(3S)—ut

T—evV
T/ T r'ny

+
c t=ep
new physics
— T
€
e Reconstruct final state from
* two oppositely charged tracks
100988 © Decay Chal.'nnel * one or two additional neutral pions
T(3S)—et | touvv leptonicet | . primary lepton (e/p) near beam energy
Y(3S)—et | T RV/IT R TV hadronic et | * T decay with missing energy in other

leptonic -t hemisphere decaying into a lepton with
opposite flavor or p/a;

e T decay with same flavor lepton or a
single it vetoed to reduce QED bkgd.

hadronic pt

S. Banerjee
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The discriminating variable

10°

setto 10

Events/0.005

Ll L1l

Signal (hadronic ut)
Continuum Tt~
Resonant Y —>1t' 1"
Continuum -

10

Ll lllllll

1 . 0.8 0.9 1
primary lepton CM momentum / beam energy X=p,,/Eg
T T l ) 2, 2\ ' 02 2y o2 .
- P » E=(mi—m_+m)/(2Zm,) p/Eg=Vv4(E —m;)/m] Signal: peak ~ 0.97
Bhabha/Mu-pair Background: peak ~ 1.0
T VS TV v | | | |
- o > = ® » Tau-pair Background: Kinematic cut-off ~ 0.97
\Y
2
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The primary lepton momentum spectrum

Leptonic Y(3S) — et Channel |Y(3S) Data Hadronic Y(3S) — et Channel |Y(3S)Data
c L v 1 v v 1 v v 1 v v 1 v " | 1 - 5 v v 1 v v 1 v v 1 v v 1 v " I l
SI0°E HADAR S10° HADAR <
@ [ ee-otr ? >
u>J10 ] Y—oert u>J102 Y—er
- =TT
: .l-lll S -: i :-I ! :e‘e_’ee-
075 08 08 09 095 1 075 08 08 0.9 _ 095 1
p/Eg p/Eg
Leptonic Y(3S) — ut Channel |Y(3S)Data Hadronic Y(3S) — ut Channel |[Y(3S)Data
g‘l 03 = gﬁ‘lﬁéﬁ = 2103 Qéhggg ]
c YUt c T
S10%F E 2107 E
LL . . = L .
- T =TT i .
10E 2 10
075 08 08 09 09 _ 1 075 0.8 08 09 09 1
P /Eg P /Eg
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Signal and background shapes

I I

700

Double-Side
Crystal Ball
Function

400

<— Signal PDF: double-sided CB function peaked at x=p,/Eg=0.97

300

200

I|IIII|IIIIIIIII|IIII|IIIIIIIII|IIII]II—

~ Extract shape from fits to signal MC

857 ooz ose 0% o T, / Bhabha/m-pair Background PDF: Argus threshold function + Gaussian peaked at x~1

FT T LIS L I L L L L L ) L L Y L L BB I

m;: Argus + Gaussian - Extract shape from fits to signal MC

t-Pair Background PDF: 3rd-order poly © detector resolution function

- p0|y(X)=(1 'X/XMAX)+C2(1 -X/XMAx)2+C3(1 -X/XMAx)a

-]
_‘IIIIIIIII|III|III|III|III|III

E‘%H|III|III|III|III|III|III|III|III|I

: H'*ﬂ:Hﬁl \ e Xpax = kinematic cutoff parameter: extracted from fit to Y(4S) data control sample
0= .ISI 088 09 002 084" o.lss"“.' G0z ‘II

mj E i * C,, C3 = polynomial shape parameters: floated in fit to Y(3S) data

2500 de?_f,rf?iﬁc ~ detector resolution function extracted from MC

50E

>t * Global PDF = signal + bhabha (pi-pair) + t-Pair components for et (ut) channels

ME - Float component yields and polynomial shape parameters in fit to Y(3S) data
m_ ----- poly
1 poly@gaus
&I.T! 0.8 0.85 0.8 pe /EB
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Global PDF
Signal
t-pair BKg
Bhabha/

Fit Results

Ieptonic et channel

= 2 ) il
2 o **Hﬁm%f% g
§103: T N3|G='21i12£6—§
S BABAR -
=~ Preliminary 3
?’ =
i q E
»indf=52/51

0.75 0.8 0.85 0.9 0.95 1

hadronic et channel
= 2
= ii i f 4
Z ol iimfr*%? iRt qf“ iyt j

NSlG- 1+14+8 =
BABAR -

Preliminary

—3
—

y2ndf=41/51

075 08 085 08 085 1

-pair Bk
! 9 po/Es pe/Es
leptonic et channel hadronic ut channel
= 2f f by, 4 3 2t f ; f
All channels 2 ofusii e I iy
give sig nal 210 Ngg=-16+0+74 &,k Ngjg=42+17+12
: - ] BABsR | S | ' BARAR
vield within 3 T
+2.10 of zero «: 1 il
1ndf=35/51 E e 1 ndf=45/51
08 085 09 085 1 075 08 085 09 095
pu/EB pu/EB
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BF(Y(3S)—eT, uT) Upper Limits @ 90% CL

Comblned T(3S)—>er | Comblned T(38)—>m
2 T BaBar stat only - g T "BABAR |/ stat only -
_8 - Preliminary - S _Prehmmary tat -
< 0.8 stat+syst{ = o.f stat+syst
2 D |
" 0.6 — f 0.6 —
0.4 - 0.4] -
0.2 * | 90%of area |- - 0.2F 90% of area -
- / BF>0 region - - BF>0 region| -
=430 2 4 8 8 10 =% 2 4% 8 10
BF(Y(3S)—et) (x10°) BF(Y(3S)— 1) (x10°)
BF(Y(3S)—ert) < 5.0x10° BF(Y(3S)—-urt) < 4.1x10°
(first upper limit) (>4x better than previous UL)

BaBar Collab., arXiv: 0812.1021 [hep-ex]
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Limits on Generic Contact Interaction

€1 [T(X(39) — (=r7) 1 (Q%T)Y(M”?’S’YM = e, 1)

F(T(SS) — €+€‘) B 2q§ o) AUT)
S i N T TR & = b quark charge
o 'f o 't .
§ 0.8F . _g 0.8 }gégﬁs : o = fine structture conlgtant
e— : 1 = N [ assumes vector coupiing
D 0.6 1 © 06k .
= I | = | : Silagadze Phys. Scripta 64.128
—o4f {1 —oaf . Black et al. PRD 66.053002
0.2F ] 0.2F -
0 = ) : 0 e i
-0.3-0.2 -01 0 01 02 03 04 05 0.6 -0.3-0.2 -01 0 01 0.2 03 04 05 0.6 Assume Stron cou Iln
g A (TeV) 0y A, e (TeV) g coupiing
52 ' ' e 2T o OLeT—OL 1
< BABAR 7 | BABAR
o 15 Prehmlnary < 15 Prellmlnary
o ien
IS © > 1.4 TeV
3 Excluded [E:ER Excluded Ner
7 at 90% CL N at 90% CL
é 0.5 % 0.5 Au,c > 1.5 TeV
O 025 05 0751 12515 175 2 — % 025 Of 075 1 125 15 175 2
coupling constant o, coupling constant o, .
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Conclusions

» No evidence of LFV 7 decays with V. ~ 1 x 10” decays
- B(t — evy) < 3.3 X 10~® @ 90% C.L.
- B(t — puy) <4.4x107° @90% C.L.

» No evidence of LFV 1" decays with Ny 35y ~ 1 X 10° decays

- B(Y(35) — e1) < 5.0 x 107° @ 90% C.L.
- B(Y(3S5) — ut) <4.1 x107° @ 90% C.L.

- More results to be available soon with Y (2.5) decays
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