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e Quark mixing
— Flavor mixing in quark sector have been studied well
— Beautifully described by CKM matrix including CPV
e Neutrino mixing
— Discovered
— Provides hints of new physics beyond SM
e Lepton Flavor Violation (mixing) decays for charged lepton
— Not observed yet
— very small probability via neutrino oscillation.
B o< (Am?/m3%;,)? ~ 107% ~10~ %2
= So, difficult to observe 7 LFV at current experiment.
4
If we observed LFV decays in charged lepton, V.
they would be a clear signature of New Physics.




Lepton Flavor Violation 7 Decays

Many extensions of the SM predict LFV decays

= SUSY(+Seesaw), Extra dimension etc. m2, mé,z m2.
2 2 2 2
(my)s. = m=Z. m<- m-.-
;
— SUSY-GUT or SUSY-Seesaw model — “J Fe B 5”-
Mmis; Mi; Mi:

Charged lepton mixing would occur through
the mixing of slepton mass matrix
B o ((m%)iz)*

=> enhanced up to the current experimental sensitivity

= 7 Is the heaviest lepton and have strongly couplings to New Physics

LFV depends on the some powers of lepton mass (1m,)" r\f\jy

Previous experimental results for LFV 7 decays
CLEO sensitivities on B <0O(1079)



Expected branching fraction for LFV T decay

SUSY

Gauge mediated
(MSSM)

Higgs mediated
(MSSM)

R-parity-V

SO(10) with vy

Extra dimension

B(T—un) <5x10-7

B(t—uee) <1x10-°
B(t—3u) <1x10-9~10
B(t—un’mm') <1x10-°

B(t—uy) 3x10-7

B(v>py) <SX10 B(t—pn') <3x109

B(t—unv) <5x10-9
Bio3y) <ix107 DT HT)

B(t—3u,3e,uee,eup) <(107)
@(T*[no Mm,',[0,[K*) <O(10°7)

B(t—uy)<10-° @(1:—>3u)<10 10
@(r—vey)<1 08 B(t—3e)<1 O 8

Will show various LFV T decay modes

 Baopy)<109
5 —7 5 9 10
10 10 10 10
B(LFV)

at Belle experiment:
oT — L

o1 — fthh! e7T7 — £~ VY

o7 — 4Tn/n'/n°

oT — K_Kg




Analysis method for LFV 7 decay (1)

Procedure for LFV T decay

— Select low multiplicity track events with a zero net charge : :

— Separate into two hemispheres using thrust axis (Slgnal Slde)
— signal and tag

— Reduce background using PID and

Complete reconstruction

_ T _ M. m. = 1.777 GeV
kinematic informations
— lepton ID, K /7 separation t AE= Erec—\/_/Z 0 GeV
— missing momentum
— # of «'s etc. et e

-
/U «

missing momentum T

: 1-prong decay (85%)
(tag Slde) (or 3-prongs (15%))




Analysis method for LFV 7 decay (2)

Signal extraction in M,y and AFE plane : -
— My ~ m, = 1777 GeV/c? . Signal MC of 1>y
— AE = E®M _ Eggm ~ 0 GeV Signal Blmded
region
Blind the signal region I -
— Estimate the background in signal region 8 DIDSESPR =
using sideband data WO RERBHHHEREE
U <-02f
After open the blinded region :
— counting # of events in signal region.
— apply maximum likelihood fit R WSS R
and extract # of events in signal region. e 5
M. (GeV/c?)
Set an upper limits if no excess of signal B(LFV 7 decay) < S$90%C.L.
events compared expected background. 2e N



Belle Detector

KEKB:e*(3.5GeV)e~ (8 GeV)
V3 = 10.58 GeV

R Aerogel Cherenkov ent. o(77) ~ 0.9 nb

SC solenoid . . n=1.015~1.030

CsI(TI)
16X,

TOF conter

+ 2\ Central Drift Chamber

Si vix. det.
3 Iyr. DSSD

1 /'K, detection
14/15 lyr. RPC+Fe

F /B asymmetric detector

(o(BB) ~ 1.0 nb)

B-factory is also T factory!!!

Integrated luminosity:
>650/fb collected
= 5.8x 1037 1~
For lepton ID

e efficiency 93%

p efficiency 88%

Good vertex resolutions and particle ID capablilities
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T — puy (1)

T — 7y is the most attractive mode in new physics.

e.g. MSSM + Seesaw model model

B(r — py) B(r — 3¢)
— B(T — pee)/B(t — py) ~1/94  mSUGRA-+Seesaw <1077 <1077
— B(m — ppp)/B(r — py) ~ 1/440  SUSY+S0(10) <1078 <10~
SM-+-seesaw <107? <1010
SUSY+Higgs <1071 <1077

Assuming |5§u = |5fﬂ| =1

t 2 1TeV \*
B(T—>u’7)=3.0x10—6x<anﬁ> x( - )

60 Msusy
(hep-ex/0406701)

Previous analysis@ Belle
B(t — puvy) < 3.1 x 1077086.3/fb




T — puy (2)

ete”™ — 7T~ — py (signal side)

— 1-prong + missing (tag side)
veto u for rejecting pp(—+-y) events

Data: 535/fb

1-nrona decav

BG: 77~(ISR), ppy(ISR) (require not )
Applying tighter cuts compared with _

previous analysis 0.1f

— m2.  VS. Pmiss correlation o

o mlz/(: (EIVY o Etag)z mlss) cut % .

— others 7 O -0.1f

Y (a) 1601 (b) 2 '

120;’ Thru'St‘ 1402— m—l‘ - ﬁ 02

| Vv

gﬁ#ﬂ D[ﬂﬂ 03 SN
: R by 0ot Dlinded region,

20 Eﬁ ngE y 1.65 1.7 1.75 1.8 1.85
o amafh _— R LS R - M,, (GeV/c?) . I
0.85 t}-?li?lst 0.95 1 4 -3 -2 -1 . ZO(GeVIQ/C4) 2 3 4 prel Imi nary




T — py (3)

Remaining events:

54 eve.(©86/fb)—94 eve. (@535 /fb) 0.1}
Efficiency _ O

11%— 6.7% ;‘_’,-0.1-°
Signal region 300

50 box—20 ellipse 03

-
{ o 7 ] &® b
. = % .
. .:\ T
s

b[i'ndeoi ‘region

Signal extraction
Unbinned maximum likelihoods method:

65 17 175 18 185

(GeM\}l}cz) preliminary I

N 5
__exp—(s+D) AVAN
L= NI H(SS’? + bB;) * | distribution in +2c band
i=1 . !
s = —3.9 events and = 13.9 events 2
(allow negative s and its prob. ~ 25%)
= Sgoncr = 2.0 events s
B(t — py) < 4.5x 1078 @90%C.L. . L

(Preliminary hep-ex/0609049)



=
3. 10 V DELPHI
MSSM-+Seesaw Model Lo
= 6 Bell
E 10 CLEO ie
O. 107 BaBar @y,
g 1% New result
10i980 1985 1990 1995 2000 2005 2010
year
Old New
Int. Lum. 86/fb 535/fb
Upper Lim. | 3.1x10™7 | 45%x108
—> Improve a factor of 7.1
compared old results

mg,sy (TeV/c?)
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T — ey

Same methods as 7 — p~y analysis
s = —0.14 events and = 5.14 events
(allow negative s and its prob. ~ 48%)
B(t — ey) < 1.2 x 1077 @ 90%C.L.
(Preliminary hep-ex/0609049)
= Improve a factor of 3.3

compared previous results
(Previous : B(T — ev) < 3.9 X 107 @ 86/fb
(PLB 613, 20(2006))

:_D signal
- ® data

Data :

1.7

535 /fb

1.75 1.8
Mzy (GeV/c?)

1.85

# of events




T — fn (1)

LFV in Higgs mediated model is sensitive to un and pppe decay

tan 8\ °® /100GeV /c2\*
B — 8.4 x 1077
(r — un) ( - ) ( )

(M. Sher, PRD 66, 057301 (2002))

ma

n
Comparison with ppep AD
— enhanced as (ms/m,)?* @ -coooooooes
— color (X 3)

T

— larger phase space than pppe decay

= 7 — un is improved by factor of 8.4
compared 7 — ppup decay.

B(t— un) :B(t — pvy): B(r —3u) =84:1.5:1

Previous analysis@ Belle
B(T — un) < 1.5 x 10770154 /fb (PLB B622, 218(2005))
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Analysis
Data: 401 /fb

Decay mode: 7 — yyand n — nrn—w
BG: 77 and gq events

Number of events/0.25 GeV/c?

pmiss

800

600

400

200

leptonic tag (g)

T — fn (2)

hadronic tag (b)

0

v(missing)

1-prong decay

Cut: Similar cuts as previous analysis,
but applying tighter cuts
For example,
BG rejection by m?2 . Vs pmiss
Separate two cut using tag informations
Hadronic tag = one v
Leptonic tag = two vs

= Effective cuts to reduce BG
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T — £n (3)

= - -
Signal region: 90% ellipse: Bozp (T Zum(=y)
(a region which contains 90% # of signal MC events) ~
Signal extraction: Counting method

mode n — vy n — 71'"'71'_71'0 ...........
Eff. 6.4% 6.8% —0.4
Expected #  0.4040.20 0.244-0.24
Obs. # 0 0 I 17 13 (Ge\/}g)
ULgonc.. <1.2x10~7 <2.0x10~7 § () 7 (> )
= B(T — un) < 6.5x107° O Lo

(Preliminary hep-ex/0609013)

Improve a factor of 2.3 compared
with previous analysis

1.7 1.75
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T — fn (4)

Constraint on tan 3 and M 4

ARRRIRRRRIRLIPY, |
/“ O O Soded 000 %% +%6%%% XIS R RREEREERK KK ' - L] L] L]
QRILRLLRRIE S RRIIIRLLRRIKILLRSS,
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“‘0“."0‘0"“ 09000265 %% %% Q.Q 00020060 %% 0’ “””“"’ X 0.’.0‘0 XX 0".0
XKL 35 %
EIIRRKESS 2RSS
000‘000‘0“"‘0‘
oSS esesesetetet
SIERRHIIEELRKS /
SaSasasesetetels atetoteteterereses
POOIIITONs Sorsatetotetetetel
S K
DO0S0R02050%0%0 oSeseteseses
s
SRRRRIIARLIRRRIALLL % p—
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GRRIIIIIRIRKKESS
2SS esess Satetetetetele!
G0IBIBIIIK —
00000000000 000 0 200000090 %%
PSESSIseseseses Sotetotetototesess
3O00000RIII
oS satotetes: Satototetesetotols 74
PSS es0ses aSetetotetotetete’
30BIRIKKS
SERRIRIIKKES
ey 39393050 S
30BN [—
SRR -
SRR .
52
S
SRR A
$90%% 4
00000000000 ¢
Joseseteseses
60 & % R
355
XX
:.:.:..’ M h r P D
.
0.0.0 , ’
0‘0,

%
R

_H

[ ] Belle excluded T —— —
(1 —>un, 401 fb™") N
N CDF excluded at 95% C.L. \
20 - (p—> 77,310 pb™) - AV, 8

] D@ excluded ot 95% C.L.
(¢ = bb,77, 260-325 pb™")

LEP Iexcﬂudfed

O |
30 100 120 140 160 180 200
m, (GeV/c’

CDF and D@ results: pp — h/H/Abb — bbbb from RUN II)
LEP results: LEP Higgs Working Group
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T — en,¥n’ and £xY
(Preliminary hep-ex/0609013)

Apply similar cuts as 7 — un analysis
B(t—un)<13x107® B(r—en)<1.6Xx107" B(r—un®)<1.2x107"

B(T—en)<9.2x107°

3 (c) 7= un(—=>7"1r) 3 (&) T =>wn(—>py) 3 (7 —=>en(—>py) 3 (i) 77> un
=01+ e TR = e = . =02
< < < <
0+ o -~ Or oF
. .
-0.1 57 0.2
—02b . R —0.2 —0-2r
..... -0.4r °
-0.3r
1 . il 1 1 N 1 —-0.4 . 1 1 PR 1
1.7 1.75 18 , 1.7 1.75 1.8 , 1.7 1.75 1.8 1.85
Mi"V (Ge\//c ) Minv (Gev/c ) Minv (Gev/c )
(@) 77 —=>en(=>n'n %) Zo2r (9) 7 —=>u(—>nntn) 302r (N7 —=>em(—=>an'n)
< <
of or
: ~0.2
—0.2F °
' R R L -0.4F
_O’BT B totn —=0.4r : - . : oo
S I L L . I o . .3.'|- - I . -0.6 _| I - L
. . 1.6 1.7 1.8 1.6 1.7 1.8 1.6 1.7 8 9
17 1.75 Mf(@ev/&%5 M (GeV/c?) M (GeV/c?) FJW (GeV/cl)

BG: 7 — wnw for 7 — pm® and negligible for others. B(T—en®)<8.0x1078
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1-prong decay

0
T — LK (1)
.

T — LK (where K& — wwhm™) ©
Dataset for this analysis @ 281 fb—1

¢ 0
Event selection E 0.8 @
® Pumiss > 0.4 GeV/c " 06 ;

within the fiducial volume 0.4
¢ 10 > ESM > 5.29GeV 0.2 - [(o) 7> uksmc
CM l

ocosé’mg_,,m.SS > 0.0 0 . 0

® # of ~ in signal side <1

® # of v in tag side < 2

® Cos HEKg VS. Peky, cut

— See plot on the right

cos Oy xo <O.14log(p£Kg — 2.7)+0.7 cut
Eff. of cos HEKg VS. Pyxco cut for each MC
Signal 99%

71 0.7%, uds 16%

COSV ks

17

0.8
0.6
0.4

0.2

pus (GeV/c)

(c) 77 MC

COSW s

|
S

10

Puxs (GeV/c)

»/r+

]

0.8
0.6
0.4
0.2 r (b) uds MC
charm M(
O |
0 5 10
1 Puks (GeV/c)
0.8 -
0.6
0.4 -
0.2 r (d) data
O |
O 5 10

Puxs (GeV/c)



T — LK (2)

After events selections %

e = 11.8% for eKg £ 02f
L)
<

>
) (3]
S oz2f (b> T%MKS
e = 13.5% for uKo < |

Background: °| o1
D™* — frvKyg cesgRERELL L
K -02 =t Coal
In signal region R TP : :
— Expected background SRS LS, B R
0.2 4 0.2 events 1.7 175;48 (Ge\1//l8§2) 7 175 1;\2; (Géé?cz)
— Data 0 _8 0 —8
No events in either mode B(r — eKyg) <56x10 B(T — nKg) < 4.9x10
0 (PLB369, 159(2006)

Improved by a factor of 16 and 19 compared with CLEO

Set limit b hi
et Upper fimits on brahthing (Previous upper limits: 9.1(9.5)x1077 for e K2 (nK3))

fraction at 90% C.L.
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T — fhh’ and £4+Vector meson (1)

N\ h
¢hth'~ (h,h' = 7 or K) N7,
ete™ - 7t7= — £+ (p° K*, K*, ¢) (signal side) N "
— 1-prong + missing (tag side)
(Including lepton number violation, e.g. 7= — £Yh~h'™)
o
Data:158/fb v(missing)

1-prong decay

BG suppression 40°

by flight length and R2 - Flight length 500/ E(e))c(:ovr\]/(éljlfram (b)
Two-dimensional PDF: 5 |\ - }
= |\ 5 *%% moment
. % =
L signal S 045 Z 40t w > 300 /
Lo + L ' S Sk S 200
signal uds e 3
=> signal 90% remained - SN 100 / !
o - ..
uds 60% removed 0 1000 3000 5000 % o2 04 06 08 1
flight length (pum) R
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T — Lhh’ and £+4Vector meson (2)

Dataset for this analysis @ 158 fb—1

Signal region :

90% reactangle

B(t — ¢hh') < (1.8~8.0)x10~"
B(t — £V < (2.0~7.7)x10~7
(PLB640, 138 (2006))

Background : 77, uds and 2photon

T -eTK |T-oenK |T-enkK

SR K N
:~ o H a ° °

¢ 2

T-JHmTK | tvopuymK T - UK

° % 3 ’ 3 ‘. ¢ °
:.f:o .’.“ *e '. .2.- .E .:Og:. ..3.‘.. . |
p o * e [ ° o '..‘ s o. ;. oo R

° ® d e, °° ° -'o .. ° ...

0.05 0 005  -0.05 0 005  -0.05 0 005

A M (GeV/cz)

o Toep’, fr-oeKk@®?2 |t-up T - K'(892)°
O . o o4 L * ° o e . ®
o“'oG ° ‘.. D ..'.o.“ * ° * D ° ..
0de . cee ¥ e, o
> ° . L4 ®
Q b ° o 9
o-04 2 . . J
-kv lllll _l* & & '0 IIIIIIIIIIIIII *I 1 , I AT I IO P PP P P P |
Woo v -eK®B2) v-eg T u KR o
< % ‘e .
0 L 3 ] .’ .
° D D . ., ﬂ |:|
0.24% . L o
° ] ®
0.4 :
-O.I05 O O.I05- -0.05 0 0.05 -0.05 8 0.05 -0.05 0 0.05
N M (GeV/eH
o T -emm fr-enm T -eK'K P T-e KK
) ® . o6 Qo o
° .,3 :". R 3 . L
of %
o$:'. .. T * % D ° D. g D *
0.2p° 3 % o 3 o
° 3
-0. o o |
......... P\ ST TR T R TN TN T W [T T T P P PO PO P [P TUIT TUU TUNT TO TR PO TOOT
oA TN fUropnm L T - W K'K T - WK K
0 ° o @ . ."-.. D d . .o.; Iﬁ. °,
L o e_0 F L ( ]
.’...‘ PYY ) !...‘0 ° °l o oo ¢ * I:lo
0.20% o o S
° ° X L4 § ® o o ®
0.4 ¢ . . . * e
-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05
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We have searched for a lepton flavor violating T decay at Belle.
No observation and sensitivity to lepton flavor violating 7 decay
branching fraction is approaching 10=7 ~ 108

= Improvement of 1—2 orders over CLEO

= Reached the level of some new physics

=> Provide constraints on the new physics models

B-factory is a good T factory!

Thus, in additional to new physics search in B decay,

we provide sensitivities to new physics via lepton flavor violation
and precision measurements also in 7 decay
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Superconducting
cavities (HER

KEKB B-Factory

Eey s+
Linac

8 Gey EE\

ARES coppet
cavities (HER)

Belle detector

KEKB

— High luminosity

— Asymmetric energy collider

e~ 8 GeV/ et 3.5 GeV

Vs = 10.58 GeV (Y (4s))

Integrated lum. > 650/fb @ 2006/10

. Belle
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Upper limits for 7 — ¢hh and ¢V ?°

Mode Aefe (M) Detection Expected  Observed Upper limit on
LFV Total efficiency e (%) background events BF (00% CL)
T = et 53 7.5 5.30 2.62+1.07 6 73x10~7
T et 23 58 514 0.00+0.26 1 2.0x10~7
T gt 21 88 437 0.76:0.26 2 48x10~7
T = gt 77OLLs 444 0.73+£0.30 1 34x10-7
T et 205 212 3.00 0.91+£0.2% 3 72x10~7
T e KT 174 182 411 1.27+0.41 0 L6x1077
T et B 128 130 403 0.74:£0.22 0 19x1077
e KRt 219 225 312 0.34+0.20 0 3.0%10-7
Tm = etER- 54 7.6 3.06 0.09:£0.07 0 3.1x10-7
s prtE” 158 180 343 2351044 1 271077
g BT 191 208 3.32 1.85+0.32 3 73x1077
= = ptr K- 254 26.8 3.53 2.53+0.38 1 2.0%10-7
T~ = p K KT 87 122 2.76 0.48+0.19 2 8Ox10-7
T = ptETR” 382 302 2,70 0.09:+0.06 0 44x1077
e g 53 7.5 5.03 2.55+1.04 5 85x10~7
T = em KHR02)T 174 182 412 0.76:£0.34 0 3.0x10-7
T e  RYB020 208 212 .68 0.16+0.10 0 40x10-7
™ e 210 225 2.04 0.04::0.04 0 7.ax10-7
= 21 88 440 0.26£0.12 0 2.0x10~7
T p  KYee2)? 101 208 361 0.374£0.14 0 30%x1077
= = pm K409 158 180 542 0.494+0.10 0 40x10-7
TT 87 122 2,68 0.00+0.18 0 7.7%10-7
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Distribution for the number of signal for T — u~y

Distribution of obtaining
the number of signal s
in the null signal case

s = —3.21
= Probability 25% if s is <-3.21

# of events

1400

1200

1000

800

G600

400

200

o

-30 -25 -20 -15

Toy MC

no signal case

23%

-10

10

15

distribution in +2c band
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T — Am and A7 (1)

Search for T decay with Lepton and Baryon number violation process

(t — Am,pKg, pv, pr’ and so on)

=> Important for cosmology (Baryon Asymmetry Universe)

=> Sensitive to new physics (SUSY etc.)

+ :
T generic decay
(1-prong anly)

We consider two types from 7 — A7 decay

® B — L conserving mode
=717 — A~ (A — pmt)
® B — L violating mode
=717 — An™ (A — pw)

We can distinguish between these two modes
using a charge between two pions

® B — L conserving mode

—> Opposite charge

e B — L violating mode

—> Same charge
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Dataset for this analysis @ 154 fb—*

Event selection

® A selection using vertex informations

and proton ID
® Puiss > 0.4 GeV/c
within the fiducial volume
e 105 > Etotal > 5.29GeV
® Ccos Htag mis > 0.0

T — Am and A7 (2)

8000

P 2]
o o
o o
o o

Number of events / 0.25 MeV/c?
B
o
o

® Kaon and Proton veto against tag-side

and 7 from 7 — A”'xw"”
® # of ~ in signal side < 1
® # of vy in tag side < 2
® mfniss VS. Pmiss CUt
—=> See pIot on the right

Require pmzss > 1.5m?

miss

—1

9

A candidate

1 1105 111 1.115 112 1.125 113

Mass (GeV/cZ)
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Pmiss (GEVI/C)

o Fr N W ~ O

Pmiss (GEVI/C)

SO B N W b~ O

(a) signal -

1
-20 0 20
m,SS((GeV/c ) )
(c) uds :
1
-20 0 20
m,SS((GeV/c ) )

Pmiss (GeV/C)

SO B N W ~ O

Pmiss (GeV/C)

SO B N W b~ O

(b) data -

-20

mISS

0

20

d) Tt

((GeV/c ) )

-20

mISS

0

20

((GeVic ) )



T — Am and Aw (3)

After events selections
e = 11.8% for both modes

Background:
uds: including real A
T7: fake A from 3-prongs decay

In signal region

— Expected background AR

041 1 : | S I ] 1 \
1.7 £ 0.8 events in both modes 1.725 1.75 1.775 1.8 1.825, 1725 1.75 1.775 1.8 1.825
— Data M, (GeVic) M., (GeVic?)
1 event for B — L conserving mode B(T — A7) < 1.4 X 107" B(t — An7) <72 X 107°
0 events for B — L violating mode (B — L conserving) (B — L violating)

m (PLB 632, 51 (2006))

Set upper limits on branching These results are the first searches ever performed.

fraction at 90% C.L.
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