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83 Motivation for T LFV searches [y

THE UNI\"ERSITTY OF
MELBOURNE Belle II

e Lepton flavour is conserved in the Standard Model
(accidental symmetry)

 Neutrino oscillations
— first sign of neutral LFV beyond the SM e R

o Also generates charged LFV,

but at a non measurable level: F
3oy
Bysu (T — 1) = -2 U U,

— Powerful probe for new physics
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L SRSV, Beyond the Standard Model (s

THE UNIVERSITY OF
MELBOURNE St

» Predicted in many theoretical models O (10~7 ~ 10~19)

Model Reference T MY T UMM
SM+ v oscillations EPJ C8 (1999) 513 1040 10-14
SM+ heavy Maj Vr PRD 66 (2002) 034008 109 10F1e
Non-universal Z’ PLB 547 (2002) 252 109 108
SUSY SO(10) PRD 68 (2003) 033012 10-8 10-10
MSUGRA+seesaw PRD 66 (2002) 115013 107 109
SUSY Higgs PLB 566 (2003) 217 10-10 107

e Sensitivity of various channels to cLFV is model-dependent
— discriminate theories by comparing branching ratios
and spectra across multiple modes
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Effective Field Theory Approach [Sss
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 Model-independent approach wit ffective Lagrangian:

T ur T — pn
4-Iepton \*Oéfv 4 - o . _ _
O v v v v — —

dipole — 5

0%« - - v/ (I=1)  /(1=0,1) - -
0 - - v/ (I=0)  v(I=0,1) - -
lepton-gluon —»O¢g¢ — — v v — —

01« - - = - v/ (I=1) v (I=0)

Op«— - — - - v (I=1) v (I=0)
*Oci - - - - - v

— lepton-quark Celis, Cirigliano, Passemar (2014) \
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T LFV at B Factories /o

THE UNIVERSITY OF
MELBOURNE S

e Large t-pair production cross section at Y(4S) (0~0.9 nb)
 Can probe a large variety of modes
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ATLAS + BaBar = Belle + CLEO LHCb
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SuperKEKB and Belle |l <o

Belle 1T

D'
THE UNIVERSITY OF

MELBOURNE

KEKB = SuperKEKB (x40 luminosity)
e+ 4 GeV 3.6 A |

.. . . .
(}-l <« _ _sen e Smaller interaction point
“ ivainaiin ‘ e Increased current

| newseansoe SUPErKEKB

Belle = Belle Il (x50 int. luminosity)

‘First beams & commissioning in 2016\

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject
Damping ring

Positron source

e

Ox(um)

New positron target /
capture section

Vg
.4/
Low emittance gun

Low emittance electrons
to inject
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. Beam Background o
THE UNIVERSITY OF Belle II
MELBOURNE

* With the upgraded accelerator come increased event rates
and beam background:

VAP AL

Coulomb Bremsstrahlung Bhabha 2-photon
Pair Production
. and intra-beam (Touschek) scattering

e Affects detector design and resolutions
— Pileup from charged showers (4)

— Shift of calorimeter energies
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The Belle || Detector Q(B
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KL and muon detector (KLM):
Resistive Plate Counter (barrel)
intillator + WLSF + MPPC (end-caps)

Csl(T1), waveform Q\X\}\&\}\\ ////////// /.'

kPure Csl (end-caps) \\\i\t\&\\\ — |

J—

—

"EM Calorimeter

e . )
ification

agation counter (barrel)
1g Aerogel RICH (forward) |

electron (7GeV)

Beryllium beam pipe

[Zcm diameter 7 //'
[Vertex Detector (PXD //,/é/% ;

li.

strips '

——

2 layers Si Pixels + 4 la

positron (4GeV)

7| Target integrated luminosity:
' 50 ab1
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Central Drift Chamber
He(50%):C2He(50%), Small cells,

\Iong lever arm, fast electronics
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90% C.L. upper limits for LFV © decays

107

10°

T LFV projections for Belle |l

Il Ah

=

Francesco Tenchini
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V330303, 0503 ¢'s p's
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Extrapolation of existing results to 50 ab™
(in the no-background hypothesis)
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Constraints from High Energy (s

Belle 1T

THE UNIVERSITY OF
MELBOURNE

e B(h—= 1u)=(0.77 £ 0.66)%
by recasting existing
ATLAS h — 1T results

* Implied limit on Y+, coupling

e Contributes to LQ), LL and
(at loop level) dipole modes:

h h
/ \ / \
T T + s g
— e —— e v T — e  —— 5
Y Py +Y,, Pr \Y\;:ju Y,, Pr Y P+ Y, Pr i@fjr Y, Pr
gl 8
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Constraints from High Energy

THE UNIVERSITY OF
MELBOURNE Beile Il

‘CI\/IS bound\
CMS 19.7 b (8 TeV)

1 CMS 19.7 o™ (8 TeV) CMS 19.7 o' (8 TeV)
\\H\\\‘\\\ \\\‘\\\‘\\\ \\\\‘\\\\\\\\1\\\\‘\\\\1\\\\‘\\\\‘\\\\
ur,, 0 Jets ut , 0 Jets
— 1.32% (exp.) .’ ¢ Observed : +0.66 o —
= 2.04% (obs.) 087 e %
=) ' ki X Expected ] | ]
>— T, 1 Jet
u1966/ (exp) . . Expected = 1o uT,, 1 Jet .
— .66% (exp. 0.81 0859, ~
2.38% (obs.) | I:I Expected = 20 | -0.78 | ]

g T o o
3.77% (exp.) 580
P 0.05 #1589

3.84% (obs.)

uT, 0 Jets ue,, 0 Jets _
2:2?:2 Ei)t;z:; B - B 0.41 #1209 i - |
uT, 1 Jet ut, 1 Jet R
1072 e : e[ 7 on 1| . |
\“ ut, 2 Jets ue,, 2 Jets
2 63% o) = 148 138 y
H->ut H—ur
-3 A ?;?‘;:E?)EE; |I 0-84125’3790/0\\\\‘\\\\‘\\\\:\\\\‘\\\\:\\\\‘\\\\‘\\\\
107 e, . ; 0 2 4 6 8 10 15-1-0560 05 1 15 2 25
R : 95% CL limit on B(H—ut), % Best fit to B(H%M‘C) %
\m
V30
- 1S
1074 —— L Phys. Lett. B 749 (2015) 337

10 10° 102 10" 1

» CMS best fit B(h = Tu) = (0.847932)% — 2.40 excess
* Sensitivity UL: Bos(h = Tu) <1.51%
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Constraints from High Energy

MELBOURNE S

CMS bound Updated plot by J. Zupan
CMS u 19.7 b (8 TeV) L—— -J

Y |

-
SS

e
-

—observed

L0

G0

—_— s
ek 0‘
¢
[
=<
a
[E—
<

Belle |l

LFV Yukawa coupling tested by both LHC and Belle |
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Past searches for Ty <o

THE UNIVERSITY OF
Belle II
MELBOURNE e

e Blinding box approach with BG evaluated outside the signal region

e Observables space: — AE = Ey ), Erean/2 (expected AE = 0) ,
— Signal-side my,, (expected m,,, = m, = 1.777 GeV/c )

« Signal regions after BG rejection cuts — data (points) and signal MC (shaded):

7 o~ T
(a) / / AN . :.O. °
O.l i ° . » / To N\ // § 2 .. '...:.B4B4R -
| /// o | }/ w ° .' .
/’/ v (5 -
/ // /7 ~
01.9 —
X L
& -

hm Fd 1.8 —
1.7 ]
; 1.6} —
O14é5 — 17 175 18 185 -1 . | 0.5
M., (GeV/e?) A E (GeV)
Belle BaBar
Boo(T— 1Y) < 4.5x108 (535 fb-1) Boo(T—HyY) < 4.4x108 (515 fbT)
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THE UNIVERSITY OF

MELBOURNE

* Sensitivity study using Belle 1| MC

* Event signature:
—signal T: y track + vy

—tag T: generic (non-y)

* Background:
— T = UW "

—T—ew p+y

— T =TV A
—ee — ee/up (V)

— ee — hadronic

Francesco Tenchini

T—uy at Belle |l

Center-of-mass momentum of signal-side track

Belle 1T

0.18

0.16

0.14

0.12

0.1

0.08

0.06
0.04

0.02

15

’ J Signal: p v
Background: p v v,
Background: x v
Background:ev, v,
Background: t (generic)

Background: p i {y)

Background: e e (y)

Background: u U

Background: d d

Background: ¢ €

Background: 8 §
Background: B' B’

Q0
Background: 8’8

Belle || MC

Momentum (GeV/c)
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Signal Selection <o

Belle II

THE UNIVERSITY OF

MELBOURNE

Magnitude of signal thrust vector

» Belle Il MC normalised to 1ab-* for ¢ .

comparison with Belle. E 7 i=1 1T - Pil

o 02 N .

« Beam background is incorporated ¢ i=1 | Pil
 (QObservables for background ot

rejection: F

— four—mOmeﬂtum, &g%y'ﬁé?a"ﬁ_ﬁﬁ.;n 0.98 o.gé:.h-%

— angular distribution, Belle 11 MC

h”

— event topology and shape
(thrust vector magnitude,
momentum flow,

Fox-Wolfram moments, ...) B
Momentum Flow Cones
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Results </

THE UNIVERSITY OF
Belle I
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Rotated signal region with T—uy MC

S -1.62 T
§ B Backgr und;T?, )
8 _1 64 E_ gazllzg: zzge . :e e 8;
= L Backgroundf e: e —ul
g —1-66=§ s & ¢ 53 <AE> =~ 47MeV
[z r Ba kgmz:d;:*:: ;Sgo' . o a o a . . ~
X>_1'68—-::Ztg:oz:g;ff-g:nzif [} seQ <I\/||nV> ~ 1.7968V
2. 17:_ T Ve a0 " D’EI:D/D/E]\\U
il Y ° ° ° /
3 — g% u, *0° 0 O 3, D oo
S -1.72— ¢ ‘ol
x o 8 ocoe0%0 [ ‘|:1 Dl—_] i
= 1.74 | — o'['go s \ /
R = .?.30.“%ESDD!§_/D )
P =S wie'oo'mgto o8 e e
[ O O Be°d® o
—178__ S * °
[ -
-1.8—
-1.82—
— | I I I | I I I | I I I | I I I |
-0.2 0 0.2 0.4 0.6 0.8

M, , x cosa + AE x sina [(GeV/cy]

Study elliptical signal region around mean:
— Signal efficiency &signai = 4.59%
— No background — ngg< 2.30 at 90% CL (Poisson)
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Sensitivity Comparison o>

MELBOURNE Belle I
Belle (535 fb-1) Belle Il (1 ab-1)
L (cm?/s) 2.11 x 1034 80 x 1034
Esignal 5.09% 4.59%
NBG 10 - _, Belle 1l (50 ab)
Boo(T — py) 4.5 x10-8  2.726 x10-8 5.452 x10-10

A

* First T LFV sensitivity study at Belle |l

* Background-free search (ee G)

e Sensitivity comparable with Belle

« Naive extrapolation to 50 ab™
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T LFUV <o

Belle II

MELBOURNE

 The SM is built with the assumption of universality

e Measurements of R(D")) show a 4o deviation from SM predictions
* Sensitive to NP couplings with Higgs-like particles

e [nteresting to study T LF(U)V

A 0.5 B 1 1 1 1 I 1 1 1 1 I 1 I 1 ]
%Q B == BaBar, PRL109,101802(2012) A 2 10 -
_ L - == Belle, PRD92,072014(2015) X = 1. _
(%) BR(B—)D(*>7' 1/7-) E 045F LHCb, PRL115,111803(2015) —
R ( D ) — — — — Belle, arXiv:1603.06711 -
BR(B—)D(*)E_I/E) ~ —— HFAG Average, P(x2) = 67% .
0.4 [~ == SM prediction ]
7y 0355 =
wt /at+ | 0.3 = =
0.25 =
b C R(D), PRD92,054510(2015)
o < * (%) R(D*), PRD85,094025(2012) fr e 20
B D O 2 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
o > .. 0.2 0.3 0.4 0.5 0.6
R(D)
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TLFUV In b—s /o

Belle II

THE UNIVERSITY OF

MELBOURNE

* pb—stransitions are penguin/box suppressed

e Signs of deviations have been found there in the past; e.g. at LHCb:

Br(B™ — K " u™) +0.090
R(K) = = (0.7457 stat.) == 0.036(sys.
(K) Br(B+ — K+ete) 0.074( ) (sys.)
* Processes such as B+— K+1l sensitive ToprtrT T pKK
: : 47
to NP contributions, e.g. Leptoquarks Osyv — -
Op v/ v
;/ /“— O%’ v (I=1) v (1=0,1)
5 —» VA 0 v (I=0)  v(I=0,1)
B+ - > u " OGG ‘/ ‘/
OA — —
* If such a state mediating the transition OX! = -
existed, we could observe it at Belle || O = -
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| n n |
Koot B —= K 1lin Belle |l <O
THE UNIVERSITY OF Be/le E
MELBOURNE

e Feasibility study based on cut and count approach
 Past search on 429 fb~' BaBar data (PRD 86, 012004 (2012))

+ —

5 e e
B(B — hrt) (x107°)
Mode central value 90% C.L. UL
Bt - Ktrpu 0.0 F27 < 4.8 |
Bt = K'tre —0.6 117 < 3.0 - =
+ + +3.8 Brag st
BT —» T 0.5 7575 < 7.2
Bt = atre 2.3 7373 <75 / \ / \
DO - K+ ﬂ+

o Simulated signal events:
—Bsig: B = K't#[*
—Btag: generic

&\ g

Generated MC

MC o [nb] Nevents Lint
BYB~ 0.55 100 x10° 180 fb~'
B°BY 055 100 x10° 180 fb~!

— . uil 1.61 50 x10% 31 fb!

 Background events: BB/gg generic MC 4 o040 50 x10° 130 f5!
S5 0.38  50x10° 130 fb!

cc 1.30 50 x10% 38 fb!
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Selection and Outlook </

MELBOURNE Selio
Indirect Tau Mass
10000_—
Tag B = {
- []ddbar
* Fully reconstruct tag side in the B = D%%pag modes T Seea
with a multivariate classifier (€ag=0.83%) I
L[] Signal
 Keep the one with the highest MVA likelihood. 4000} I
Signal B 2000 lmn/i\\
* Bsig from rest of the event after tag-side L N
: Kr Mass
reconstruction. Belle [ MC
. . - B Legend
e Signal region around reconstructed m: peak. 12001 %ggggar
1000'_ [ ]ssbar
* Reject background with cuts on: : T
m(Kr), event shape variables, vertex fit quality... s Sagnar
600:—
, , 00 ]
Available data set is x100 of BaBar (2012) :
— potential x10 improvement (assumes dominant BG)  *F JWM%
00_I - I()lg 1 1.5 2 2.5 3 3.5 - 4
m(Kx) (GeV)
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summary <o

Belle II

MELBOURNE

 TLFV is a powerful tool to search for new physics.

* Belle Il will eftectively probe a wide set of decay channels.

* Preliminary study for T = py:
— Boo(T = py) < 2.726x107° estimated sensitivity at 1 ab™
— effectively rejects beam BG (comparable to Belle).

— Naive extrapolation: Bgo(T = py) < 5.452x107'?at 50 ab™
* LFUV feasibility study for B*— K1l with a fully reconstructed tag
using a multivariate classifier.

— Potential x10 sensitivity improvement of previous result.
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Belle || Schedule <>

THE UNIVERSITY OF
MELBOURNE S

 Phase 1 (2016, complete):

> 70:
— Accelerator 8 eo-
. . . k= - - N L op ]
COmmISSIOﬂlng g 5[}E "'mJ 'EH Uml _ BEIIIeIIGoaI
- 40F
— No detector k5 : § § % :‘>
© . 30:— (o o o 8
* Phase 2 (start of 2018): gg 20
— Pal”[ia| deteCtOr 11035 105_ J Total BaBzIar+BeIIe Luminlosity
D —
- L
— BaCkgrOUﬂd StUd|eS % BE_ SuperKEKB Goal
= 6
— First physics 5 A
> 2'_
* Phase 3 (end of 2018). S5 . KEKB Perforance
= 2016 2018 2020 2022 2024

— Full detector

— Belle Il run
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Background Rejection <o

THE UNIVERSITY OF
MELBOURNE Belle II

T — lw T — hadronic

Energy of signal-side photon Number of tracks
0.2 0.221
—— 02—
. || Signal:py - [1=
0.16 0.18 :'— I_ J |
B round: v v
0.14 ackground:p v v, 0.16F | Iﬂ
Background: 7 v, A |
012~ |
- Background: e v, v, 0.1 |
) 0.08
- Background: t (generic) - |
0.06 1~ |
0.04 — |
—————— 0.025~ |
N S
Energy (GeV) Tracks
cosoM Magnitude of rest-of-event thrust vector
signal track, signal photon
02 0.05
0.045 Background: u 0 DW: g'se
. | Background: d3 || Background: 8° B
Be”e ” MC 0.035 Dw:cc DSﬁmll:py
0.03 D Background: 5 § E ~ "‘I'.I

0.025

0.02

0.015
0.01

0.005

8

L A AR AR AR AN AR AR AR Raaa
[ BERAY LLLY fLLEA LR ALY [ALLY LR LELL]
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Background Rejection <o

THE UNIVERSITY OF
Belle II
MELBOURNE e

ee — ee ee — uU

Centre-of-mass momentum of signal-side track Centre-of-mass momentum of signal-side track
0.12 0.18
0 . 0.16
0.1F Signal: py F ] Signal: p y
o) I — e |
0.08 |+ 0.12f~
i Background: e e (y) - Background: p u (y)
- 0.1—
0.06 [+ -
: 0.08:_—
0.04 |+ 0.06—
i M 0,04
0.02 P e | .
4 0RF ey e e ——— — ———
J 1 o
(et e T o i T i st = i ] e o e s TR (TR VT WY T S ———— g sy il IR .
b 1 2 3 4 5 6 % i 2 3 4 5 6
Momentum (GeV/ic) Momentum (GeVic)
Cosine of polar angle of signal-side track Centro-ot-mass energy of signal-side track + photon and tag-side track
- 0.25
. ’__ —
- - 1
02 N I |
018~ MC 0.2= I |
0.16 - Belle I C | |
0.14 ;— 015 I |
0.12F - I |
= 5 -
0.1 L
g 0.1~ | -
0.06 L | |
= 0.05— L
o.oa5 . - L
0.02|~ — e g i | N
P ol e e vl WP B IPRPIP I v I P P S PP TP e i e L X = S UMM PP
1 08 06 04 02 0 02 04 06 08 1 4 5 6 7 8 9 10 1 12
cosf) Energy (GeV)
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MELBOU RN'E Belle II
cuontiype | Eyenie poleces] At seecior sgnal ficiency
| Gdamd Y 5 83 6 7.23%
T UV 159,997,900 163
TE =TTV, 334,056,500 40
T2 e*ViVe 163,857,700 0
ete = utu(y) 1,148,000,000 15
ete—ete(y) | 300,000,000,000 0
ete-—=B+B- 550,000,000 O] Tot. background
e+e-— BOBO 550,000,000 0| events (for 1ab-1)
ete-—qqQ 3,690,000,000 15 233
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Kr Mass
- Legend
12005 [ Juubar
F [ ddbar
1 000; [ ssbar
+ [Jccbar
L [ Bcharged
800— ] Bmixed
L [ JSignal
600;
400;
o A
0 C L1l ‘
0 0.5 1 1.5 2 2.5 3 3.5 4
m(Kn) (GeV)
kPIDk
—>
60i Legend o
t [Juubar
[ [ddbar
50— [ ssbar
[ [Jccbar
r [ Bcharged
40~ [ Bmixed
r [ISignal
30
20
10f-
om L L‘_,: 1 L ’_\I \—
-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0
log(sigProb)

14

12

10

Sample N-1 plots

B+ = K+t-(nmOm)u+

Rest of Event Tracks

Beam Constrained Mass

LIBNL N I N O I O B O B
I I I I I I I

Legend

[ Juubar
[ ]ddbar
[ ssbar

[ Jccbar
[1Bcharged

] Bmixed
[_]Signal

AL

I

v

|

H

piPIDpi

£24 5.245 5.25 5.255 5.26 5.265 5.27 5.275 5.28 5.285 5.29

Mbc (GeV)

[rrrrrrrr T

T T T T

Legend

[ Juubar
[lddbar
] ssbar

[ Jccbar

[ Bcharged
] Bmixed
[]Signal

aill

L
-0.02 -0.015

-0.01

-0.005 0
log(sigProb)

160?
r Legend
140 [ Juubar
L [lddbar
120 [ ssbar
C [Jccbar
100 [ Bcharged
L [ Bmixed
[ []Signal
80?
60
40F
20[
0 IAAA\\\\‘llllllll\\\\\\\\‘
0 1 2 3 4 5 6 7 8 9 10
nROETracks
muDLLpi
80 E Legend
C [ Juubar
700 -5 [ ddbar
o [ ssbar
60 [ Jccbar
F [ Bcharged
500 [ Bmixed
F [ JSignal
40H
30
20+
10t
ol Ll m et (et
0 5 10 15 20 25 30 35 40 45 50

Loglikelihood(mu)-Loglikelihood(pi)

14

12

10

Cos (eThrust)

D

Belle II

Legend

[ Juubar

[ ] ddbar
] ssbar
[Jccbar

[] Bcharged
] Bmixed

[ ]Signal

—

e

0.1

Impact of each selection after applying the rest of the cuts
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