1.777 GeV/c®

... personal selection
with more focus on Belle 11 )

Aglia tau, the tau emperor, is a
moth of the family Saturniidae

Ami Rostomyan
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https://commons.wikimedia.org/wiki/Aglia_tau
https://commons.wikimedia.org/wiki/Aglia_tau

The third charged lepton - Toitov

First observed in 1974 at SPEAR in SLAC as an anomalous decay in ete-
collisions

LEPTONS

ne tion mn‘l’u"n eneufion

‘Ve ¥ ‘VA . Vt ¢
SIAC-PUB~1626

LBL-4228

A st 1975
(1/8)

We have discovered 64 events of the form

e +e —e +u +atleast two undetected particles

for which we have no conventional explanation.

PI’OpOSﬂl: EVIDENCE FOR ANOMALOUS LEPTON

+ - *
. PRODUCTION IN e = e ANNIHITATION
= these events were the production and subsequent decay of
ABSTRACT

a new particle pair:
. + -
+ - - + . s
+ _ 4 _ - - We have found events of the forme + e —»>e + p + missing
€ + € — 1T + T —€ + //l + 4[/ energy, in which no other charged particles or photons are detected.

Most of these events are detected at or above a center-of-mass energy

The mass and Sp 1n Of the T was €Stathh€d at DESY Wlth of 4 GeV. The missing energy and missing momentum spectra require

the Double Arm SpeCtrOmeter (DASP), and at SLAC- that at least two additional particles be produced in each event. We
Stanford with the SPEAR Direct Electron Counter have no conventional explanation for these events.
(DELCO).
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The T lepton

Very massive:

= ~3500 times more massive than electron

Short lifetime:

= ~]1.3*%10-7 times smaller lifetime than muon

U —e vy

N _P T
P ——
vy V1
W > / T > /
_ e A e
W W
{le {}e,
Decay modes:
. T
= ~ 250 decay modes in PDG Ur )
T~ P / N
= 1T—=coru (~35%) TN (1)
= heavy enough to decay to hadrons - (1)

Laboratory to test the structure of the weak currents, the universality of their
coupling to the gauge bosons and the low-energy aspects of strong interactions.
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K_31t0V

100 10 \ et
% 0 ntnnlv
25 modes Konm V1 .
10.12 % \
<10 7 10— \ K210
KOTt V.c K_Jt+ n‘%
210V, 0.84 +0.04 % T
030+0.11 % ,
K—mVv
— 80 8 — L KKt rdv,
n2nv, KV, / KK,V
8.99 +0.06 % 0.700 +0.010 % / 2KV,
4 KKv,
o / K_KO TCOV
4 — kK,
2hht3nly
~on \ 3h‘2h+7t0v
Tt_nov,t ~ h~—on Vq \ oxd
25.52+0.09 % S \ v,
g 2h‘h+21t0vT
= n3nv +
|3 T 3h2htv,
— cg 1.05+0.07 % )
£ TNV
i -
]
o
o
- o
10.83 +0.06 % 40
\ 2y,
- | 270008 %
u.‘VuvT
1741 +0.04 %
— 20 2
eV, V. B B h~ov,
17.83 +0.04 % 2.00+0.08 %
0 0




B factories

Not just B-Factories but also t factories!

= (Collision energy at Y(nS) = Asymmetric beam energies = High luminosities
= ¢.2. Ecms = 10.58 GeV Belle: 8.0 GeV (e~) /3.5 GeV (et) ~Belle: 710 tb-! @ Y (4S)
= BR(Y(4S)— BB ) > 96% BaBar: 9.1 GeV (e) / 3.0 GeV (e*) ~ BaBar: 424 fb-! @ Y(4S)
= Boosted BB pairs
Belle@ KEKB
BaBar @PEP-I11
SC solenoid sAel ogeln(:,‘? 8 ;;ﬂ{ (()) ; 0 e
1.3T A . | Muon/Hadron Detector
: — 'A°.D GeV €* Magnet Coil
Cﬁgg) L N e = B siectronhoton Detector
TOF counter — pr e [l *
o »- \ - " \ - X St . Support Tube

: \ al Dl’lft Chamber ‘ Vertex Detector

D)) s
' “/ 4

Si vtx. det. /' K; detection
3/4 lyr. DSSD 14/15 lyr. RPC+Fe
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T physics program @ B factories

Historically B-factories provided a variety of very interesting results in the last two decades.

Lint (fb-1)
800 Lifetime and
CP-Violation GPT test
600 LFV limits
Mass and
CPT test
400 CP-Violation
LFV limits
Limits in I\:I:aPs'?tae';f
SCC
ey searches
Limits in
200 T — £OF
Electric Limits in
dipole limit T Uy
T > CCC
0
2000 2002 2004 2006 2008 2010 2012 2014 2016
Ami Rostomyan 5

B-factories: Belle@ KEKB and BaBar @ PEP-11

- a Yas)
i3
1S ¢
| : : Y(28)
10} : & Y@39)
I £ 3 Y(4S)
SE > xd P 3 ‘n.
i ; i e AR werl TS
o =

1034 1037 1054 | 1058 10.62
Mass (GeV/cz) BB threshold

944 946 10.00 10,02

Wide range of observables to confront theory

)

)

)

Precision SM measurement
CP asymmetries
Rare decays, forbidden decays

Angular distributions
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B-Factories

Not just B-Factories but also t factories! Clean environment

= the kinematics of the initial state 1s precisely known

= the neutrino energy can be determined precisely

Hermetic detectors with

= high track reconstruction etficiency

= ¢00d kinematic and vertex resolution

-
fU\Ny; Y (45) <'.\/
| Bo

4

= excellent PID capability

= excellent v and 7° reconstruction

Wide physics program
6(e+e_ — Y (4S )) = 1.05 [nb] = precision measurements of time-dependent CPV and CKM
0<e+e— N qé) = 3.69 [nb] parameters
6( ete™ — T+T_) — 0.919 [nb] = searches for lepton tlavor/universality/number violations
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_|_

eTe” > 17T

e+te- annihilation data is ideal for missing energy channels

= the neutrino energy can be determined precisely

Reconstruct 1-prong”, 3-prong t decays in various
channels

= wide variety of signatures involving tracks (e, i, 7, K) and
neutrals

1-prong
(hadronic)

Precise tests of SM & NP searches

= 1 mass and lifetime measurements

€

1-prong 7 1prong | = Lepton universality tests

(leptonic) 5, (leptonic) = Vs measurement
* ‘ = Electric Dipole Moment (CP/T violation)
. 7, = CP violation T — Ksmv
i v, A 2 = LFV and LNV decays
)

*“prong” is the number of charged tracks in the decay
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Belle 11 @ SuperKEKB

Next generation B-factory

SuperKEKB:

Unprecedented design luminosity of ~6x103° cm-2s-1

Ami Rostomyan

Super-KEKB

/ 83mrad

um / 100p.m{'

i@

E (GeV) B*, (mm) B*« (cm) @ | (A) L (cm2s?)
LER/HER | LER/HER | LER/HER | (mrad) | LER/HER
KEKB 3.5/8.0 5.9/5.9 120/120 11 16/1.2 | 2.1x10%
SuperKEKB 4.0/7.0 3.2/2.5 415 [C3.6/2.6 D 80x10%
factor 20 factor 2-3

SuperKEKB — major upgrade of the KEKB

= an asymmetric electron-positron collider
70 GeV (e)/4.0GeV (et)

= smaller interaction point

= 1ncreased currents

First beams and commissioning in 2016

Broke the world lumi record in June 2020!
Jeniffer Summer School 2021



Belle 11 @ SuperKEKB

Belle 11 detector — upgraded Belle detector

EM Calorimeter K,-Muon

1 500 | Detector
~ - 17° improved tracking etficiency
N - e+ improved particle 1dentification
(4 GeV) smarter software
‘ oS TR ' more precise algorithms
/< ~JUJ| m.“” = v I rolled in April 2017
N A @1.5T First recorded events in April 2018
—_— | —~ ——A — 3
, >\\ ~ Central |
Dt Barrel and Forward
Chamber Particle ID Detector

Important for T analysis: discriminate between e, u, 7, K; reconstruct neutrals!
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The Belle 11 Collaboration

New facility to search for physics beyond the SM by studying B, D and T decays
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Luminosity status and plans

~ 200/tb of data already collected since 2019

Data taking is

= challenging in the pandemic

= however efficiency largely unaffected

y Belle Il Online luminosity Exp: 7-18 - All runs

Integrated luminosity
. Recorded Weekl

_ f LRecorded dt .

12 1

Total integrated Weekly luminosity [fb~!]

A mmmmm A‘VUVV‘A‘.J eemam

- 200

- 150

- 100

- 50

Total integrated luminosity [fb~?!]

11

= similar data sample as at 1st generation
B-factories by 2022

amith
o

S— Lpeak Before IR upgrade

— Lp%k After IR upgrade

0o

4 (@)

N

Peak luminosity [x103° cm2s1]

0 : g |

201911 20211 2023/1 2025/1 2027/1 2029/1 2031/1

1 70
— Int. Luminosity
60
o0 5
RF {40 §
[partial] g
IR (QCS*) 30 2.
g <
20 &
110
0
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eTe” > 17

7~ : An example of 3x1 topology

Event topology and kinematics crucial to observe T leptons

= relatively mild deviation of the T decay particles from = undetected neutrinos 1n T events
the primary trajectory
w 400 ————7T 7 71 T 1 T T 1 T T
£y 1800 [t A o §12001_Belle118imulation E
% 1600 = Belle Il Simulation . "” f 1
o : ] 1000 - — 7 _ 7
1400 F E b Ulvdd+ss
1200 — :E1_ﬁ+da+s§ = 800 :ggy E
1000 F  oe E so0 [~ Oter
800 E —— other E :
5 400 +
600 — C
400 [ - 200
200 | - o b
0 Lo = ‘

0.95 1
Thrust value

Thrust axis (T) 1s maximising the event shape variable

06 065 07 075 08 085 0.9

pn T |
2 | ]

thrust value =

soft particles

thrust
axis

hemisphere-a hemisphere-b
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Outline of my lecture: SM & BSM

Does NP couple to 3rd generation strongly?

Precision measurements or indirect search of BSM

= elementary particles falk to each other through loops and boxes

= learn about new particles by making precision measurements of

the “talking” particle’s properties

= ]-prong T decays probe the SM predictions of charged current
lepton universality and the unitarity relation of the first row of

the CKM quark mixing matrix.

= significant deviations from SM are unambiguous signatures of NP

’
B‘Ce

0.1790 -
0.1785- | S :

0.1780 -

0.1775-

0.1770 %

289 290 291 292
T-(fs)

Ami Rostomyan

0.22

V|

0.225

K, PDG 2016
0.2237 +0.0010

K, PDG 2016
0.2254 + 0.0007

CKM unitarity, PDG 2016
0.2258 + 0.0009

T — sincl., HFLAV Spring 2017
0.2186 + 0.0021

T — Kv /1 — nv, HFLAV Spring 2017
0.2236 + 0.0018

T average, HFLAV Spring 2017
0.2216 £ 0.0015

| Spring 2017 \

14

Direct search of BSM

= search of forbidden decays
= LFV and LNV decays

= any signal 1s unambiguous signature of NP

[
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The mass, lifetime and leptonic decays of 7

0.1790 -
0.1785 - +
.8
0.1775 -
0.1770 - | Spring 2017|
289 290 291 292
T-(fS)
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The mass, lifetime and leptonic decays of 7

Lepton masses and lifetimes are fundamental A. Lusiani et al: arXiv:1804.08436
parameters of SM! 0.1790 -
= A precise tau mass and lifetime measurements are 0.1785 -

crucial for lepton universality tests of SM

= Possibility to test CPT conservation measuring 7~ and o 0.1780-
7 lifetimes and masses separately.
0.1775 1
Lepton Masses (MeV):
= me= 0.5109989461 = 0.0000000031  Oom/m ~ 6*10-9 01770 | | Spring 201.7
= mu= 105.6583745 + 0.0000024 Sm/m ~ 2#10-8 . oy .
= m= 1776.86 +0.12 om/m ~ 7*10-5
T, m;
Similar situation for lifetime By & Bﬂe T_ m3
S
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T Mass measurement

hadrons

The T mass cannot be measured directly

= neutrinos in the final state

ﬁth'rust
Vs
12000 F /
[ Belle Il (Preliminary) —+ D(ata . , T
- === (= mmy)T(— €, W, T, )
10000 I~ f Ldt=8.8 fo’ -+ = eell (I=e,u) & eehh == ) (I=e,u) Signal
I -+ =+ qq(g=u,d,s,c)
8000 1 T— 31 T
(72] |
c . E 5
© 6000 [ E - Tag
Ll i = 3
4000 | 2 : 10
2000 | =
o
g 15
s 1}
CDU 05 f | | | . . . . . . . . . . . . . . . . . . . . . | 0 6
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 '
M,_[GeV/c] 0.4 LT
0.2 y‘
0 gl gogeiBlp goip Bligoiog 1 < ~Tr+
0 02040608 112141618 2 W- ay .
M [GeV]
12 .
s‘ 1T'
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Why important to have a precise measurement of T mass?

Threshold scan method = SM prediction for the relationship between the T lifetime,

= DELCO, BES, KEDR, BESIII mass, B(tT — evv’) and weak coupling constant
= exploits the threshold behaviour of the t-pair production cross B(t = evv) @
section in e+e- collisions —
T, 19273
Pseudomass technique . . .
q = violated before the first precise mass measurement by
= ARGUS, OPAL, BELLE, BABAR BES
= relies on the reconstruction of the invariant mass and energy . BES - PRL V69 (1992) 3021 -
of the hadronic system 1n the hadronic T decay
1 I I I | I I I I I I 1 1 I I 1 | I I I | 1 1 1 ?) P
ARGUS  1776.302% o
BES (96°) 1776.9673 230~
CLEO 1778.20"' % . 2
OPAL 1775104 g5 : s
BELLE 1776.61%
KEDR 1776.81%) 5 28
BABAR 1776.68% 6
PDG12 1776-823)_'1166 FIG. 3. The variation of 7. with B¢, given by Eq. (1) under
, +0.16 the assumption of lepton universality; the % 1o bands obtained
BES”I » 1776'91-0.18 using m, from this experiment (solid lines) and using the PDG
I I I value (dashed lines) are shown in comparison to the point corre-

T B T R L1 L1 A [ T
1/00 1roo 1770 1772 1774 1 276 1778 1780 sponding to the PDG values (1o error bars).
t mass (MeV/c9)
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Threshold scan method

Determination of the beam energy and the beam energy Beam Energy Measurement System
spread precisely is of great importance

positrons - glectrons
= measure the electron and positron beam energies with one RaTANE | R11AMB
. . L. S =
laser using Compton backscattering principle 1 Ly
- - =
Ey mez ‘1-5“1 . 1.8m _{ o
E,=—11+4/1+ 3
/ 2 €}/E7/ oy
beam energy el mkenergy ) - /ﬂ/m
energy of the laser beam scattered photon I-- - E I
1 —6 S
= [, accuracy at the level of 10-. Laser Lenses
= data at 4 scan points near T pair production threshold BES III - Phys. Rev. D 90, 012001 (2014)-
. . . . 20— ET & 52 T "8 2 F ¢ &£ 801 ¢ F&T 8 SF T !
= the first T scan point is below the mass of T pair = "7t : — ks
while the other three are above = sl b :
8 i i Aé -0.5— —
= Likelihood function to estimate the T mass B o0 1 _F Ot
® v 1 3 -10f S
4 #ﬁ\fie—uq; /p) i 1 F -
L(mTaRData/MCao-B) — H Nz' g 0_5_— = - 150 i
1=1 (@] L, 1 =
= - : &
1 - 0'0_..l-l....l....1....|....|,...|...._— 20 L ]
i = [Rpatamc X € X a(Egy, mr) + o] X L;. 3540 3550 3560 3570 3580 3590 3600 3610 17764 17706 17708 1777.0 1777.2 1777.4

W (MeV) m, (MeV/c?)

Ami Rostomyan 19 Jeniffer Summer School 2021



Pseudomass technique

Use conservation of momentum and energy:

The distribution has a kinematic edge around the T mass

P = (P, + Ps,)” = a sharp threshold behaviour in the region close to the
= m2 = m?2 + mgﬂ +2(E, Esz — p,, - D3r) (1) nominal value of the T mass
— m12/ + M, + Q(EI/ E37T — PuP3r COS 9) . 0
= first used by ARGUS 1n 1992, later by Opal, BELLE and
Use: now by BELLEII
EV:ET_E3W7and L L e e
T (2) N __ [ i
po=+E:—m2=FE,=FE,— Es, 10 MeV/c?;
200 r
100 |
= inthe centre of mass & =F,, = \/3/2 P, |
= the equation has a minimum when cos 6, 5, = 1 %0 ‘

This is called pseudomass | "'min = \/ M3, + 2(Epeam — E3)(Esy = P3,) S,
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The threshold behaviour

Myin = \/ mgzﬂ + 2(Epeam — E3) (B3, — P3,) < my

The tails Smearing of the edge Position of the edge
= ISR + FSR = detector resolution = depends on mass
N°18000 ro.,I1,. ..l rTTTTTTTTTTTTT— T Nu % a0 |-
=16000 FENINER @4 .4 = S o [ 1
c\oq ) g > ",l‘f’yli“! WI” |
14000 > S Uil K | R A A 1.767 GeV
0 0 £ s Mﬂl:h "'W
T = < : IR LJ“‘ iwh i 1.777 GeV
512000 T w | ' ||‘|‘ |' 1.787 GeV
10000 250 _
8000 /|SR+FSR
6000 w3
4000 = / o
00 L ; Ine]
-7 — !Th,ﬂih.“'ﬁ!lw‘llwli p !|||
2000 Only FSR S0 _ 1'761:;6 177 178 179 } .’TIT {Il
v _ MC input mass
68 17 172 174 176 178 18 182 184 T T T s Ty iTe 1ve is N B
Mpin (GeV/c?) M_. (GeV/c?) Mmin (GeV)

= the edge position can be exploited to extract the mass

Ami Rostomyan 21 Jeniffer Summer School 2021



The Tt lepton mass

High signal purity Mass extraction using ML fit Systematics
= the remaining continuum = P1 1s an estimator for the T mass = Compatible precision with
backgrounds are flat = with multi/additive components to previous B factory results
= don’t impact the shape of the describe the tails = dominated by uncertainty on
distribution the track momentum scale

= expected to improve

—
— -1
FM,_.|P)=PFP;,+P,-M ) -tan ' (M, —P)/P))+Ps-M_. +1
BELLE2-NOTE-PH-2020-001
9000 |- Belle Il (Preliminary) —+ f(iamv)r(% ) o e 600 [y + Systematic uncertainty MeV/c?
_ g L - Belle Il (Preliminar

5000 f tdt=8.810 T ef"(('_:j’;‘li)eehh e — sook ( y) Momentum shift due to the B-field map 0.29
‘ ;ggg qqq_ N N§ f Ldt=8.8 fo Estimator bias 0.12
2 : = Choice of p.d.f. 0.08
> 1000 @ 300 | m, = 1777.28 = 0.75 MeV/c? Fit window 0.04

3000 % 00 ] +zzatf 49,680 Beam energy shifts 0.03

5 o1 = .
2000 " 2 : >|51 _ 747 Mass dependence of bias 0.02
o = evts —

1002 100 : Trigger efficiency < 0.01
o WF T e S e Initial parameters < 0.01
= ; L, cosessesessetens ‘ o
3 1} b pyppuvesassssasessasnassasnes N _ IR ¢ $ Background processes < 0.01
8 05 | |+| ............... e . I..+.+...+.+.+..+.+- £ OF t1 K] 3 —+—; +- $ ¥ $-- }—* +—{ 4. - £} $-- 1 +-¢ —+—i X3 ? Tracking efficiency < 001

04 06 08 1 12 14 16 18 2 2. -2 | | | | | ? | | —
M_ [GeV/d] 17 172 174 176 178 1.8 182 184
o M_. [GeV/c?]
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The T leptons mass

Goal: achieve best precision among pseudomass measurements

= expect to match statistical precision of Belle/BABAR
with ~300 tb-1

= future improvements of systematic uncertainty

= best result from BES III from pair production at threshold energy

= best measurement from pseudomass technique by Belle

= eventually perform CPYV test as well

9.9
%
PDG average 1776 86 + 0.12 MeV/c? 10
. _ ® Bellell
5 o
BES Ill (2014)££1776.91 = 0.12 = 0.13 MeV/c? S 08 . == luminosity projection
‘,‘ O T | #0.75MeV/c’ @ 8.76 [fb]
&8 — i -
ARGUS (1992)%£1776.3 = 2.4 = 1.4 MeV/c? — -
3,3 c 0.6
s o |
% N '
Belle (2007) &£1776.61+0.13 = 0.35 MeV/c? S I
:,: D 04 )
6 0 ‘ +.,0.31 MeV/c® @ 50 [fb
BaBar (2009) 1776 68 + 0.12 + 0.41 MeV/c? _ i
s Yo 02l ~40-22 MeV/c® @ 100 [fb”]
% +
Belle Il (2020)531777.28 = 0.75 = 0.33 MeV/c? » | curre%g;m;ms.ty/‘ apaafieye @ e
v’v B o | | | | o | | | | oy -
|IIII|IIII|IIII|III|IIII|IIII|IIII|IIII| O | |2 |3
1773 1774 1775 1776 1777 1778 1779 1780 1781 10 10 1 10
5 : : i
m, [MeV/c?] Luminosity [fb™]
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The T lifetime

The lifetimes of elementary particles are statistical in nature.

= the lifetime 1s the time 1t takes for a sample to decay so that 1/e (~30%) of the sample is left
N(f) = N(0) e 7

= 1n an 1deal experiment the lifetime 7 1s extracted with an exponential fit to the proper time distribution ¢ = ;.. —

prod
= the finite resolution of a real experiment has a to be taken into account
| Proper time
p(t;7) = ;e X K (1) resolution
T —
DECAY o . .
VERTEX The proper time is measured using the particle’s
—_— N
MOMENTUM P = flight distance in the lab frame [
—
[ DISTANCE = momentum P in the lab frame
T TRAVELLED
« ity =1,/ fi L @
lab T — f _ T T~ '
PRODUCTION N . . B frue — — M= measure these!
VERTEX [: = Viee = Virod hab = ¥V lirue —> prc @/
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3-prong

Strategy at Belle 11

= (1) decay vertex — reconstruct vertex for 3-prong

= vertex fitting
= (2) estimate T momentum using T decay products

= 1ncrease the statistical precision by using 3x1 topology

*
o, < lpm
Yy
[ e — T
+ + T 4+
+ 4+, + + t  F T
= —>p—(7t—7t0)yf / \ T >ty § S
90 >_i103 : pT
o | Belle 112020 (Simulation) [ Jroprommn [ - Bele 112020 (Simuiation) [t [ T

N
o

1 .qa g=u,d,s .qa g=c,b

~
o
I

2
NIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

:— I .qa q=u,d,s .qa q=c,b

()

o
w
)

N W
(6 o
1 LI LI

N
o
N
o
LI L

hadrons

—
o1
LI LI

Events / (20 MeV/c?)

Events / (20 MeV/c?)

10 |

N
o

-
o

%.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0.4 0.6 0.8 1 1.2 1.4 1.6
M., 3-pron GeV/c?
M, 1-prong [GeV/c?] -prong [ ]

= (3) production vertex that is intersection of momentum direction with plane y = IP,

= exploits the tiny beam spot size at the interaction
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[

Momentum of T L= m

U

In the CMS the 77 (77) direction lies on the surface of a cone with axis p,, (p,_) and opening angle 6, (0_).

= the T momentum 1s given by the intersection of the two cones

P =i =/ AP X P

—
P n+
m — a linear combination of P
A — function of 0* rt
30 E1C D = — the total momentum of visible daughters
L Belle 112020 (Simulation) MC <z all

0 — the angle between t= and P’ -

correct wrong

N
63
1 | 1

mean

e A > 0: there are two distinct real solutions with average m

N
o
1 1 I 1 1 1

e A = 0: there is one degenerate real solution p>" = m

e A < 0: there are two complex conjugate solutions with average m

—_
o

Events / (0.2 degree)

Consider only events having A= (

Boost back to lab frame.

0 | 2 — 4 6 8 10 12 14
n, 3-prong Ao [degree]
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[

Decay length [_of T (= met

U

The flight distance is determined using the positions of decay and
production vertices and the direction of the momentum

= the direction 1s better measured by the momentum

-

[

VaN
r° Preco

ﬁl’@COZF’L'/lﬁ’Cl

. c e e e . . 3-prong
The decay length /_is extracted minimising a function F(/, [P, IP,) using

= beam-spot constraint

= the relation between 1 displacement and production/decay vertices

— —

Vprod T lT ' ﬁreco o V37Z' =0

/ N

strong constraint on /P, 3-prong vertex
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p(t;7) = 1/t e " X R(1)

Proper decay time

[

f = m—

P

= computed from the reconstructed decay
length [ and the estimated momentum p

- Belle 112020 (Simulation) T(_“’")T(_”"“W).”
10° F
.qa q=u.,d,s .qa q=c,b

—~10*
)
(V.
o
NPT

~1000

-500 0 500 1000 1500
t 3-prong [fs]

2000 2500 3000

Ami Rostomyan

Events / (20 fs)

Pull

Proper decay time resolution

At — l.rec _ tgen

= binned ML fit with 3 Gaussians

-
o
$)]

—
o
I

—
o
w

—t
o
N

10

5
0
-5

_198

ulfs] = — 3.43£0.13
o[fs] = —79.3+0.7
" Belle Il 2020 (Simulation) ¢ 1t all (MC) — Fit total
3 — Gauss1 — Gauss2
GaussB
4 |
\0
Y, \
= ) N
®
¢
' "
| | | | | | | | | | | | | | | | | |
B )
. o b00geteree®®y Lo
phee ’.!.'.'to'...’ Hh v s et - _0;%;0;03;,;’;.;'.‘.’0‘“”
. | | | | | | | | | | | | | I’I | | | I.q.’? | | | | | | | | | |
00 —600 —400 —200 0 200 400 600 800
e - t*" 3-prong [fs]

28

= the resolution @Belle II 1s nearly

—1500 —-400 -300 200 -100 O 100 200 300 400 500

t 3-prong (ct®® - ct®™") [um]

x2 narrower than @Belle

= Belle 11 2020 (Simulation) &

+ tt MC all
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The T lepton lifetime

Fit the proper time distribution with a convolution of an exponential distribution and resolution function

Events / (40 fs)

PuII

104
10°
102

10

1
2
0
—2

—1

|
p(t;7) =—e "X B(f) —— 17=2872+0.5"s

-

MC total ag qg=u,d,s

. Belle Il 2020 (Simulation)

qg g=c,b

| T.ﬂn.ﬁﬂ. [
+
+H}++ +fH+ 1*+++'|+ v * +i+;+#*++ ++H+ #H+ | ++*++’f+§+i+t #ﬁw'

000 —500 | =000 1500 5055505000
T 3-prong t [fs]

Ami Rostomyan

BELLE2-NOTE-PH-2020-076

Generated lifetime 7 = 290.57 f{s
= ~3 {s bias in the measurement
= [ISR/FSR losses

= overestimation of p_results in underestimation of proper
time

= 1ntrinsic bias of the measurement

= estimate the bias from MC and correct the measurement
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Previous measurements of t lifetime in e"e¢™ — 777~

10

World-best measurement Lk
T = (290.17 4 0.53stas + 0.33ss:) fs 0 E E
4 | _
10 §_ ‘\‘ —§
- -
— 5 b -
=10 P S
b .| i
10 = 1 —
= HE
7 F Z-peak — LEP (DELPHI, L3, ALEPH, OPAL) -
PRL 112, 031801 10 F =
(201 4) - . [ Y-peak — CLEO, Babar, Belle =
10- IR | L | Lo 1 1t 1 1l
2
OPAL (1996) 1 10 10
Vs [GeV]
, CLEO (1996)
ALEPH (1997) .
With respect to Belle:
, L3 (2000) . . .
= exploit the tiny beam spot size at the IP
DELPHI (2003)
- = 1ncrease the statistical precision by a factor of
e 5 using 3x1 topolo
PDG average: - g pology
_ (| triPoGaverage . . -
7. = (290.3 £+ 0.5) fs . = competitive statistical precision can already
I|III|III|IIIII|III|III|III|I :
084 286 288 290 292 294 296 298 be reached with 200/1b

T. [fs]
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e-u-t universality

e, u and T differ only by The coupling of leptons to W bosons is flavour-independent: 8¢ = 8, = &7

= the mass

= different and separately conserved lepton numbers

Anomalies in quark sector

= R(D)-R(D*) plane (~3.10)

= R(K) (3.10), also Ps’in B=K*uu (~3.40) S FT T T T T T T .
S_, ~ [ HFLAV average Ax* =10 contours ]

04— —

= and more... " LHCb15 B
0.35 3 -

R(D*) _ BR(B — D TV) Wlth g _ e’lu E LHCI:)'l’é E
BR(B — D*{v) 03 = =

025 :_ Bellel5 _:

Significant tensions in lepton sector — -
0.2 — + Average of SM predictions m:

. - R(D:).‘ =0.299 x 0.003 Sprlgg 2019 |-

= anomalous magnetic moment of y (4.20) and e (~2.50) L R(D*) =058 0005 PO =27% -

03 04 0.5

O
bo

R(D)
Are these hints of a new fundamental interaction that violates LFU?
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e-u-t universality

If so, then we could also see hints in the tau sector

Test of e—u universality Test of T—u universality

2 ) 2
8u 5 B(z™ = u"v,v,) f(m?/m?) & y B(t - hv,) thm/ffh 1 — m/f/m,% 2
s. ) "B = epw) fom2imd) 8 ) B~ ) (1+ 5 miz, \ 1= mp/m3

T

fx) =1—8x+ 8x> —x* — 12x*log x

Can put strong constraints on lepton flavour violating Z’ models arXiv:1607.06832v1
my = 100 Ge

W Decays
(0.997+0.010)
K,; Decays
(1.0021+£0.0025)
K,, Decays
(1.004+0.007)
n Decays
HC ! (1.0023+0.0016)

0.1 rpe N : H t Decays

R | W= 2 e (1.0000+0.0020)
World Average (2008)

i

03F

|

}

_ (1.0015+0.0011)
- ? Vi(r) This Work (t Decays)
(1.0036+0.0020)
New World Average

E: T (lj,) ‘1 'pozoio'ooto) 1 I 1 | 1 1 I 1 1 1 1 1 1 1 1
i 0.98 0.985 0.99 0.995

0.03

|

0.01 O ) P .O| Q, - :
M NS —.
’.' Q™1 Q™1 1

—e—i
1 1 I 1 1 1 1 I L 1
o 1.005 1.01
0.1

. g9./9,
35:5/{. 81 arXiv:1607.06832v1 32 Jeniffer Summer School 2021
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e-u-t universality

Most precise measurement from BaBar - Phys. Rev. Lett. 105 051602 -

v T K
g, g. NV 731102 369091 25123
— | = 1.0036 = 0.0020 — ] =0.9850 = 0.0054 Purity 97.3% TS7T%  76.6%
Ee J Su/, Total Efficiency 0.485% 0.324% 0.330%
Particle ID Efficiency 74.5% 74.6% 84.6%
= 1n agreement with SM = 2.8 0 below the SM expectation Systematic uncertainties:
Particle ID
Detector response 0.08
= The BR measurements dominated by systematic uncertainty Backgrounds 0.08
. _ : Trigger 0.10
= W: PID due Iimited size of data and MC samples r—n—n" modelling 0.01
= h: additional contribution to systematics detector modelling Radiation 0.04

B( “rm o trs)  0.05
0.02
0.36

and associated BGs

Can Belle II improve this?

= use 3x1 and 1x1 (not used @BaBar)
to improve the statistical precision

= work hard to improve the
systematics
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Vus from Tt decays

e — K3, PDG 2016
0.2237 + 0.0010
P K., PDG 2016

0.2254 + 0.0007

-0— CKM unitarity, PDG 2016
0.2258 + 0.0009

—— T — s incl., HFLAV Spring 2017

0.2186 + 0.0021
—— T — Kv /1 — nv, HFLAV Spring 2017

0.2236 + 0.0018

—— T average, HFLAV Spring 2017
0.2216 + 0.0015

U TR TR T T [ T T T S N N T
0.22 0.225 HFL AV
|Vus| Spring 2017
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Test of unitarity M
v, T

Unique opportunity for probing the coupling strength of the weak current
to the first and second generation of quarks to a very high precision
Test of unitarity

6)

Ve + Ve + Ve =1

AVAREA

Vud Vus Vub
— Vcd Vcs Vcb
Via  Vis Vi

0t — Ot K — ntv ~1.6-107
Weak Eigenstates CKM Matrix Mass Eigenstates K= a 7= a B decays
= From kaon, pion, baryon and nuclear decays = From T decays
0t — Ot
Vud T — mey, N Dev, T = U, Vud T — 7T71'OI/T T — 7L, T = Ny,
Vus K—->ntv AN->pev, K-’y VMS T—> Knv, 17— Ku, T = ho,
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Two methods of V. from Tt decays

17}
Exclusive: compare the BRof 7 — nrv and 1 — Kv - BaBar, Phys. Rev. Lett. 105 051602 -
Fermi constant electroweak corrections
2 2 2.3 2 5 V. =0.2193+ 0.0032 = within 20 of the value predicted
_ _ | Visl"mz, Mg s ' - L
Bz - Kv) = 1 SEw by the CKM unitarity
167 m2
_ _ ) 2 (2 _ 2\ . . L
Bz~ - Kv) _ Jic! Vi : (mT mK)z (0 +3) V. =0.2255 + 0.0024 = consistent with CKM unitarity
B(z~ — n7v;) 2l Vi (mT2 — m,%)
/
/
decay constant electroweak corrections
. _ _ d tal l SM
Inclusive: compare the BR of 1 — (iid)v and 7 — (us) v :={> Jundamental parameters of
(as’ ‘Vus‘ ’ ms)
BR w.r.t. BR(t — evv )
hadrons with 5=0 / "\ hadrons with S=1
AR ‘\_RNS K, _/ = within 3.10 of the value
SUE) breaking = ‘ v ‘ v |2 Vis = 0.2186 £ 0.0021 predicted by the CKM unitarity
ud us
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V. . from T decays @Belle 11

New results with improved theoretical input
= precise determination of V), from kaon and nuclear decays

= discrepancy with CKM unitarity at 4.8 o

[ L L L - I

v Ackm = Iv,udl2 + Ivusl2 -1 ]
us -

i Global fit:
0.226 |- Ackm ==~ (15 £ 3)x104

| “Mesons only” fit:
Ackm =- (18 £ 6)x103

.

0224 +

\

K— Trev (0.27%)

0222} S g
=
: g;. _
0+ N 0+ é
Nuclear decays —
- (0.015%) ]
0220 | 1 1 1 1 | 1 1 1 1 | 1 1 1 v
0.960 0.965 0.970 | Ud

Ami Rostomyan

Can 7 physics help?
= currently less precise determination of V
= large PID systematic uncertainties @BaBar

= 1nclusive measurement not truly inclusive

Kig: N = 2+1+1, PDG 2020
0.2237 + 0.0007

o Kipo N = 2+1+1, PDG 2020
0.2245 + 0.0004

CKM unitarity, PDG 2020
0.2278 + 0.0006

—e— T = XV
0.2195 £ 0.0019
—e— T—>Kv/tT—>nv
0.2234 + 0.0015
—— T—>Kv/1—>nv [RM123]
0.2234 + 0.0015
—e— T — Kv
0.2234 + 0.0015
—e— T — Kv [RM123]
T N 0.2237 = 0.0014
0.22 0.225
V| ICHEP 2020
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V. . from T decays @Belle 11

3o tension between | V | from the CKM matrix What can we do @Bellell?

unitarity and 7 — s. = larger data sample will be available

‘Post Phys. Proc. 1,001 (201 . ' '
SciPost Phys. Proc. 1, 001 (2019) = similar to LFU analysis use 3x1 and 1x1 topologies

0.230 A
CKM IVl = 1mprove the understanding of the detector (PID, trigger, ... )
unitarity
> x
QO .
= 1_ ................................................................................................................................................
P Ve = Kt =) N g
_ \ = -
G T 8
= fit O\ ¥ 0.9 i
0.2204 Vysl(t —='s) \ B _ Belle Il 2020 z :
4 Delle : :
N  —$-BelellMC
| . . . ~ —3— Belle Il data
0.973 0.974 0.975 0.976 —I—BG ed_ata
( ) : - - - : ;
T ds " \I\\>——— SUSYIOOS o 111‘11111111111111!1111'[111111111i1111
W -~ DS, ® 005 01 015 02 025 0.3 035 0.4
+ M| 2 Charaed H 7 mis-ID Rate
v > —_— - — Z_, Charged Higgs
T l | Right-Handed
_— . . . o o
currents,.... Belle II will improve the experimental precision!
\ > - /
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LVF & LNV

Ami Rostomyan

B 0) U 0 _
" IP° IS W, I Ihh -
[
10-5 = m = = =
- m = . E = I
6 ] - R e = E )
- [ . —
107E e 5 = CLEO
- * . v M= v BaBar
B v v v Vv v v M _ A Belle
v
10-7__A Vv M Vy v _ v M _ ¢ LHCb
= . e X N / RERE * ATLAS
— A v v A A A -
A ‘ A A Y Viaa A A Y Yv A L, A Aa 4 T
A - A A M X A ML A
B A 4 Y 4 A ~
10°E ‘ E
10-10 N A T I T I O O O O 1 T I T I I I O O O B Bl
STERRS T F SRR ek I:d S oS8 00330 3 RENY BEXMCARIER MY XY
O3 '¢s303: 0 3p's q)i"‘q)"a)"‘i"'i"‘i'a) -lif,-l-lf, © B = Tt T
=3 mimi ﬁﬁxxggkx O30 =
(O NN O R= iq; imi(bi'q) ilili lﬁtﬁ!!
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Lepton flavour conservation

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (m, = 0)
GEP =U(1)p x U(1)p, x U(1)g, x U(1)p,

o -0
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! ¥\\ /f

What about the charged leptons?

= 1F
EW0E § =
— —
10-3 = o &
s vYyY g
1071 % Y. R a
10-9 -_ ‘ ) CLEO / BaBar /Belle Be"e "
m vV iU— ey M '.Vo o N ¢
10-11 = 1 — 3e "= O
= N N ®e + = Y MEG
11 R = Y me/leEl\c/I;en
10-15 il ¢ T g COMET |
- A T —3u Mu3e
B Mu?2
10-17 = W2 MET |
10_19_IllllllllIllllIllllllllllllllllllllllllllllllll
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

3 No success in searches so far!

-



Lepton number conservation

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (m, = 0)

GEP =U(1)p x U(1)p, x U(1)g, x U(1)p,

= The observation of neutrino oscillations as a first sign of LFV beyond the SM!

Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?

10'4§ I I I
- | | " = PDG
~~ 5 B | (] ® | | ® BABAR
— 107 5 Oy @ R RN S Y D) & (O] )
= F 'o o ¢ ' v Belle
o . e o0 @ ° | m y A
2= IS e — T, E— S ——
h E I I I
w | | | |
= - I I I v
=T | T TR e o g
'ﬁ ) = | | '\ |v vy v ’
= - : o ° I
o -8 ! | A |
pn 107 g s e
i I I A I A A A A

—
<
N

No answer vet!



Effective field theory approach

No compelling evidence for new particles mediating LFV processes

= Strong experimental constraints on the scale A for new degrees of freedom

= Parameterise the LFV T decays via the effective field theory (EFT)

L:LSM+Z

= Their effect will show up at low energies as a series of non-renormalisable operators:

= Each NP model generates a specific pattern of operators

C

A

(6)
0 +3 " %0 1 ..

A

= Due to the variety of the hadronic final states, the semi-leptonic T decays probe a larger set of operators

4-lepton

dipole

lepton-

gluon

T3 Towpwy Toprtnre T uKK 1o ur 17— pnp?
TOsy 4 - - B - B
» Op v v v v — —
Oy «— — — v (I=1) v (I=0,1) — -
O < — — v (I=0) v (I=0,1) — -
"OGG — — v v — —

0% - - - - v (I=1) v (I=0)

0%« - - - - / (I=1)  (1=0)
O | -~ - - - - /

— lepton-quark

- Celis, Cirigliano, Passemar (2014) -

The Tt decays offer an opportunity to probe the underlying NP responsible for the LFV.

Ami Rostomyan
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The progress of T LFV and LNV searches

... mostly occurred at the B-factories

| 0) _
" Iy P° IS IV° I Ihh 5
]
-5 __
10 E m B ..lll.- - . - IE
(g (™™ - O E = BT
[ | ...... | m ] —
10-65_ 0 - —EICLEO
= v 1 v BaBar
[ v * yvv v v v v —
- Yy oy y v Vo vy - A Belle
‘IO7_—A Vv Vv v Yy = ¢
= VA Y A A v = LHCb
S I AU S S S s tar e S xATLAS
B A A A A' Y Via, A _
10° ‘ -
10-10_| |||||||||||||||||||||||||||||||||||||||||||:

|
TEERS T EFRALLEUU LTSS doz'so kR REXY
! ‘D 'y =l 'y =t + + + +
mimimimilwlimﬁ{bj‘lmlilmlim S0 = + + + + + + +

X

V3P 8030 S0 0305 S BB BE\\

The upper limits reached for T decays approached the regions sensitive to NP.

Ami Rostomyan

x"”!‘”ﬁ B\ Y

+
VO 3330 EEngxxg’!@wmimimi
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Test the SM in a variety of ways
= radiative (1 — £y)

= leptonic decays (tr — ££7)

= a large variety of LFV and LNV semi-leptonic decays

= T — wand T — e: test of the lepton flavour structure

I —— EEE——

h* = states with no

L=eoru lepton flavour number
£~ hT £t h™
signal side h~ signal side h~
N e TT
et e et e
» <€ » <€

/ - tag side
» Ur

v A/
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Perspectives at Belle 11

... mostly occurred at the B-factories

107

10°

107/

—h
Q
©

I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII
<
| 2
I«

90% C.L. upper limits for LFV t decays
S

|
=

Il Il‘\h

<
<
<

> <
> <
>

>

>
>
<
<
I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII L1

T ER T EF T RREADLT RS T SE vo's s 2B BRMRAS PEE e e <K<K
“’imiq’i@iq,i@imiq,i o= 3‘03161)0)1110) BB ggzcx!gowxm@id'ibkg B X
30 1®1®imimimimiﬁﬁ BB\

m CLEO
v BaBar
A Belle
¢ LHCb
* ATLAS

Belle |l

- The Belle II Physics Book -

arXiv:1808.10567v2

Test the SM in a variety of ways

= radiative (1 — £y)

= leptonic decays (tr — ££7)

= a large variety of LFV and LNV semi-leptonic decays

= T — wand T — e: test of the lepton flavour structure

00— E—

= One of the factors pushing up the sensitivity of probes 1s the increase of the luminosity

= Equally important 1s the increase of the signal detection efficiency

= high trigger efficiencies; improvements in the vertex reconstruction, charged track and neutral-meson reconstructions, particle
1dentification, refinements in the analysis techniques...

The searches at Belle 11 will push the current bounds further by more than one order of magnitude

Ami Rostomyan
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= HHU

Signal-background discrimination using kinematics of the event > 03 Fgelle 11 2020 (prefiminary) 7 120
0.2 | Simulation: e
% } 1(|)080 elvents PR - 100
uID - the most powerful discriminating variable U; 0-1F L. .
OF wv.. * '
Momentum dependent optimisation of the mulD requirement L
0.1} 60
- P, <0.7GeV oof -
= w do not reach the u detector (KLM) 03 . 40
- 0.7<P,<1GeV 20
0.4
= ureach KLM but not many layers are crossed x EEPREEE iy

— 5 I . T Rl L | L1 | | I
1.7 1.721.74 1.76 1.78 1.8 1.82 1.84
M. [GeV]

- P e 1 GeV
= ureach KLM and many layers are crossed

. Two independent variables:
Other requirement used @Belle but not @Belle 11:

_ 2 p2
= 1L veto on tag track Mr — \/ E//t,l/t,u P L
- PM> 0.6 GeV AE = ECMS o EbCMS
i eam

= For signal — AE close to 0 and My, close to T mass

Higher efficiency is foreseen @Belle 11 than @Belle or @BaBar

EE—
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Search for LFV 7 — Za (¢ — 1nvisible)

[ ] ot ~~
Probe the existence of a new boson o < 6 G S 000l Belle Il
& " e o :
@ PZ 8 Simulation: f L dt=25.01b
o | o 10000F
.:V .‘: ';;;‘; :"lozx: 5 8000~ T—eVV , TV
o 5 i BR(ec)
- > 6000 “=0: BRew) "
- — M =1.4, BRED _ g4
. . 4000__ —] " BR(ewv)
= previous studied at Mark III (9.4 pb-1) and ARGUS (476 pb-1) - B Bsckground
2000
= gsearch for a two body decay spectrum -
0

= signal will manifest itself as a peak in the T rest frame 02 04 06 08 1 12 14 16 18 2
D [GeVi/c]
ps-ARGUS
g 12000:_ Belle Il
S i Simulation: f L dt=25.0fb"
o 10000/
S -
< i
% 8000__ T—€VV , TV
c B BR(eo)
. . . . o 6000 M.=0, BR(eW)=0'1
= cannot access the T rest frame directly due to the missing neutrino = - — 1 qa BRED
' | : ' 4000 — " " BRew)
= approximate with the following assumptions: I B Background
2000
ET — \/E/z - | | |
LN oA A - O 02 04 06 08 1 12 14 16 18 2
ARGUS method: p_~ — p;, Thrust method: p_~ T o . [Gevid
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Search for LFV 7 — Za (¢ — invisible)

UL is provided for the ratio Br(t — ea)/Br(t — evv) PRLLEZNOTE R 2017:007
Status of the analysis: Various NP scenarios:
= background suppression already quite effective = LFV Z'
= ongoing work to further suppress BG using BDT = strong bound from ARGUS measurement
= UL estimation using the frequentist profile-likehood method = light ALPa
using asymptotic approach = exploring regions in parameter space not reachable by

. . . other experiments
= alternative test using the Bayesian approach
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Summary

eTe™ annihilation data is ideal for precision measurements and NP searches!

Belle 11 experiment started

2.—1

Achieved world record luminosity L = 2.4 x 10°>cm™?s™
Accelerator tuning 1s ongoing; more data will be recorded soon

T mass and lifetime measurements with the early data are very
promising and show the potential of Belle II precision
measurements

LFU and Vs (exclusive) analysis started
T — nuu indicates the potential of LFV searches

Belle 11 will provide the world largest number (5x1019) of
ete” — Tt events

T precision measurements and NP searches will reach higher

If g()t interESted, j()in us! sensitivity w.r.t. the previous experiments
Contact me!
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Outlook

Energy frontier Intensity frontier

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Direct production of new particles

(limited by the beam energy) Indirect sensitivity through loops

(probe the energy above 10 TeV)

If NP is seen by one frontier, the confirmation by the other would be important!
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