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The Belle II experiment : SuperKEKB accelerator

The SuperKEKB ete™ collider at 10.58 GeV :

Belle Il Online luminosity Exp: 7-33 - All runs
17.5 1+ Integrated luminosity
- mm Recorded Weekly /
.£ 15.0 I 500

e Upgrade from KEKB, 30-fold increase in luminosity

| — Icﬁecwdeddt =531.34 [fb_l] /

 Nano-beam scheme and higher currents
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* Record instantaneous luminosity 4.7 x 10**c¢m 25!
o Currently ~ 530 fb™! recorded

e« Run 1 : 424 fb~1(363 @Q 7(4S) + 61 off-resonance)
e Targeting 50 ab™!
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i Belle Il detector

2022-2024 : LS1
Installation of the last layers of
the PXD (pixel detector) and
accelerator upgrade

electron / positron
linear injector

positron damping ring
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Belle II : a multi-purpose experiment

~ 360 000 000 pairs of B and
T ~ 380 000 000 pairs of T
(1.13%)

ole’e» yy(y)]=3.3nb [ KL and muon detector: ]
(2.31%) Resistive Plate Counter (barrel)
| “Stifitillator + WLSF + MPPC (end-caps) )

,,,,,

EM Calorimeter:
Csl(Tl), waveform sampling (ba
| Pure Csl + waveform sampling (¢
N

oleede’ e u w]=189nb
(13.21%)

olete—ete (v)]

(0.28%)
ole*e>ss(y)]=0.38nb
o7 \

ropagation counter (barrel)
electron (7GeV) Aerogel RICH (fwd)

Beryllium beam pipe
2cm diameter

olee»e’ee’e’]=39.7nb
(27.74%) pe
| Vertex Detector
| 2 layers DEPFET +4 |
positron (4GeV)
( Central Drift Chamb
He(50%):C2He(50%), Sm
L lever arm, fast electronics

- Excellent vertexing and tracking performance

- Clean environment from e*e™ collisions

- Hermetic and (almost) 47 detector : reconstruction of
missing energy and neutrals

- Good particle identification (PID) performance : K/7
separation, lepton identification

Efficient triggers for 7 analyses (and low
multiplicity) + Bhabha veto
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Belle II 7 physics program

Belle II 7 physics program :
Why 7 physics ? - 7 mass measurement (PRD 108 ,032006)

- Heaviest lepton — many decay modes - 7 lifetime measurement
- - V. measurement
- Only lepton to decay into hadrons us

_ Tests of the Standard Model _——" - LEU jcest .(thifs talk)

Most precise measurement of the 7
ass : 1777.09 +0.08 +£0.11 MeV/c?

. - CP 1 t %KO X ¥
- Search for New Physics VIOTHOI A T sV = .
-and more 16F Belle ll "!"Data — Fit
i‘; 14F _[L dt=190 o  beeed : Background
3 12F m, = 1777.09 = 0.08 + 0.11 MeV/c?
- LFV searches : -
- 7—fa (PRL 130, 181803) §
ot v - 7=l (arXiv:2305.04759)
10.8% - 7— Ar (arXiv:2407.05117 *
- 7= ppp (this talk)
NN others - and other modes... - LT
o S o
m* o 3=y T I e T
3” -V Mmin [GeVI’Cz]

n*2m

T decay modes
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https://arxiv.org/abs/2305.19116
https://arxiv.org/abs/2212.03634
https://arxiv.org/abs/2305.04759
https://arxiv.org/abs/2407.05117

Working with 7's

T are produced in pairs in the e"e"— 777 collisions, back-to-back and boosted !
— We exploit this geometrical separation : define two hemispheres with the thrust axis

> |p*i'f|
T —
m"( > Pl

Reconstruct different topologies : 1x1, 3x1 or even untagged !

vy tag ™ n -
tag f " ’ T Signal Side
8t e
S e ' L/
i =
03 &t e —
3 P 4 Rest OF
» X N tA Event
/7_ Lihrust /7— thrust
(3] ,' : . e
/ signal / signal
e/u ¥ H e/y N v
v V V. v
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Test of Lepton Flavour Universality

Lepton Flavour Universality (LFU) is a property of the

SM : the W gauge bosons are blind to the flavour of the
lepton they interact with !

7 — fvv only through charged current
— The only difference in the rates comes from the mass of

gy =0e
the ].ePtOI].S : CLEO (1997)
_ 1.0026 +0.0055
p - Blr™ = p ) & BEmu,
Y B(rm = e evy) o s
(RS = 0.9726)
And the ratio of the coupling is exactly 1 (in ~  bLo—u

0.99 1.00 1.61 I 1.ID2 Il.b3l 164 I l.IDS
the SM) . |91/ Gel+
9| _ |p f(m2/m2) Deviation might indicate
ge| p f(m2/m2) BSM physics contribution
i piT from new weak currents
£(@) = 1— 85 4 82° — o — 127 Inz (charged and neutral)
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LEFU test

Event selection using the 1x1 topology ; is either 7~ — e~ S VOTT = v_(identified with
PID variables)

g Side “ W+ <: Tag side is 7 — 7 v_+nz’ : only one charged particle (E_. /p
< 0.8) with 1 or 2 «°
i ¢ ¢ Leptons restricted to :
s, \ - 1.5 GeV/c < p, < 5.0 GeV/c
w- signal side ‘ .
"o u LN - 47° < 0, < 122° (polar angle w.r.t to the beam axis)

to reduce PID systematics

: 4 e —»
Belle Il simulation i — (Tm 1" +_y s . . . .
109} 1 | T Toeawdlrelin b B ckoround rejection performed with a set of selection
o (T e Uab)(T = h*nnliey) . . . . .

2 | e eatvproen | CTiteria and a neural network : total visible energy of the
S _In . (rsothenehrntsy  €vent, transverse missing momentum, tag-side
i ete-(y) kinematics...
g == QOthers
£ 0
< 10°F

94 % purity and 9.6 % signal efficiency
Remaining backgrounds : efe” — 7" 7 with 7+ mis-id as ¢+
00 02 04 06 08 10 or wrong tag

Output of the neural network

A.Thaller - XIIT ICNFP 7

10°




LEFU : systematics

The measurement is systematically limited

Source Uncertainty %]
Charged-particle identification: 0.32
e and dominated by PID uncertainty Electron identification 0.22
+ Efficiency measured with = .
J/w — €+£_, €+€_ — €+€_ £+£_ and €+€_ — £+£_ (’Y) Muon identification 0.05
Imperfections of the simulation: 0.14
—99.7% and 93.9% efficiency for electrons Modelling of FSR 0.08
Normalisation of individual processes 0.07
a’nd muons Modelling of the momentum distribution 0.06
Tag side modelling 0.05
. (] ] 2
e Fake rate measured with i o
0 . N I Particle decay-in-flight 0.02
KS_> T T aHdT —> T T 7/7_ Tracking efficiency 0.01
. Modelling of ISR 0.01
0.9% and 3.1% of mis-ID rate for electrons S s e
and 1mMuons Photon energy < 0.01
Detector misalignment < 0.01
. . . . Momentum correction < 0.01
e Mis-modelling of trigger, evaluated with e —
lndependent trlgger SeleCtlonS Size of the simulated samples 0.06
Luminosity 0.01
Total 0.37
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LFU : RM extraction and result

RM is extracted with a binned maximum likelihood fit R
M.
- 21 bins of lepton momentum _dmgus  CLEO(1897)
; ! 0.9777 % 0.0063 + 0.0087
- 3 templates (one for the signal, two for the background) | om0
: BaBar (201
v x10° ‘ ' ‘ . . u x10° ‘ ‘ , ‘ , | T 0.9796 + 0.0016 + 0.0036
% Belle Il preliminary sl (t-=p 0, ("= h*nn’i;) % Belle Il preliminary B (17— e~ bev,)(T* = h*nn®D,) 3
o ° JLdt = 362fp-1 " Other (true ) G JLdt = 362 b1 Other (true e) ] i HELAV fit (2021)
5 B Other (fake 1) S 4 Other (fake &) 1 [ 0.9762 +0.0028
— 7/ Uncertainty — “% Uncertainty
N 4 Data ° 3 ¢ Dota Belle Il preliminary (2024)
g Q S i 0.9675 + 0.0007 + 0.0036
g Z g 2 |
g 1 g 1 0.96 0.98 1.00 1.02 1.04
w w R
_ 0 _ 0 u
.Eé 1.01 , 3101 ‘ ' ]
& o]
E Loty 5/‘“‘*55/&//)5?%/ £ 1.0%”%;#;5#/4;%5;}}?&%{ Gu=0e
8 099k . : - : I g ogeb PR N . CLEO (1997)
8 15 20 25 3.0 35 40 45 50 8 1.5 20 25 3.0 35 40 45 50 1.0026 +0.0055
pu [GeV/c] pe [GeV/c]
B BaBar (2010)
. . 1.0036 + 0.0020
No deviation from the SM
, . HFLAV fit (2021)
World’s most precise measurement of . 1.0019 +0.0014
RN a’nd gu/ge Belle Il preliminary (2024)
= 0.9974 + 0.0019

Submitted to JHEP (accepted !) 695 L0010l 102 105 104 105
arXiv:2405.14625 191/ el
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https://arxiv.org/abs/2405.14625

LFV : search for 7™ — pu* u™ pu*

- Charged Lepton Flavour Violation (cLFV) in the Standard M ot y
Model through weak charged current and neutrino oscillations @ contribution
rates ~ 107

— Clear prediction : no LFV in current experiments !

- Various BSM models predict LE'V at observable rates

~10%—-10"1° T
(e.g leptoquarks for 7— £¢, related to anomalies in b— c1v ) ( ;
Physics Models B(t —» uuu
2k 0 0 0 ]
L i Ihh BNV - e 10-5-10-55
T 10°= - (I . 3
= H & . ik r g SM + seesaw 1g-9
[T B b - il|
T 10l ' i ] SUSY + Higgs 1078
e Sl F R =g el SUSY + SO(10) 10710
E’NUJE— T l_ v : - ¥ — i i N — * CMS Non-universal Z' 1078
S v "-xx i ek <o .~ + LHCb
B et | i PP RPN W v A lot of interest in LF'V decays at efe”
- T A B colliders, with ~ 50 modes :
107 = : : T = by, T— LD, T— UL | etc.
10_|\HI\I|IIIH\II\II.I‘\IHI\I\II\ HH ] .
R T T T I S R S R These are rare decays : it’s all about
>>>>> nqq

:tm---:tw-twqw:(mqmqm-‘mqwq

Banerjee et al., 2022a; Kou et al., 2019a ma-Xj.miZing the number Of events '
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LFV : search for 7 — pu* pu* pu*

TE = R T Signal Side A1
- Almost free from SM background
- Very good resolution on the energy and momentum

- Can also be probed by LHC experiments

P/a e

Existing measurements : 2.1x 10~%by Belle (Phys.Lett.B687) e Bruse axjg
2.9x107® by CMS (Phys.Lett.B853) >

Untagged event selection :
- We reconstruct signal candidate by combining three muons

- No explicit reconstruction of the other 7 :everything that is not & _
the signal candidate is combined in an unique object called Rest Of g Tag Side
Event (ROE) urvw

- Allows to target all the 1 and 3 prong™ decays of the other 7 "++W

w others

. ‘ 3=l
3

ntv

*prong : # of charged particles
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https://arxiv.org/abs/1001.3221
https://arxiv.org/abs/2312.02371

Tt — u* ut pt . background suppression

Background suppression A BDT classifier with k-folding
- with a set of selection cuts to remove to reject ete™ — ¢g
low multiplicity QED processes, mis- - Rest Of Event kinematics, signal candidate
modeled background kinematics, missing momentum information....
T | Bellell (Preliminary) ™ Belle II (Preliminary)
S ¥ Data EE up B ¥ Data EE up imi
o | f Ldt=424fp™! - Sig';]a.l = Zﬁ.ﬂ) =" / Lt =424fp " x Sigia.l == ién(:) g o BelleMl (Preliminary) 4 ppe )
~ ] | B 5 _ o 14 o . _ o B [.',dt:424ﬂ)’1 —— Signal [
— Br —p ptp )=2x10"° Hl g3 0 pppp | Br —p p'p ) =210 NI g s 5 80 £ q
= 40 [ oy Stat. | 2 BN 7 Stat s Blr —p p'p7)=4x10" WEE g B3 pupp
5] mm 55 Y Une. @ 80 | m BB , 77 Une. " ] el s Stat.
a8 ] 5 ! | 2 1, mm 5B ¢ Une.
z = i 1 IS S
GER M | I Py M
5 . 604 | i i
20 1 ! i
i 04 ! 40 4
10- 20 - | % y iy
1 1 7 20
e A S " 7 kb 4 4 a
. R . 5 . 2.5 . 0.88 0.90 0.92 0.94 0.96 0.98 1.00 i r -
b 2 0 e e T

0.0 0.2 0.4 0.6 0.8 1.0

Final signal efficiency : 20.4% poDT
(3 times higher than Belle’s efficiency)
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Tt — ut put pt o results

. . . . . < 03 ] Belle IT (Preliminary) _ iiig;lrzﬁzn ‘E Summary of relative systematic uncertainties.
- Slgna]. Y].eld is extract Wlth a po1sson S z{ Ldi=a2fo —— Sidebands " % Uncertainty (%)
. . =S 1B —spptp)=6x10"* ) 3 =
counting experiment ST R + D : Quastity | Sowes  |Tow g
: : : E : ] 7 PID 21 2.4
Signal region defined as an ellipse in ] . e io
the 2D plane (MB/ﬂA E3M> ] . 102% . Trigger 0.9 0.9
_ 1 i = e BDT 15 1.5
(A E 3 E beam/ 2-F 3;) 0‘05 B, - Signal region 3.9 2.9
—0.1h"
B(r — ppp) = Nobs _@ 10" Newp | Momentum Scale | 16 16
20,7 - L €3, 70-22 : C 0.6 0.6
] S -
Number of expected background W am e i by 03
N, =077 4£0.01 e : e 1
exp 05 ) %19 Bellell (Preliminary) Main uncertainty 1s statistical !
-b . d -b 1. h . ld f O . [ TEopE Expected CLg+ 20
obtained by rescaling the yields from F et = 124m- A

---- Expected CLs median
—— Observed CL,

90 % CL upper limit on the

the sidebands data in the signal region : :
branching fraction

B (1t — ppp) <1.9x 1078
World’s best limit!

Accepted by JHEP
(arXiv:2405.07386)

Observed 1 event in the signal region

No excess is found
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https://arxiv.org/abs/2405.07386

World’s leading measurements of 7 decays

o LFU is safe : RM =0.9675+0.0007,, , +0.0036,

— Accepted by JHEP, arXiv:2405.14625 Highway to 50ab

. Worldjs best 11m1t : B (7‘ — MMM) < ]_9)( 10_8 Belle Il Online luminosity Exp: 7-33 - All runs

1757 Integrated luminosity
mmm Recorded Weekly /

15.0 s [ £ pacsrgeg ot = 531:34 [fb™1] /

500

— Accepted by JHEP, arXiv:2405.07386

12:5.

- 400

e Many more exciting results are coming :
it’s only the beginning for rare decay searches
and precision measurements with 7 ‘s at Belle II
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https://arxiv.org/abs/2405.14625
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T — ut ut put expected background

Belle with 782 fb "

— 1.2_ Belle Il (Preliminary)

2 - MC background Bu, Esig (%) Noig  Nobs
0 | Data: [ Ldt =424fb7" . data - EETE 7.6 0143 O
E1.0 . -
o D y . G
- S TART T
4:3-. it i T ety
= (.8 .|
O i [
8 e T i ’ ) N, = N, * Ny/N,
[®) - I s : — ().7106
= (.61 I . I o5
e | |
g el
0.4 P L.
2 1 - -
B l -A
U.QU — :

S0 4060 S0 100
Signal region Ellipse
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