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Intensity Frontier

* The Intensity Frontier: Search for
rare new phenomena using medium-
energy high-luminosity machines
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SuperKEKB, the first new collider in particle physics since the LHC in 2008 (electron-positron (e*e") rather than

proton-proton (pp)). Operates on the Upsilon(4S) resonance with 7 GeV/(e-) on 4 GeV(e+) beams.

Super L (design,2020) = 6.5 x 1035/cm?/sec
KEKB e rmg collision point_LBelle I detector
» 3 ) b o
Phase 1: J /

Background, Optics
Commissioning
Feb-June 2016.
Brand new

3 km positron ring.

Electron ring
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Phase 2: Pilot run without VXD
Superconducting Final Focus, add
positron damping ring,

First Collisions (0.5 fb1).

April 27-July 17, 2018

Electron-Positron
linear accelerator

Positron damping ring

Phase 3: = Physics running (spring

2019 to present). Accelerator innovations: nano-beams and crab waist
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From KEKB to SuperKEKB
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/ SuperKEKB

Add / modify RF systems
for higher beam current

Low emittance positrons

to inject : Positron source
« et source Denphe o, ﬂ - ‘N New positron target /
: ‘ capture section A
*
=/ T+ 9 \ lby+ [ Re
- Low emittance gun €re Ux )6 y+ ¢ y

Low emittance electrons

J to inject

Epeak ~ 30 x L?eak
* moderately increased beam currents goal

* Squeeze beams @IP by ~1/201ecri 2024 iy = S0 0 50/ Lrat



Luminosity
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Belle Il Online luminosity Exp: 7-33 - All runs E &
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* Design integrated luminosity 50 ab~!

Total integrated luminosity [fb-1]

* Regular data-taking since April 2019

2.5 1

Total integrated Weekly luminosity [fb™1]

* At present, we are taking data

0.0 -

* Current integrated luminosity 498
Updated on 2024/05/29 13:25 I5T fb N 1
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Belle Il is an international

Belle Il detectors is based in
Japan in the SuperKEKB
collider

collaboration
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Belle Il Detector

Taken over KL and muon detector

from Belle | ’ ; Resistive Plate Counter (barrel outer layers)
— Super conducting solenoid | Scintillator + WLSF + MPPC

1.5T B-field (end-caps , inner 2 barrel layers)

A\LLATCUVER—.

EM Calorimeter
Csl(Tl), waveform sampling electronics

Particle Identification
Time-of-Propagation counter (barrel) TOP

; \ . Prox. focusing Aerogel RICH (forward) ARICH
N Central Drift Chamber
——— g ‘ ol

electrons (7 GeV) - =

Trigger
Hardware < 30kHz

Beryllium beam pipe
. pp ; Software < 10kHz

2cm diameter

‘-. Y,
2 sy

//
/)

11/
/

Vertex Detector e :
2 layers Si Pixels (DEPFET) + § Final focus system QCS positrons (4 GeV)

4 layers Si double sided strip DSSD Set of super conducting
magnets very close to the IP

Central Drift Chamber

Smaller cell size, long lever arm
New for
Belle I

Belle Il TDR arXiv:1011.0352
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Physics at Belle li

e Not just a B-factory!

o 7,c,and b pairs have similar cross

sections at Vs = 10.58 GeV
o(e'e” —» Y (4S))=1.11nb
=1.3 nb

o(e'e” —»7't7) =0.92nb

o(e*e” — cc)

e Wide physics program

©  precision measurements of
time-dependent CPV and CKM
parameters

o  searches for lepton flavor
universality/number violations

o  dark-sector searches

© and many more

7/12/2024

Energy scan

Y(4s)
10.58 GeV

|
| |

BB BOB?
(51.4+06)% (48.6+0.6)%
) [e+e'—+Y(4S)] =1.11nb

o [ete-T1t1 (V)] =092 nb

o [ete—p*p (v)] =115nb

o [ete—dd (y), ss (y)] = 0.78 nb

o[ete—e*e(y)] =744nb
\

o [ete—uu (y)] =1.6nb
o [e*e=yy(y)]=3.3nb

B [ete—efentn]|=189 nb

ete—eteete] =39.7nb

Vs =10.58 GeV
. o1o7=143 nb.

The Belle Il Phyiscs book
[arXiv:1808.10567]
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Belle Il Physics mind map
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Progress of
Theoretical and

Experimental Physics
The Belle Il Physics Book

The Physical Society of [apan

Prog. Theor. Exp. Phys. 2019, 123C01
arXiv:1808.10567
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7 -Physics at Belle |l

* Why = physics? — others
* Large production cs: 3n*1n’v
o(ete—7"7°) = 0.9 nb (7 factory)

o
« The 7 is the only lepton massive enough A ——
to decay into hadrons: 17270 P
* Leptonic decays: BR ~ 35%

« Hadronic decays: BR ~ 65% hadronic mode

« 7 physics program
Rich program of precision SM measurements and new physics searches @ Belle Il

Several physics analyses @ Belle IlI:

* Precision SM measurements / Indirect e+ Direct NP searches (forbidden /

NP searches (deviations from the SM) strongly suppressed decays)
) MaSS "t _)I “ DOI: 10.1093/ptep/ptz106
. L|fet|me I @ : 10. /ptep/ptz
» Lepton universality in 7 —lvw decays « 7—l7r
e T EDM and MDM . T'—)-pl_”_] The Belle II Physics Book
s 7T —eeew o« 7 —|° STl S L R O B
* CP violation 7 —Ksnv cr oo T >hh
7/12/2024




https://www.belle2.org/

Dark sector searches Belle and Belle Il

Vector portal Dark Photons, Z'bosons Pseudo-scalar portal Axion Like Particles
- ete” - utu~7Z', 7' - invisible (Invisible: (ALPs)
neutrino , dark matter)(Belle Il : PRL eter = va,a — y}'(BeIIe Il - PRL

130.231801) 125.161806)

- eTe” = uTu~t " (Belle Il : arXiv 2306.12294) -
. 7 = la, ainvisible(Belle Il : PRL

+ ,— T e : '
e e’e” = uu uu (Bellell: arXiv 130.181803)
2403.02841)

Scalar portal Dark Higgs / Scalars

S A, e Neutrino portal Sterile neutrinos
. e"e” = 77t [T (Belle : PRD 109.032002)

. 7 — aN( = utuv,.)Belle: arXiv
- ee” = putu~ +invisible h'(Belle Il : PRL 2400 02580)” i

130.071804)

7/12/2024 ISVHECRI 2024




D
T lepton mass <2

hadrons

Mass of the t lepton is a fundamental SM parameter

* Use kinematic edge of My, distribution in T—3mv decays

Pseudomass endpoint method:

Moo = \/ M3, +2(v/5/2 — E3,) (E3, — piy) < m

Assumes neutrino is collinear with 37w direction,

- : n
and utilizes beam energy constraint Tag Hl
/ (Known decays)

x10°
- Bellell ! ' CM frame

- ILdt=190fb"

- ¢ Data » i . ]
- [0 < backgrounds : 1’1 pairs are produced at Belle Il in

- e'e" — 1’1 with relatively high boost

Events / (15 MeV/c?)

« “Jetty” topology, with the decay daughters
from the two taus cleanly separated into
two “hemispheres”

12[Ge\1,,‘;2] ' ' « “Tag and probe” to cleanly and inclusively
Vi edge is smeared by select T signal candidate sample

Rl 2024
detector effects and %EI& 7/12/2024




D

T lepton mass Sk

Critical to control beam energy and track momentum scale calibrations

* Beam energy calibrated using B meson hadronic decays

« Momentum scale sensitive to magnetic field imperfections, detector material etc.
Extract scale factors for K and = using D** — D° (— K=x") n" from data

CM Energy Measured D" mass
10.59 35
| Belle ll —\s - Belle ll —I— Before momentum correction
i 3E
[ IL dt =190 fb™’ Total uncert. ; _[L dt=190fb™ —{— After momentum correction
10.585 |- oE* g 25F
= A B O - DS Kara'n —|
[0} > 2
(O] Qo E
i ! , = 15F
g 1 058 ] v’_Snominal 0} E
- B jteLriEoit el iR L i L s e E'ﬂo 1 :_
% = E
@ } ‘_'ﬁo 05 F
S 10.575 & E . , I —§—
o [ e IS O il eaensass e e g T e R Ty i """""""" ; ZEEELE O
S g S
8 + ‘8 -0.5 = 3
10.57_1L|L|||||||[O||L1L|1||||||||1||||1X103 _1:111|11|l|1||||1|11|l|11|1||[|1||||1|1||
0 100 200 300 400 500 -1 -08 06 -04 02 O 02 04 06 08 1

cosOy
ISVHECRI 2024
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Chronologically ordered events




D

T lepton mass <P

x10°
Mass determined from unbinned maximum 16 Bellell Ao
" : ’ o . " o _ 1 i"iBackgroun
likelihood fit to an empirical endpoint function: S M f L1
3 12F m, = 1777.09 + 0.08 + 0.11 MeV/c?
. Z o
m, = 1777.09 £ 0.08 = 0.11 MeV/c 2 of
2 ef
c f
[ L
Uncertainty u>_| 4 3
Source MeV/c?) ok
Knowledge of the colliding beams: R —
Beam-energy correction 0.07 " v
Boost vector <0.01 - 2;.‘ B S o Y S
Reconstruction of charged particles: g OF: '.""‘.".' i i el I Pl '."#.';"'.“'."m"".'-".
Charged-particle momentum correction 0.06 -2 e e — = = U ot . .
Deétector niisaligninent 0.03 17 172 174 176 178 18 182 1.84
Fit model: - [GeV/c?
Estimator bias 0.03 Mmln : ]
Choice of the fit function 0.02 PDG Average (2022)
Mass dependence of the bias <0.01 1776.86 +0.12
Imperfections of the simulation: BES (1996)
Detector material density 0.03 1776.96 018 +025 T —
Modeling of ISR, FSR and 7 decay 0.02 L
Neutral particle reconstruction efficiency <0.01 BELLE (2007)
Momentum resolution <0.01 1776.61+0.13 + 0.35
Tracking efficiency correction <0.01 KEDR (2007)
Trigger efficiency <0.01 1776.81 % 1 0.15 T —
Background processes <0.01 i
Total 0.11 BaBar (2009) m
o : 1776.68 + 0.12 + 0.41
. . BES Ill (2014)
+0.10 -
* Most precise experimental 177691+ 0.12 31§
1 1 Belle Il (2023
determination to date! T | Dy
1 1 1 I 1 1 1 1 | 1 1 1 1 l 1 1 1
Phys.Rev.D 108 (2023) 35032008 2024 1776 17765 1777

7/12/2024 16
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Search for LFV 7 = [ + a(invisible)

* LFV process not present in the SM but
appears in several NP models.

e Search for a two-body decay spectrum:

o Signal is a monochromatic peak in the tau
rest frame

o The tau rest frame not accessible due to the
missing neutrino.

* Approximate tau rest frame by:

Ecm

ok, =

2 -
o Direction of the 1 given by the opposite to P3
the 31 direction. T

o This is called the tau pseudo-rest frame.

e Search over irreducible background of '
T - vy

7/12/2024 ISVHECRI 2024 17



The effect of the pseudo-rest frame

2-body decay case

= 60000 [ - = 60000 [ -
] - — ] - -
= C ] = C ]
Z, 50000— Belle Il _ MC @ gen level — Z, 50000— Belle I MC @ gen level —
3l - . 2|5 - .
40000 T rest frame = 40000 Pseudo rest frame -
C 2 ] C 2 .
C X_W n C X—W .
o 1 i mmp | E
20000 — 20000 —
- m, = 1.4 GeV' - - :
10000 — — 10000 — —
0: | [ | - | e 0:._A-I.'I-.|_.I-I|_I._ITL.‘-H—|..|...|...|...|...|...:
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
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The effect of the pseudo-rest frame

?25000_"' LN I T IR L B L B ?25000_"'|"' LA I L I LR B B i
o L . o L .
S . . S : .
zZ - - = - -
2 20000 Belle il MC @ gen level - Z_l_,xzoom__ Belle I MC @ gen level -
ole B 1 rest frame ] ole B Pseudo rest frame J
15000 < 25 ] 15000~ < 25 =

B m, i Z m, 7

100001 — ‘ 10000 —
50001 — 5000 —
oL | | [ | | | | ] 0= Ll -

0 02 04 06 08 1 12 14 16 1.8 2 0 02 04 06 08 1 1.2 14 16 1.8 2

kS
kL

3-body decay case (T — [v;v,)

7/12/2024 ISVHECRI 2024 19



Events /0.017

Events /0.017

7/12/2024

14000F Belle 11 —+— Data
[ o S Total uncertainty
12000} [Ldt=62.81" B e
[ 3 [ Other
10000} 160, M, = 1.6 GeV/c’®
i 1-e0, M, = 1.2 GeV/c’
8000F & % e 1-e0, M, = 0 GeV/c?
6000}
4000}
2000f
0Lt
0 02 12 14 16 18
140005 Belle Il - Dua
C S S Total uncertain
;ﬁm:mam*f;*‘ - v
12000 - [0 Other
[ T-po, M, = 1.6 GeVic®
10000 op0, M, = 1.2 GeVic?
soook & L T->p0, M, = 0 GeVi/e?
6000}
4000}
2000}
0 L L o TP Ll -
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Search for LFV 7 = [ 4+ a(invisible)

%10~
L Belle Il —— Observed UL . Expected UL + 1 std. dev.
- [Lat=62.8 0" ---Expected UL Expected UL + 2 std. dev.

0.7 1 1.2 1.4 1.6

0
M, [GeV/c]
x10~
| Belle ll - Observed UL . Expected UL + 1 std. dev.
JLat=62.8 " ---Expected UL Expected UL + 2 std. dev.
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Could we do better?
Let us try to use all kinematic

information

* Particles h are visible particles
* Particles N are invisible particles

* Particle X is the mother particle

g =pa+p,+pi+p5, u=0,123,

2 _ 2
p1 = my,
2 2
p; — m;

(Pa +P1)* = (pp + p2)* = m3,

7/12/2024

Y >

A

ISVHECRI 2024

21




. . e A, B, C, and D coefficients depends on observed
Kinematics information.
e n d p0| ntS e u; are the normalized masses to the cms energy
NG
SN v, S A1 (i = 17)* + Ax (g — 13)*
* ‘ + A 2 .2 2 .2
X X 3 (PX M1 ) U‘X #2)
+ By (ux — 13) + Ba(u3 — 13)
ha hy + Cyu3+ D, L0,

7/12/2024 ISVHECRI 2024 22



Blue is signal with a
mass equal to 1 GeV

* Red is 3-body decays

1:— (b) where
5 | —B, — \/B5 —4A,C
- (B

3 2 4 0 1 2 3

7/12/2024 ISVHECRI 2024 23



|r| faCt, we Ccan dO better PHYSICAL REVIEW D 102, 115001 (2020)

10°E 102
. e ARGUS c
: v Mmin
_‘*é' — A Mmu E 10—3 ................................
= 10%F m 2D =
Q S 4 ;
5 j 10 SO AR ST e A O
2 10°F - i
g :—././.\‘_’\ o 10 ........ ....... “ |
- 1—e| SRR N
08— 0 10° 10° 10*
0 0.5 1 1.5 o p
M, (GeV) Integrated luminosity (fb™)

FIG.5. 95% C.L. upper limits on the relative branching fraction
Br(z — ea)/Br(r — eb,v,) as a function of the integrated
luminosity for tau pairs in 3 x 1 prong decays. Black circle
(squared) points are for ARGUS (2D) method. The upper limit
are for m, = 0.

FIG. 4. 95% C.L. upper limits on the relative branching ratio
Br(z — ea)/Br(r — ev,v,) for an integrated luminosity of
50 ab~! for tau pairs in 3 x 1 prong decays.

7/12/2024 ISVHECRI 2024 24



Remarks:

)
<
I
m
(@)
ZS
N
(@]
N
s

* For the search of a new boson in LFV 7=>[+a, we can improve for zero mass of the new
boson up to 15 times better upper limit, which in a simple scaling is like requiring 225
more data.

* The method can be applied to 1x1 topology as well.

* Not presented here, but this can be applied to measure the tau mass, providing more
events in the endpoint than the pseudo-mass endpoint.

7/12/2024 25
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