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Whoam1I?

Professor in Kyoto University, Japan

* 19095: Ph.D.

* 1995-1997: JSPS Fellow at Fermilab, US
» working for the Kaon experiments.

* 1097-19099: Fermi Fellow at U. Chicago, US.

* working for the Collider experiment at
Fermilab (CDF)

* 1999-now: Faculty members in Kyoto U.

» working for neutrino experiments: K2K,
Super-K, SciBooNE, T2K, NINJA,
Hyper-K, AXEL




High Energy Physics

* Study the ultimate building blocks of the universe and matter.

* What 1s matter made of? What exists in the universe? What are the properties of those
components? How do they interact?

» Standard Model of Particle Physics: quarks, leptons, gauge particles, Higgs boson.

« Unknown entities: dark matter, dark energy, other unknown particles, unexpected
phenomena.

* Theoretical guidance: supersymmetric particles, extra dimensions
» Studies that question the meaning of time and even space (spacetime).
* Origin of mass, space-reversal symmetry, time-reversal symmetry breaking.

* (Personal view) Differences with other disciplines and fields

« Eliminates the complexity (diversity) of many-body systems and explores the
underlying physical laws and views of physics.

Explore frontiers!



After the birth of the universe (after the Big Bang),
to a world of 10-10 (0.1 nano) seconds.

*

Temperature Energy Time

Kelvin GeV
2.7 2.3x10°"% 12x10%

3x10°'9  3x105

3.8 billion years

Big Bang ~ T -
— " Fitgt 5t
L 2
& _—  CosmicDark Ages="
<< 380,000yedrs
Universe Age

0
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Particle Physics

100,000,000,0000,
000,000,000,000m size In atoms and in meters

Atom -

How we see 1
different-
sized
objects:

L ey ALK B - 2 -
el Harat.xo ‘
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PN NP ,
Q)L B
» ."I A
s . . :
Y 7 ™ R
S

3 Ao
y ealaeer
O AP LA R > X
L4 _”.,,.,.,’.,,-/,\.‘_,‘: .
KA Y ‘s AR AN
o Sh%Y NS > 3T
A KL & [ ‘éé}
A ol AR
SRS AL AN oy
R W N S g e
s / A -
NS ~rd Pedl
N e ol "~
a ,‘l’\"'/—‘;l’~ ~
. L) B

nucleus

1012
electron i

from PDG mlcroscope

16 A’éper
s

__— - 100, 000
0.000000000 1

0000000001 m
100,000,000

from PDG

VSON2024 - T. Nakaya - Qual‘k and Lepton

Particle

-18
10
at largest)




Quark and Lepton

x 2 (Antiparticles) = A
Quark © By
Lepton

Q @ o ..

@,

=

O e O o =

o

O ‘

uud(proton) - Electron



Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

=173.1 GeV/c?

=1.28 GeV/c?

mass =2.2 MeV/c? =124.97 GeV/c?
charge @ % 3 ik 0
spin Y2 ‘ 0 H
top higgs !‘

J

=4.18 GeV/c?

=

QUARKS

=91.19 GeVI/c?

0
1

Z boson

=1.7768 GeV/c?

' =0.511 MeV/c2
— 1 2

electron

=80.360 GeV/c?
1
1

<1.0 eV/c?
0

<0.17 MeV/c?

0

muon
neutrino

<18.2 MeVI/c?
0

tau
neutrino

electron
neutrino

GAUGE BOSONS

LEPTONS
VECTOR BOSONS

W boson




uonetauab Ajiwej

Mass (MeV) : mWW

quark lepton

A .

<183.2

+000~4,400 (~0.00000005)
E
s _—
75~170  1,150~1,350 <0.19
0.00000001)
. . - o VEC
v [~5 3.9 051 <0.000003
108 (<0.00000001)
< >

neutrino mass I1s so small!
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Fundamental Questions!

not solved yet

What 1s dark matter?

Where are antimatter? How did they disappear?
The accelerating universe?

Why 1s neutrino mass so small?

How are the forces are unified?

Generation structure. Why are the masses of particles are so different?

[



High Energy Physics and Experiments

Three categories

® Energy Frontier
® Study particles at high energy (~TeV)
® Intensity Frontier

® Study particles with high precision and look for rare processes

® Cosmic Frontier

® Observe our universe and look for footprints made by past particles.

12



High Energ

B-Factory
Neutrino (T2K, SK, KamLAND, etc.)

Kaon (KoTO, etc.)
U, neutron, proton decay, * °* °

T * charm Factory

yeriments

VSON2024 -T. Nakaya -

Cosmic Frontier

13



What experiments are there?

* CERN (Europe)
« LHC/ATLAS, CMS, LHCb, FASAR, milliQan, NA62, DsTau, (CEPE)
* PSI (Switzerland)
* MEGII
* Fermilab (US)
* Muon g-2, Mu2e, Neutrino experiments: DUNE, NOvA, SBN, ICARUS, etc.
* KEK/J-PARC (Japan)

* Super-KEKB/Belle II, J-PARC/T2K, KoTO, COMET, muon g-2, JSNS2, Super-K, Hyper-K, KAGLA,
KamLAND, (ILC)

* [HEP (China)
* BESSIII, JUNO, (CEPC)

* Cosmology and Astro-particle experiments

14



1. Energy Frontier









Circular accelerator

e Proton Svnchrotron

e Protons go round and round
¢ Inject proton beam periodically
e Acceleration mode «  Increasing energy with every lap

e LHC: 450 GeV — 6,800 GeV (6.8 TeV)
¢ Increasing magnetic field synchronized with energy

e (Colliding mode - constant energy

e How many turns per second?

SPS

e (Circumference 27km } 6.9 lan

450 GeV

Linac 4
160 MeV

18



Collider experiment

e (ollider experiment

How heavy subatomic particles can be made?
e LEffective use of beam energy

(Ei, Di)

o Fixed target experiment

e Effective use of beam flux

(Ei, pi)
N l

19



|16 years ago
(2008/9/10)
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http://atlas.ch

first beam event seen in ATLAS




9 days after
. [(2008/9/19)




LHC/ATLAS/CMS Proton-Proton Collider experiments

Discovery of
Higgs particle
CERN
: i
| | A
(Geneva LHC - B R
,.,‘_iPomt 8 5= ax A ALICE
‘i Point 1 <z Point 2

e

magnet

100m underground
2’7km circumierence




o

Large Hadron Collide

./' Vs :

14 TeV proton-proton collider
2’7 km circumference
14 years construction
US 5B dollar for construction

e ﬂ .
2 y y ! i a .'nl‘.'.\" .

LHC DIPOLE : STANDARD CROSS-SECTION

ALIGNMENT TARGET

o NAIN QLLORIPCLE BUS-BARS

HEAT EXCHANGER FPE

- SUPTRINSULATION

SUPERCONDUCTING COILS

EEAM FIFE

WACUUM VESSEL

EEAM ECREEN

ALXILILRY BUSBARS

EHRINKING CYLINDER | HE L. VESSEL

THERMAL EHELD (55 w 75

NON-MAGNETIC COLLARS

IRON YOKE [COLD MASS, 1.5

DIPCLE BUS-BANS

'® 1.9 K cooling by Helium
® 8.3 T magnetic field with 1232 magnets




LHC/ATLAS experiments
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ATLAS detector

Muon Detectors Electromagnetic Calorimeters
A 1\
7\
7 i
/ \\ A
/ X W Solenoid \\ : T—— o ——y moe
b R \ Forward Calorimeters
X \ \ End Cap Toroid

4
s’

N\

o Inner Detector | olcli
BT forcsc Hadronic Calorimeters ey



ATLAS detector

* Multi-purpose detector
— Hight 25 m, Length 44m, Weight 7,000 ton
— 1M signal channels

H-> //"24 ] events



Why 1s multi-purpose detector?

« Particles observed
— Electron
— Photon

- Proton (uud). m+(ud). K+(us)
— Neutron ( udd ) A detector cross-section, showing particle paths

— Muon Beam Fipe

(center)

— ?? Neutrino ?7? W fracking o

B Magnet Coil Jeutr O..-— \}f

W E-M

Calorimeter |
| |

[] Hadron

Calorimeter

] Magnetized

[ron

Muon
—~ Chambers

L '_.'IL
nSEroton

27



Principle of Particle measurements

Tracking the particle trajectories under a magnetic field, and
measuring their position and momentum.

Next, photons and electrons are stopped and their energy and position
are measured.

Hadrons (mainly protons and pions) are then stopped and their energy
and position measured.

Finally, charged particles not stopped are muons.

Non-observed particles are neutrinos, which are identified by missing
energy.

28



Candidate for ZZ—uuvv

. m,, 94 GeV, E;miss = 161 GeV

WATLAS

A EXPERIMENT 773

f s v
A
T . 7

Run 167776, Event 1293600643 /
Time 2010-10-28 10:41:18 CET f’

Nov 2010 " Pippa Wells, ATLAS




Cross Section

10-24cm2=10-12cm x 10-12 cm

barn [b]
e pb (pico-barn) =10-12b=1036 cm2=1022m x 1020 m

Standard Model Production Cross Section Measurements

Status: February 2022

AQ total (x2)

Q
& 1011 0AG inelastic
b

incl
pt > 100 GeV

6 u
10 pT>7&GeV

O
O
pt >75 GeV

105 dijets o

y
ET>

25 GeV
pr >100 GeV o\

ATLAS Preliminary
\s =5,7,8,13 TeV

Theory

LHC pp Vs =13 TeV

BE Daia 32- 1392

LHC pp Vs =8 TeV

10* O o0 A Data 20.2 — 20.3fb™
AO v
pt >
Ge
103 a4 ol 30 Cev - - LHC pp Vs =7 TeV
125 GeV 100 GeV 2 o HAZS
o} NG BB Daia 45-49ib!
) 222 30 GeV O . VEV
10 s o 0 b
an3 T >
Aq 100 GV, Xt L W& w7 O “otal
nj>2 nj=1 16 Q D '0' A V
101 n; >4 O pr > 25 GeV 7Z 77 iCh
A nj24 A 0 D
nj23 D B nj23 A A W)/
nj=2 O O *
nj>5 nj 2 s-chan
125 | o o o Ag
1 A nj>4 n>6 R oo o WE/Wtot.
pe ., © o e Rl = o = R, = O =
LR = n > nj>7 H -t Hos WW* 75%[; & itz A WWZ tot. Vi
1 Ai L ’65 (x0.25) ' frw: A N &2 AQ
10 yoo o W 5 A
A nj=4 n>6 A H—-ZZ -
= D H—yy Hu—> T Zjj n
10—2 ; nj>7 (x0.15) A W*yy fOAta/
n>7 M= o 0O n A e
O i L H—yy H—vyy Zyy - o EVW
A (x05) A zz R
]_0_3 20 H — 4¢ = 5 O
H — yy DWZ
O WWy A
PP Jets ¥ W Z tt 't VW ¥ H Hij VH Vy tiv ttH WWV 7Y vyyZE7V’VJKJ VVjj
tt?’ ij ttt-f yy—->WW
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Physics by LHC at the TeV energy region

e Discovering the Higgs boson to understand the origin of mass due to
spontaneous symmetry breaking.

e Scarch for supersymmetry particles
e Linking space-time symmetry and internal symmetry of particles.

e [.ook for any new phenomena.

31



Higgs boson

 Particles (Higgs field condensate) as the source of the phase transition in the
vacuum

- Phase transition: the energy of the vacuum changes.
 Particle is given (inertial) mass.

« Coupling with the Higgs boson is related to the mass of the coupling particle

10-"" seconds

laureates/2013/popular-physicsprize201 3.pd



http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/popular-physicsprize2013.pdf
http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/popular-physicsprize2013.pdf

Coupling with the Higgs boson with the mass of the coupling particle

>> _lllll 1 | I llllll I I |
S ATLAS Run 2
> 1 =
E — =
: i Ke= K _
| -
°> 1 + k,is a free parameter New
- B = . —
E‘g’ 10 = SM prediction =
w — -
A — —
10—2 = =
- Leptons Quarks -
- e v v | v B -
-3
107 E o - b [E
= u ajs =
— Force carriers Higgs boson ]
1074 = c 9 “ Y A
:lllll 1 | 1 lTlll | 1 | llllll 1 1 | llllll 1 —
> 14 11 ]lI | | | | [ llllll I 1 l]lllll T
% - - i
- - -
S 12[ -
$<LL § _
1_ T ; { g ; -
0'8-_111| ] | 11'111| ] Ll | L1l 1—-
-1 2
10 1 10 10

Particle mass [GeV]



How to detect Higgs bosons

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST

https://atlas.cern/updates/atlas-feature/higgs-boson
34
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Detecting Higgs bosons

H—=>rr H—oeeu u. LU MU, €EECE

_H—>yy Fullrun 2 dataset

2500 Precise mass measurement using H—4|

> [ _]

° %0 4 Data \/}TLAS R

g - s=13TeV, 139" . ]

22000~ Background m,=12509GeV Event-by-event resolution, DNN for S/B separation,

§ 15008 Signal + Background y categories - precise muon and electron momentum calibration
In(1+S/B) weighted sum 7

© S = Inclusive

£ 10005 tergye, mH =124.94+0.17(stat.)£0.03(syst. )GeV

(7))

(combined with run 1 data)
500

NHW arXiv:2207.00320

. —! !!!! > || II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII_
2 100 D - N
o 50F 3 0 - ATLAS ¢ Data -
c = LO 80— - ]
S O Y [H-ZZr -4 ' ]
I T 120 130 140 150 60 o OFVs=13TeV, 139" Background
o m,, [GeV] = of -
. . . . > — —]
Comparison with discoverv dataset in 2012 L : ‘ -
% B e 50:_ _:
O - ATLAS ) - ]
Ny - | Vs=7TeV,481f" - — ]
L-E 3000_— —&— Discovery \/§= 8 TzV, 591" | 40 - | :
o - —4—Run2 {s=13TeV, 139 fb" - -
= - i 30 ]
. 2000~ — - ! ]
@ - i - -
= : 20 * 3
1000~ . : H - -
- . 10[, e )
§ | + _.,,..-"" 0
O' "3 OIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII|IIII_

- | | i 105 110 115 120 125 130 135 140 145 150 155 160

| | | | | | | | | | | | | | | | | | | | | | |
110 120 130 140 150 160 m,, [GeV]
m,, [GeV] 11



What next with Higgs bosons

» Higgs potential

» detecting a pair production of two Higgs bosons

V(p) = smydp> + VA 2myd> + zAd?

Higgs
potential

Our

vacuum

?
Metastable

field

37



Beyond Higgs bosons

e Supersvmmetryv (SUSY

e Symmetry between Bose particles (spin integers) and Fermi
particles (spin half-integers)

e Example of Bose particle: photon

e Fermi particles e.g. electrons

e Are dark matter particles SUSY particles?
e New Physics

¢ Extra dimensions (>4)

¢ How many dimensions 1s space, are dimensions beyond 4
compactified?

e [eptoquarks, Heavy majorana neutrinos, etc..

38



SUSY

e SUSY searches covering vast regions of SUSY phase space

e Typical main signals 1n final states are

e Strong SUSY: 2 same-sign or 3 Leptons - PP, VS =13 TeV, NLO+NLL - NNLOporox+NNLL
. . ' — §§ —— %X (higgsino)
e Electroweakino: with taus ot e R iG]
. . . . . 102 - — qq° Xi X9 (wino)
e Higgsinos: with b-jets and photons TS i

Forces < Matter

o
= 00
o=
O
s]
o
2 "
-2
...| ()
o))
3
0 0
S O 1074 -
8
0
=y 1076

250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]

Higgsinos
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Missing energy with 2 same-sign or 3 leptons

> - -
o 12 - ® Data ¢4 Total uncertainty
O : A TLAS - Charge-flip Fake/non-prompt :
o =
S : a 1 Wz B itz i
— 10 - \s=13 TeV, 139 fb oW i _
~~~ — -
N i _ -Others B ww, zz, vvv |
- s SRGGSIep M m(g. %,)=(1400, 1200) GeV -
o 8 - -=m(@, 1)=(2000, 500) GeV -
LLI I ]
W B . R —
A 6 B E;T-“SS > 15& GeV 7
X1 | i
4 - _
XL 7 '
5 I Z Z s -
0
E 1 5 ....................................................................................................................... e -
N 1 ¥ 0 000000 ’////////// Y, ////////////////// PIIIIIIIIIIILY
S A s 4, A(/ A s
-'(E 05 .................... ? ...................................................................................................................... ]
N oL .. ...
50 100 150 200 250 300 350
E™sS [GeV]

m(,) [GeV]
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2500

2000

1500

1000

500

~ . ~ N + ~ -0 0 it -0
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~ ATLAS - - - - Expected Limit ¢-16 __
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............. SUSy
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[arXiv:1909.08457]

\
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1000
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ATLAS SUSY Searches” - 95% CL Lower Limits ATLAS Preliminary

March 2023 \s=13TeV
- _l - -
Model Signature  [Ld: (7] Mass limit Reference
) L) L 1 1 L L] L] L] I L] L] 1 L] 1
7. 3—4¥1 Oep — 26jets  Ep™ 139 1.85 m(¥)<400 GeV 2010.14293
8 mono-jet  1-3jets EXN™ 139 g [8x Degen.] 0.9 m(g)-m(¥})=5 GeV 2102.10874
S 22 5950 Oeu  26jets EP™ 139 |z 2.3 m(¥})=0GeV 2010.14293
P F 4 Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
B |z g—qgWix, Tepu 2-6 jets | 139 |2 2.2 m(¥])<600 GeV 2101.01629
22, g—qa(tOxX) ee, i 2jets  EF™ 139 | 2.2 m(¥})<700 GeV 2204.13072
@ 73 goqqWZX| Oep 7-11jets EP™ 139 |2 1.97 m(}) <600 GeV 2008.06032
% SSe,u 6 jets 139 |z 1.15 m(z)-m(¥})=200 GeV 1909.08457
= 5 sk 0-1 e.pt 3b  EMS 139 | g 2.45 m(7)<500 GeV 2211.08028
SSepu 6 jets 139 g 1.25 m(z)-m(¥1)=300 GeV 1909.08457
bib Oe.u 2b  EPS 139 | B 1.255 m(¥})<400 GeV 2101.12527
b, 0.68 10 GeV<Am(b X1 )<20 GeV 2101.12527
2s biby, by—bXs — bhi\ 0e.p 6b EE’?-“? 139 | b Forbidden 0.23-1.35 Am()P‘;,_)g‘.’)jgao GeV, m(i‘.’)_=01 00 GeV 1908.03122
= % 2T 2h EX™ 139 by 0.13-0.85 Am(Y>,X,)=130 GeV, m(¥,)=0 GeV 2103.08189
8-.§ i, i >0, 0-1e.u 21jet EDIS 139 |1, 1.25 m(¥})=1 GeV 2004.14060, 2012.03799
: 8 A0 — Wb\ Tep  Bjetsitb EPS 139 |k Forbidden  0.65 m(¥})=500 GeV 2012.03799
Q& Nl [1—>Tby, 111G 127 2jetstb EPS 139 | Forbidden 1.4 m(,)=800 GeV 2108.07665
s £ i, hodh) /@, Eock) 0 e, u 2¢  ER™ 361 |@ 0.85 m(¥})=0 GeV 1805.01649
OIS Oep mono-jet £ 139 | 4 0.55 m(7,,&)-m(¥} )=5 GeV 2102.10874
f1y, [ =t a—Z/hY) 1-2e.p 1-4b  EPS 139 |G 0.067-1.18 m(¥2)=500 GeV 2006.05880
iz, h—h +Z 3eu 1b EPSS 139 |7, Forbidden 0.86 m(¥})=360 GeV, m(7, )-m(T )= 40 GeV 2006.05880
XX viawz Multiple ¢/jets ‘ h‘i’?f% 139 | ¥y/0; 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586
ee, i >1ljet EP™ 139 | X /X, 0.205 m(¥7)-m(¥})=5 GeV, wino-bino 1911.12606
X/T ~T via WW 2eu 1?"“ 139 /\?:lt 0.42 m(,??):O, wino-bino 1908.08215
Y1X3 via Wh Multiple ¢/jets EP 139 | X;/%; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
o XiXivial /v 2e.pu EP® 139 g 1.0 m(Z,7)=0.5(m(¥i)+m(¥})) 1908.08215
= Q 7 o1k 21 Ers 439 | * LR NONHE0] 0.12-0.39 m(t%)=0 1911.06660
w .‘g b, B 2e.pu 0 jets 1:‘%:{%% 139 | ¢ 0.7 m(¥|)=0 1908.08215
ee, ppt >1ljet EP™ 139 ¢ 0.256 m(7)-m(¥})=10 GeV 1911.12606
HH, H—hG|ZG 0e.p >3b  Ep™ 361 | @ 0.13-0.23 0.29-0.88 BR(Y] — iG)=1 1806.04030
4e.p Ojets £ 139 A 0.55 BR(Y — ZG)=1 2103.11684
Oe.u z=2large jets ET™ 139 H 0.45-0.93 BR(Y; — ZG)=1 2108.07586
2e.u >2jets EMS 139 | 0.77 BR(F — ZG)=BR(Y] — 1G)=0.5 2204.13072
Direct ¥, X; prod., long-lived ¥ Disapp. trk 1 jet E 139 /f_’; 0.66 Pure Wino 2201.02472
o " X3 0.21 Pure higgsino 2201.02472
S D Stable g R-hadron pixel dE/dx EXS 139 | g 2.05 2205.06013
o T Metastable 3 R-hadron, F—qgh) pixel dE/dx ET™ 139 | & [+(& =10ns] 22 m(¥})=100 GeV 2205.06013
S 8 -G Displ. lep Emss 139 | & 0.7 #)=0.1ns 2011.07812
o ) F 0.34 w(f)=0.1ns 2011.07812
pixel dE/dx ERss 139 | % 0.36 7(f)=10ns 2205.06013
XX X)X —ze—tet Se.p _ 139 Pure Wino 2011.10543
YiXT X — WW(Zeettvy 4ep Ojets  E7™ 139 1.55 m(Y1)=200 GeV 2103.11684
88, 5—qq¥). X\ = qqq 4-5 large jets 36.1 1.9 Large 1A7,, 1804.03568
S | 7 i) X o ths Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& T, i-bX\, X7 — bbs > 4b 139 Forbidden m(¥;)=500 GeV 2010.01015
i1y, i—=bs 2jets+25b 36.7 0.61 1710.07171
i, 1—qt 2e.pu 2b 36.1 0.4-1.45 BR(f, —be/bu)=20% 1710.05544
1u DV 136 1.6 BR(f; —qu)=100%, cost,=1 2003.11956
X7 R IX), 0 ,—tbs, X{ —bbs 1-2e,u  >Bjets 139 | X} 0.2-0.32 Pure higgsino 2106.09609
L L L 1 L 1 L L l 1 1 1 b 1
* . . PR, =]
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



Heavy
Fermions

.001
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are r?o??ncluded).

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, kZ =1/2

Scalar Diquark

tt+ ¢, pseudoscalar (scalar), g4, x BR(¢~21) > = 0.03(0.004)
tt + ¢, pseudoscalar (scalar), gz, X BR(¢=20) > = 0.03(0.04)
pp+Zly+X

X-¢p, My =0.02My, ¢—(yy) merged diphoton pair

Wy Resonance leptonic

SUEP Offline, Tp = 3 GeV, my = 3 GeV, Br(A’-»nm) = 100%
Split SUSY, HSCP gluino with infinite lifetime, f35=0.1

stau pair production, HSCP with infinite lifetime
Doubly-charged tau', HSCP infinite lifetime, DY production

quark compositeness (££), Nurr =1
quark compositeness (£), Nurr = — 1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (qq), gq=0.25,gom=1,m, =1 GeV

vector mediator (£f), 99=0.1,9om=1,9,=0.01,m,>1TeV
(axial-)vector mediator (qq), gq=0.25,gpm =1, m, =1 GeV
(axial-)vector mediator (xx), g4 =0.25,gpom =1, my =1 GeV
(axial)-vector mediator (£I), 99=0.1,9om=1,9¢=0.1, My > Mpeq/2
scalar mediator (+t/tf), gg=1,gpm=1,m, =1 GeV

scalar mediator (+tf), gq=1,gom=1,my =1 GeV

scalar mediator (fermion portal), A, =1, m, =1 GeV
pseudoscalar mediator (+j/V), gq=1,gom=1,my =1 GeV
pseudoscalar mediator (+t/tf), gg=1,gpm =1, my =1 GeV
pseudoscalar mediator (+tf), 9q=1,gom=1,my=1GeV
complex sc. med. (dark QCD), My, =5 GeV, CTx,, =25 mm
Baryonic Z', gq=0.25,gpm =1, m, =1 GeV

Z' mediator (dark QCD), Maari = 20 GeV, riny = 0.3, Qgark = Ao
Z'—2HDM, g7z =0.8,gpm = 1, tanf = 1, m,, = 100 GeV

Leptoquark mediator, B=1, B=0.1, Ay py =0.1, 800 <M, <1500 GeV

axion-like particle, f"1 =12 Tev~!
inelastic dark matter model, y =107%,ap=0.1
inelastic dark matter model, y =107, ap=0.1

dark Higgs, gq=0.25,gom=1,6=0.01, m, =200 GeV, mz =700 GeV

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

ADD (jj) HLZ, ngp =3

ADD (yy, £0) HLZ, ngp =3
ADD Ggg emission, ngp =2
ADD QBH (jj), Nep =6

ADD QBH (eu), ngp=4
ADD QBH (eT), ngp=4
ADD QBH (ut), negp =4
ADD QBH (yj), nep=6

RS Gk (£f), k/Mp = 0.1

RS Gyk(qd. 99), kiMp = 0.1
RS QBH (jj), nep=1

RS QBH (vj), nep =1
non-rotating BH, Mp = 4 TeV, ngp = 6

3-brane WED gkk($ + 9~ 999), dgrav =6, 9g =3, €= 0.5, m($)/m(gkx) =0.1  m(gke)

split-UED, u=2 TeV
ADD (yy) HLZ ngp = 4
RS Gi(yy), k/Mp =0.1

excited light quark (qg), A=mq

excited light quark (qy), fs=f=f=1,A=m,
excited b quark, fs=f=f =1,A=mq
excited electron, fs=f=f=1,A=m_
excited muon, fs=f=f=1,A=mg

UMSM, |Vey|? =1.0, |Vyw|?=1.0

UMSM, |Ven|2 =1.0, [Vy|?=1.0

VMSM, |Ve,\,vﬁN|2/(|Ve,\,|2 +|Van|?)=1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Vector like taus, Singlet

Zp, narrow resonance, £2=8x 107° (90% C.L.)
Zp, narrow resonance, €2 =4 x 10~% (90% C.L.)
Zp, narrow resonance, €2=7 x 1077 (90% C.L.)
Zp, narrow resonance, €2=3x 107% (90% C.L.)
SSM Z'(£2)

SSM Z'(qq)

Z'(qq)

Superstring Z,,

LFV Z', BR(eu) = 10%

LFV Z', BR(eT) = 10%

LFV Z', BR(uT) = 10%

SSM W'(£v)

Leptophobic Z/

SSM W'(qq)

LRSM Wg(UNg), My, = 0.5My,

SSM W/(Tv)

LRSM Wr(eNg), MNR = 0.5MwR

Z'(B3 - L,)

LRSM Wg(TNg), My, = 0.5My,

Axigluon, Coloron, cot =1

Z', HSCP tau' 600 GeV mass with infinite lifetime

Overview of CMS EXO results
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2. Intensity Frontier



What experiments are there?

* CERN (Europe)
« LHC/ATLAS, CMS, LHCb, FASAR, milliQan, NA62, DsTau, (CEPE)
* PSI (Switzerland)
* MEGII
* Fermilab (US)
* Muon g-2, Mu2e, Neutrino experiments: DUNE, NOvA, SBN, ICARUS, etc.
* KEK/J-PARC (Japan)

* Super-KEKB/Belle II, J-PARC/T2K, KoTO, COMET, muon g-2, JSNS2, Super-K, Hyper-K, KAGLA,
KamLAND, (ILC)

* [HEP (China)
* BESSIII, JUNO, (CEPC)

* Cosmology and Astro-particle experiments

44



B-factory

1

Animation © KEK
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Basic 1deas

¢ (Quantum effects generate high-energy
phenomena with a certain probability as
intermediate states

¢ The intermediate state 1s indirectly
probed by precise measurements because
the probability including high-energy
phenomena 1s rare.
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Superconducting solenoid (1.5 T)

K and p detector

?] |st|ve plate hamber (outer barrel)

' il + MPPC
%‘ \ &\\l\ r 2 barrel layers, end—caps)

2Tt

OF \ f—Lropagatlon) counter (barrel)
' Aerogel RICH (forward end—cap)

-\\, a
\.l —
! J e
-‘ ——

.ﬁ"

Belle || Detector

Tracking detector :
Drift chamber (He +

Slllcd ox fat et Ry ' T
e ' | Trigger and DAQ
° EPE ." . ~— :. |
1->2 layers DEPFET (p S | Max L1 rate: 0.5->30 kHz

* 4 outer layers DSSD ' Pipeline readout

Better performance even at the
higher trigger rate and beam
background

by K. Matsuoka@Kyoto seminar 47

GRID (;O‘mputing
'_ CI_?,,U 1 MHEPSpec (10° core; ~ATLAS run1)
and 100 PB storage at 50 ab™
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Exp

S Run
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4 Event
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B:_’]-)+ b
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103 arm 4 Event 2820
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KEKB
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Belle @ I
SuperKEKB " 7oL e

The same event with simulated
background at 8 x 103> cm%s!



Super-KEKB/Belle Il Basic

v eTe™ collistions at (or around) Y (45)

— Well-known initial state kinematics
— BB production from Y (4S) without extra energy
— No event pile-up

v' Hermetic Belle Il detector capable of detecting charged particles
and reconstructing neutrals (y,no, Kl?, etc) with high efficiencies.

» Tagging one of the B’s to infer the other B flavor and momentum.

— Powerful S/N separation

2
- mrzniss — (pe+e_ — Ptag — psc.iiegteCted) [/W ut
BY LA) Kg
e o™ | T >TT
— Y(4S) — | . _>\1T—
7 GeV i 2 <\ VAN D ST

Boost factor (fy) = 0.28 B 0 I< -

.~
.~
-~y

(cf. 0.425 at Belle) Az ~ 130 um Vi B Elavor tag
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Candidates / (0.5 ps)

Asymmetry

CP Violation in B decays

25

b R TN R\~ S
BO w : i q g E
SM tree § 9 g
y p Kso SM penguin q q
> d - d d - d
200 _ A
- Belle II (Preliminary) L po 70 Belle Il (Preliminary)
- [Ldr=190 b~ L 2 60
150 ~ -1
: h 50 ‘ J.Ldt =362 fb
BO > J[YKS &7 B0 - K
0 0 = 0.0
B” - JfYKg 2 20 > Kgm
© 10 & EN
0 PR .
$ 05 t
x 1
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S N——— e e By m
Arlpsl 3rXiv:2302.12898 At [ps] arXiv:2305.07555
Belle 11: S = 0.720 + 0.062 + 0.016 BelleM#I60% DT —RATEET HFEE
Belle: S =0.667 +0.023 + 0.012 Belle I: S = 0.75 929 + 0.04
(S = sin 2¢, in this mode) Belle: § =0.67+ 0.31+ 0.08
VSON2024
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1=

PI’GCISIOH mGaSUI’GmCHtS Fig. 226 of Prog. Theor. Exp. Phys. 2019, 123C01
Before Belle 11 (2018) Belle I1 50 ab™! + LHCb 23 fb~! + LQCD
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The Standard Model has been tested with ~10% precision.

— Search for non-standard effects that can only appear
as small corrections to the Standard Model.

Access higher energy scales via quantum effects than are

directly reachable at current or future colliders.
e.g. A < ~1000 TeV in B® mixing (L = Lgp + %Omr:z) [arXiv:1302.0661]




e 7' or LFV Z' to invisible
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Search for Dark particles

e Axion Like Particle
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