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B1g Questions
—Horizontal—

L TR ey et A T P U U RS- LI ST o

fermion masses
o Why are there
? de se hHe
. . . (large angle MSW) ure c® re
o What physics determines Vi o, 0v; e e te
the pattern Of | ?D vl : m 2 m (T m _ m (CD) e
2 = < < < <
o Why do neutrinos have ELEMENTARY

mass yet so light? PARTICLES

o What is the origin of CP
violation?

o What is the origin of
matter anti-matter
asymmetry in Universe?
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Three Generations of Matter

HM, Outlook, Lepton Photon 2003 e



B1g Questions

—Vertical—
PRSI ESRE b B L, Tt g BT P S ST T A Tty 5" N ST EA2 K v B oA - B
o Why are there Q(3,2,+é), u(3,1,+§), i(3, 1,_%)7
unrelated gauge ? 1
o Why is strong L(1,2,—5), e(1,1,-1)

interaction strong?

o Charge quantzzatl?n ELEMENTARY
o anomaly cancellation PARTICLES

o quantum numbers

o Is there a unified
description of all forces?

o Why is my < Mp;?
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HM, Outlook, Lepton Photon 2003 >
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B1g Questions
—From the Heaven—

PBTITEEL o A 4 P NS Promariog CioE DA 1887985 5O TSR Dt et A B ARy 10000 AR ST
o What is Dark Matter?
o What is z
1O T ]
O Why nOW? (COSmlC " a _ Riess et al. 2001 _
coincidence problem) O \ _
06 8 + HST meas. of Ho
o What was Big Bang? = : q
: . . 0.4 F Q=1.02
o Why is Universe so big? ; :
(flatness problem, 0.2F ;
. - Verde et al 2002 T
horizon problem) 0L IS | ]
: 00 02 04 06 08 1.0
o How were galaxies and 0 (Spergel ot al 2003)

stars created?

HM, Outlook, Lepton Photon 2003 g



B1g Questions
From the Hell—

PRSI LR b s A Tt AT PG OOt 8Tty S OV ST AR v e Lt e 6 = BAVNCR 10t i e e DO s TV A
o What is the Higg boson?
o Why does it have

negative mass-squared?
o Why is there only one

scalar particle in the 1
Standard Model?
s 5 gravity \ "\ \V\V\V\V\V\\\N\NNNNNNNNNNNY
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o Is it really

weak force

HM, Outlook, Lepton Photon 2003 >



QATLAS

EXPERIMENT
http://atlas.ch

2012.7.4
discovery of Higgs boson W |

ik 7 = A 5 D - \ p ) Run: 204769
S S B - . D W > J / Event: 71902630
o < , o el 6 " Date: 2012-06-10

Time: 13:24:31 CEST

""""
Ia

theory - 1964
design . 1984

construction - 1998



Planck
It looks very much like the

Standard Model Higgs
boson

We've known the energy
scale to probe since 1933

now a UV complete theory
of strong, weak, EM forces
possibly valid up to even

Mpi

cosmology also looks
minimal single-field inflation




Higgs mass range

SM (valid up to Mp) —

preferred

Supersymmetry !
MSSM I 3
: preferred
Composite Higgs *

1
GeV

50 100 150 200

By A Pomarol
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Nima’s anguish

=
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mH=125 GeV seems almost maliciously designed
to prolong the agony of BSM theorists....
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dream case
for experiment

™
™~

160 180 200
M, [GeV]

stupid not to do this!




Scalar

every elementary particles have spin
electrons, photons, quarks, ....

only Higgs boson doesn’t spin
Faceless! A spooky particle

| had proposed “Higgsless theories”
Is it the only one?

does it have siblings? relatives?

Maybe it’s spinning in extra dimensions?
maybe composite?
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Higgs is too testy
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"Electron mass is natural
by doubling #particles

)

® Electron creates a force 9—4&—9—

to repel itself

Am, ¢’ ~ 6—2 ~ GeVIO_17Cm

Fe Fe

® quantum mechanics and
anti-matter
= only 10% of mass even

for Planck-size re~10-33cm
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" Higgs mass is natural
by doubling #particles?

Higgs also repels itself

Double #particles again
=> superpartners

only log sensitivity to UV

Standard Model made
consistent up to higher
energies 7 o 5
Amiy ~ Am SUSY log(mpry)

| still take it seriously
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gg production, g — b6+52?, m(q) >> m(g)

';' 1600 B I | I I I | I I I | I I I | I I | | | | | ]
() L . 4
5] - ATLAS Preliminary ATLAS 8TeV,20.1 0" 7]
E"lx'1 400 = (s=13 TeV, 3.3 fb™ P ===~ Expected limit (+1 o) ]

s Observed limit (=1 5oor) —

1200 All limits at 95% CL —

1000 —
\‘ - : —
600 , —
| | |
| | |
| i |
400 — I ]
| h |
| K |
200 F ¥ -
- I : _ 1
00 i ] LQ1, =0.5
E 1 ICA ot .
E : . 95% CL EXCLUSION LiMITs (TEV)  -Q1B=1.0 -
| | | | | : : LQ2, p=0.5 |
| | | | | | | | | | | 11 =1 | b | | | LQ2 B:1 0
1000 1200 1400 1600 1800 2000 LQ3 (bv), Q=+1/3, B=0.0 = LeptoQuarks
LQ3 (b1), Q=+2/3 or +4/3, B=1.0
mg [GeV] stop (bt) (NN
b| , WUUDLEU o . 0 1 2 3 4 5
e N=2TeV Compositeness _
p, A =2 TeV b’ — tW, @3I, 2I) + b-jet
0 1 2 3 4 5 q’, b’/t’ degenerate, Vib=1
Z'SSM (ee, py) ' b’ = tW, l+jets
Z’SSM (17) : ' B’ = bZ (100%)
Z’ (tt hadronic) width=1.2% T > tZ (100%)
Z (dijet) | ' = bW (100%), I+jets
Z’ (tt lep+jet) width=1.2% ' = bW (100%), I+
ZSSM () fob=02 | (100%),
G (dijet
. G (ttbar hadﬁo:'J\ic; T I C.I. A, X analysis, A+ LL/RR
: _ — C.I. A, X analysis, A- LL/RR
g G (jet+MET) k/M = 0.2 ;
n O S I n Of be +G (yg k/M = 0.1 ' ' C.I., up, destructve LLIM
_ ) C.l., pp, constructive LLIM
G @Z(aa) kKM = c(>|v1) I E 1 single e (LnCM) Con’rc.c’r
: W’ (dijet) ' ' ' CARSIFICLCYI  [nferactions
n I W’ (td) —— C.l., incl. jet, destructive
W’ = WZ(leptonic) _ C.l., incl. jet, constructive
WR b)) [
. R WR, MNR=MWR/2 : . Ms, yy, HLZ, nED = 3
’ WKK p =10 TeV : : : Ms, yy, HLZ, nED = 6
a eX a I n S I S o PTC, mTC > 700 GeV | Ms, ll, HLZ, nED = 3
Sing Resonanies (89 | ————— ,
E6 diquarks (qq) : : : MD, mOI’lO]:et, nED =3
Axigluon/Coloron (ggbar) : : : MD, monojet, nED = 6
gluino, 3jet, RPV - MD, mono-y, nED =3
0 1 2 3 5 MD, mono-y, nED = 6
gluino, Stopped Gluino MBH, rotating, MD=3TeV, nED = 2
stop, HSCP [ MBH, non-rot, MD=3TeV, nED = 2 . . D
S“;ﬁ’éfta%‘(’fg g'M“g‘g - MBH, boil. remn., MD=3TeV, nED = 2 Extra Dimensions
hyper-K. hyper-p—1 2 TV s MBH, stable remn., MD=3TeV, nED = 2 & Black Holes
neutralino, ct<50cm [ MBH, Quantum BH, MD=3TeV, nED = 2
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been there before

Che New JJork Cimes

Science

WORLD U.S. N.Y./REGION BUSINESS TECHNOLOGY SCIENCE HEALTH

ENVIRONMENT

315 Physicists Report Failure In Search for
Supersymmetry

By MALCOLM W. BROWNE
Published: January 5, 1993

Three hundred and fifteen physicists worked on the experiment.

Their apparatus included the Tevatron, the world's most powertul
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“"Naturalness

works!

® Why is the Universe big!?
® |nflation

® horizc¢ » problem

® flatne: problem

® |arge entropy

‘Gaussianity

ey . {
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Planck
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scalar top mass = |0 TeV preferred

Predicted range for the Higgs mass

Split SUSY

>
)
O
§=
3
5
S
&n
20
am

Experimentally favored

Giudice and Strumia, arXiv:1108.607 7&
I I I l

1012 1014 1016

scale in GeV

assumption: MSSM



Better Late T han Never

Even msusy~10 TeV ameliorates fine-tuning
from 10-36 to [0



higher energies!
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Need to explore f 3
HL-LHC boosts reach ; A5
%

We believe we should keep "‘%é‘ e
aiming at higher energies | = 3
HE-LHC?

100 TeV pp would be great!

Need to continue magnet
R&D

Possible first stage:
FCCee from mz upto 365
GeV
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Start with 250 GeV
guaranteed precision Higgs and top physics
extendable 500 GeV to | TeV

TDR exists




What is Hig

Only one? (SM)
has siblings? (2DHM)
not elementary?

Deviation fr

only one

Lumi 1920 fb-1, sqrt(s) = 250 GeV
Lumi 2670 fb-1, sqrt(s) = 500 GeV

MSSM (tanf =35, M, =700 GeV) MCHMS (f =1.5TeV)

M
—
@)
<0

M
—h
@)
2

C T b t w Z

not elementary

Deviation from S
Deviation from S

has siblings
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® having discovered the Higgs!?

® Higgs boson may connect the Standard
Model to other “sectors”

SU(3)exSU(2)xU( 1)y

hidden Higgtarks

sector sector leptons

L = Onidggen H'H 3



Higgs exotic decay

95% C.L. upper limit on selected Higgs Exotic Decay BR

‘m HL-LHC)
m CEPC |
m ILC(H20)
m FCC-ee )

—
<
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o
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—
o
&

BR(h-EXxotics)

—_—
o
A

I : i _
A TR O R

ME, (bb)+ME, 0])+MEr (z T)+MET bb*MET jj*MEr Mg, (bb) ) (CC)(CC) Wy  (boy( r7) (z7)¢ r7) (/])(Vy) (v Yy)

-—
<
(&)}

Complementary to hadron collider searches

Liantao Wang, GRC 2019



imelines

Akira Yamamoto
@ Granada

Personal View on Relative Timelines

Timeline | ~5| __~10 __~15, _~20 25| _ -30 _~35

Lepton Colliders
Proto/pre-

SRF-Lc/ice e Construction Operation

NRF—LC Proto/pre-series Construction Operation

Hadron Collier (CC)

8&5%1/%&3%) Prg;?i/:;e' Construction Operation

1[%;];1_ Short-model R&D Proto/Pre-series Construction Operation
Ll Short-model R&D Prototype/Pre-series Construction

Nb,Sn




B Proton collider

Possible scenarios of future colliders B Electron collider
[] Electron-Proton collider

mmmm Construction/Transformation

——
20km tunnel

{ 4 years NGEISH [LC: 250 GeV 500 GeV

CLEISM CepC: 90/160/240 GeV

SppC aim similar to FCC-hh
100km tunnel 16/2.6/5.6 ab-! PP

350-365 GeV FCC hh: 150 TeV =20-30 ab!
FCC-ee:

8 years 10 years 1.7 abt
y Y 90/160/250 GeV

100km tunnel 150/10/5 ab-

FCC hh:38.5TeV 10 ab-|
FCC hh: 100 TeV 20-30 ab-!

FCC hh- 100 TeV 20-30 ab!

8 years
100km tunne

8
HL-LHC: 13 TeV 3-4 ab-! N e HC: 27 TeV 10 ab-t

2years 6years |LHeC: 1.2TeV
0.25-1 ab-1© FCC-eh: 3.5 TeV 2 ab1
7 years : 3 TeV
| —
11 km tunnel . p 5 ab1!

50 km tunnel
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History of Colliders

precision measurements of neutral current
(i.e. polarized e+d) predicted mw, mz

. UAI/UA2 discovered W/Z particles
. LEP nailed the gauge sector

. precision measurements of W and Z (i.e.

LEP + Tevatron) predicted my

. LHC discovered a Higgs particle
. LC nails the Higgs sector!?
. precision measurements at LC predict ???




Run=15768 Evt=5906
ALEPH DALT un v
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(1+cos0)2

sin20

d G/ dcos ( GTIHRUST)

N

o

0.8

0.6

0.4

0.2

0

0

"~ “New particle” has
spin 1/2

quark

ALEPH

—— MC detector level

0.1

- MC parton level

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
COS(®THRUST>




Run=9063 Evt=7848
ALEPH DALT un v




o) >
-
&

>
<
-

gluon

spin |

e (Corrected Data 1992

—— Vector Gluon, LO

Vector Gluon, LO + Fragment.
Scalar Gluon, LO

Scalar Gluon, LO + Fragment.

0.2 0.3 0.4
Z:(XZ-X3)/\/3

0.5







T,/C,

0.8
0.6
04

0.2

I ‘ T 11 ‘ T T T ‘ T T 7 ‘ T T 7 ‘ T 17 ‘ I
I .| This analysis, 68% CL contour
L SO(3),E8
i * QCD = SU(3)
SO(4) SU(2),5P(2)
O a
G2
SO(5),F4 o .
|
E/
SUM);
----- ALEPH-1997 e QOPAL-2001
| | | 1 | | | |

ALEPH
\\\‘\\\\

0 L L1 L L1 L1 L1 L1l L1 L
1 125 15 175 2 225 235 275 3 3.25

C,/Cy
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Power of Expedition

—>---> |epton flavor O o
—— > - > quark flavor = 9
—>-> EDM D =

—> - --=-3» dark matter
—_—S |HC

-ttt
102 10% |06 [08 100 |02 [Q!4 [0'6 Q'8
experimental reach [GeV]

(with significant simplifying assumptions)

courtesy: Zoltan Ligeti
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" Five evidences

for physics beyond SM

® Since 1998, it became clear that there are
at least five missing pieces in the SM

Planck TT spectrum

® non-baryonic dark matterjg
® neutrino mass
® dark energy

® apparently acausal density fluctuations

® baryon asymmetry
We don't really know their energy scales...



Super KEK B & Belle |l

e+ 4 GeV 3.6 A |

— €~ Belle II
-y New IR
/ - - 7 GeV 2.6 A ?

] /;\lew beam pipe S upe rKE KB

&bellws ?Iﬁ
\ / 50 ab—1!

Add / modify RF systems
Low emittance positrons I &

for higher beam current
to inject

Damping ring ” ~———
——-
’
U:"'

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject
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Bs: Strangely Beautiful

® VvV, and Vr mix a lot

® (Vp, SR), (VT, bR)
under GUT

® Perhaps big mixing
between sg and br?

® | had predicted
O(l) effects of new
physics on Bs

e Tagged mixed
o Tagged unmixed
— Fit mixed

Fit unmixed

A=
¥}
o

S

~~
¥}
(D)
—
(ae1

o

o]
o=
(ae
Q

- ]
\_.
ST

Yy A

b to s transitions still very interesting!




EXxcitement 2002

| o | KamLAND
® CP violation in neutrino sector may be SNO

observable with conventional technique

Pv, —-v.)— Py, - v.)=—1

Al

sin 0 Sin sin

1K

H

Sanford == ——— -

e e s —— — B :
Underground MM - ,"‘Ip-é_—p’ — — ,\} Fermilab
Research _ : e . e .
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N .
J \. ."'4‘ /
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. » y neutrinos
Miriam-VVebster:“A utopian society of individuals 0,
who enjoy complete freedom without government”

large mixing symmetry

Kolmogorov-Smirnov test (de Gouvea, HM)
nature has 4/% chance to choose this kind of humbers
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ot ~ S © o S S S S [GeV]

to fluffy ﬁ mirolensing etc

— moduli w/

o — —_— mass
T vector o o GeV]
= mediation < > [

gravitino s non-thermal

asymmetric DN

SIMP: dark hadrons
m~0.3GeV, 0~ | 0-24cm?



Super KEK B & Belle |l

e+ 4 GeV 3.6 A |

— €~ Belle II
-y New IR
/ - - 7 GeV 2.6 A ?

] /;\lew beam pipe S upe rKE KB

: & bellows
‘ N

\ / 50 ab—

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ” ~———
——-
’
U:"'

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject
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Events/40 MeV

0.1

BES 111 projection
Vs =4 GeV, 100 fb™"

N O-EV/E’Y — 2% i
- m,, =3 GeV, e, =8 x 107* -
N9 :
A
N\ \ A ‘
7y |
! - . :
-—=—__Dark sector T o 270 |
_______ N _
—— Binned TT--- o ] \ _
~VL’ —
1.0 1.2 1.4 1.6 18 20
E., |GeV




Events/50 MeV

10 |

Belle 11 projection

Vs =10 GeV, 50 ab™*
op,/Ey = 1%
m.,, =12 GeV, e, = 1077
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— Mirror QCD E;:1% ) -:
—#—_Binned e ey \*
42 44 46 '415_3' 5.0
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new ideas

heavy ion produces axion ~ Z4

neutrino beams can be used for search for
dark matter and light feebly coupled
particles

atomic clocks, interferometers for dark
matter searches

growing connection to astrophysics
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Conclusions

® Particle Physics: exciting as ever!
® Higgs: need to understand it better
o HL-LHC, ILC, CEPC, FCCee
® naturalness: higher energies, precision
o HE-LHC, FCChh, CLIC, PWFA
e flavor physics, EDM, OVBf, p-decay
® baryogenesis:
® B K, LFV, neutrino oscillation
® dark matter: open mind, broad search
® cosmology, direct, indirect, collider



experiments
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' healthy field!



