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The Standard Model:
Triumph In science!

With the Higgs discovery,

completion of the SM:
A A relativistic & quanturmechanical
A Perturbative & unitary
A Renormalizable & ultr@iolet (UV) complete

A potentially valid up to an exponentially high scale
perhaps to the Planck scale!

All known physics
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amplitude current gquantum mechanics spacetime gravity strong & matter Higgs
understanding electroweak

2



An eminent physicist remarked:

a dbspb of the grand underlying principles
have been firmly established. The future truth
of physical science are to be looked for in the

sixth place of decimals
--- Albert Michelson (1894)

MichelsorgMorley experiment (1887):
G U KS Yofgoikt yoAthe theoretical aspects
2F OUKS aSO2yR aOASYUA

Wil History repeat itself (soon)?
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The Standard Model in the making:
Llesson 1d! + O2 Y LI ¢

Avo9s5 Aa !+ ozvutéﬁéz 0dzi R

e.g.(g-2), versus (eR)
A QCD is UV complete, could be dynamically

extrapolated to an exponentially high scale Q
as(Q%) = 1/In(Q”/A%ep) = Agep = Qexp(—1/2a;)
But new physics comes In av ~ 250 GeV

A The SM with the Higgs IS UV complete,
but what confidence do we have to extrapolate it to Q(\

(talk by DanieLitim)
A UV completion needs NOT to be a completion!
l.e. Go for BSM!
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Lesson Z2&FT
¢ KS LINBSaSYyld SRdzOF GSR OA S«
generaIAreIativAityL IS aga,inAthat thesp are the IeadAing terms
AY STFTSOUAGDS TA WeindBrgndb-dk/y@RddA S

G2 S | \WiSonihnb/i2 ¢ ®¢
- J.Preskil] Quantum Frontier (2013)

In terms of a new physical scale RE
below which the theory is valid. N

& Z ciA" O, = coA* + caA°Ogim 2 + c3AOgim 3

(marginal operators) (Irrelevant operators)



The B Y2aU0 GNBf SOloFu 2 LISNI
Known physics scales and the observation:
s A5 6P PCA Or , Prg:  &X p FI'A

Wilsonian argument failed (badly)!
a X L |VQ 2 y 2 l:J dZ)/ ﬁ é NA fL\l’Vil}(é_[R Ba[@e&nd

The2dG NBf S JI v (U theHigg\ubsor2niEs Y

V@U ¥ “‘I I |

caA ~ms @ M? ~ p® ~ (100 GeV)? ~ (10~ *° Mpianck)*

Ken Wilson,1970
A We are only in command with
aYFNBAYIf 39 ANNBESOD
CKAY]l 2dziaARS 2F |

s (talks by James Wells, Waal)



| esson 3Unification

A Newtonian universal gravitation unified
the terrestrial & celestial forces & motion
A Maxwell equations unified
the electricity & magnetism
A Dirac eq. unified Schrodinger eqg. & Special rel.
A electron + positron
A The SM unifies the electromagnetisn) (
& weak force (W,20 02 aSf SOU NP ¢
A New vacuum structure

AG! YATAOFUGAZ2YE NBGISI



L eSS0oN 4Symmetry principles

A Time translatiom energy conservation

A Spatial translatio®, momentum conservation

A 3D rotationA angular monentum conservation

A Poincare invariancd mass & spin of states

AGKAIKSNI aeéyYyima&®matriz ¥ al
SupersymmetryBosonsa A Fermions

A Symmetry governs dynamics;
Symmetry breaking specifies the Nature!



A We have LEARNED A LOT about Nature!

A We have ACCOMPLISHED A LOT in the SM making!

A We have been lucky to have WITNESSED the history,
and CONTRIBUTED to it!

Still, there are many PUZZLES to contemplate on;
and PROBLEMS that need a solution!



Problem 1 Neutrinos ARE massive

' Q #8h& most elusive/least known particle in the SM
A How many species3h, Qa b b
A Absolute mass scaleim, ~y, 0 < 1 eV?
2N b yS6 LK@ amlomemolt's
A Flavor oscillations & CP violation?

A Mixing with sterile/Majorand Q a K
A Portal to dark sector?

Studying neutrino physics has been rewarding:
6" Nobel Prizes related toQd a

Great playground for theory & experimentation.

A Determine the masses & their generation mechanism!
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Problem 2bark Matter exists

Mounting evidences for DM, thus BSM
5FN)] al SN AY UGKS2NBY 6

10-22eV
1meV 1eV 1keV 1MeV 1GeV 1TeV 1028eV 30 Mo

| l | | | | /.
/

< |
I I | | | | | |
wave-like particle-like composite

F EA2Y a3 RI NderildR2 0 2MPs X WIMPzillas  PBH?
Dark Matter Iin practice: g=

X X
\\ : J/
SM SM W

Much more recent activities in light DM detection!

At2aaArofsS ySEG oNBI 1 30KN.

s

direct

323J1pul

production




Problem 3 Baryogenesis &Pv
The observed baryon dominanée BSM
Sakharov conditions: Talks by Geraldine Servant, Muhlleinter

A Baryon # violation (E\&phaleron$
A C & CP violation (BSM)
A Out of equilibrium (% order PT, BSM)

Many BSM theories to accommodate

A AffleckDine mechanism (primordial universe)
A LeptogenesisB =uL viasphaleron$
A EWbaryogeneqgi¢l1storder PT, BSM)

Observationally,
. A proton decay,n — n oscillation

o A Majorana neutrinos
Plus extra Higgs bosons to search for
[ 020KFaUuAO ANI GAUGI OA2Y




Puzzles
that we may not find a solution

Aal 4a8 KASNI NOKeéyYy
ACEt | O2NRAY AYAVYAYLI |
AbSg Reéeyl YAOaAY al :
A Extended symmetry: SUSY?

A Unified forces: GUTSs?

A Extra dimensions / Quantum gravity?
AX X



The Way forwarcdglobal context

AEurope
European Strategy Process:

2020 Update of European Strategy for Particle Physics

HLLHCfcecee, Fcehh; R&D imaccl, detec, theo.
(Feb. 2, 2024. CERN Council midterm revieWwamproject)

AAsia
A Japan: 2017 JAHEP/KEK Roadmap:
SuperKEKBIPARC; HypeY T L[/ X
A China:BEPal: JUNOPandaX L HAASQAICPTCEPSppCX

AUnited States
A NAS Decadal survey on Astronomy & Astrophysics (2021)
A NAS Decadal survey on Elementary Particle Physics (2023
A Snowmass 2021 for a decadal study: two year work
A P5 (Particle Physics Project Prioritization Panel) final report

14



Explore the Quantum
https:// www.usparticlephysics.ofg023-p5-report/

Search for Direct Evidence

< llluminate
the
Hidden

9 Universe

Decipher

the

Quantum Paradigms in
Realm Physics
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The Energy Frontier Vision:

Direct Searches
Depends on
collider
environmen t
. LHC Future HE
| colliders
s
= :
é More
% Energy
= B
< >
® 8
o £
= E
S v

Mass Scale

The energy frontier believes that it is essential to complete thd HC

program, to support construction of a Higgs factory, and to ensure the

long-term viabllity of the field by developing a muleVenergy frontier
facility such as a Muon Collider or a hadron collider.
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Original from ESG 2020 by UB B  Pproton collider

BN Construction/Transformation
Updated July 25, 2022 by MN B Electron collider

B mMuon collider Preparation / R&D
LHC HL-LHC (14TeV, 3 ab™ X - "
2048 start physics
> 100km tunnel, installation FCC-ee: 90/160/250 GeV installation
o 1507105 b 1 FCC hh: 100 TeV =30 ab™!
) .
2048 start physics future energy frontier
CLIC: 380 GeV
holding 11 km tunnel 1.5 abL
29 km tunnel 50 km tunnel
Immediate futureA o star physics
5 ILC: 250 GeV 500 GeV 1 TeV
= 5 years 20km tunnel 2 ab? 4 ab™ = 4-5.4 ab
- 31km tunnel 40 km tunnel
2035 start physics future energy frontier
.E CepC: 90/160/240 GeV
s 100km tunnel [STSRRRES SppC: 75-125 TeV, 10-20 ab™*

ENEEE EEEEGEEEE EEEENEEEE EEEESEEEE EEEENEEEE EEEENEEEE EEEESEEEE EEEEN
2020 2030 2040 2050 2060 2070 2080 2090

Figure 6-40. Projected timelines for R&D, construction, and physics operations for some of the leading
proposed future collider options.
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The US EF community proposes to develop plans to site an ete” collider in the US. A Muon
Collider remains a highly appealing option for the US, and is complementary to a Higgs factory.
For example, some options which are considered as attractive opportunities for building a
domestic EF collider program are:

e A US-sited linear e*e~ (ILC/CCC) Collider
e Hosting a 10 TeV range Muon Collider
e Exploring other eTe~ collider options to fully utilize the Fermilab site

B Proton collider BN construction/Transformation
B3 Electron collider Preparation / R&D

B Muon collider
Proposals emerging from Snowmass 2021 for a US based collider

cccC 2040 start physics
CCC: 250 GeV 550 GeV 2 TeV
5 years 8 km tunnel 2 ab?! 4 ab? =4ab?

. RF upgrade
Muon Collider

2045 start physics
13 years 4km & reuse Tevatron ring ibili
Mote: Possibility of

OR 4km+6km km ring 10km & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1

&
D

BCG vaccination for Steps toward regulating/ /4 /
cattle pp.1410&1433 indoor air quality p. 1413

EEEEEEE SEEEEEEEE EENEEEEEE EEEEEEEEE aaaamas o 10 TeV u+ -

Parking Lot

2030 2040 2050 2060 2070 ' | SRk rere

|
|

. ¢
| Seycie Path &
|
|

Approximate timelines for proposals for ILC/CCC and Mt
[ for a US based collider option. '

Aradical new
particle accelerator
concept emerges. Call it physicists'
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Most wanted couplinghhh

collider Indirect-h hh combined
HL-LHC :78] 100-200%  50% 50%
ILC250/C”-250 [51,/52] 49% - 49%
ILCs00/ C3-550 [51, 52; 38% 20% 20%
(:LIC;E;() [54" 50% — 50(70
CLIC 500 :54] 49% 36% 29%
CLI(:;;()()() L54] 49% 9% 9(7(;
FCC-ee [55] 33% - 33%
FCC-ee (4 IPs) [55] 24% - 24%

FCC-hh [79] - 3.4-7.8% 3.4-7.8%

(3 TeV) 64] - 15-30% 15-30%
(10 TeV) 64 - 4% 4%

Conclusive test for the Higgs potential & EWPT
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On-going & Upcoming neutrino Experiments

Short-Baseline Neutrino Program at Fermilab

Target SBND MicroBooNE ICARUS
112 t active 89 t active 476 t active

Ex Time Mass cP Precision Meas
Future P ordering | phases -
| BNE: sinZ0, (0.5%),
:;':3 2024 2’: ° — | Am3, (0.3%),
Am3, (0.2%), 6 y
HyperK | ,,,, 3-50 |50(60%) Am3, ~0.6%,
(260 kt) 10y 10y sin6,3~1.6% *, 10y
DUNE |, 5 |50 50 (50%) | Am3, ~0.4%,
(17 kt*4) 1-3y 10y sin6,3~1.1% *, 15y



G2 to G3 DM Direct Detection

Gradient of Xe discovery limit,n = —(dIn¢/dIn MT) 1
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History of the Universe
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C M B S I s 0.01s 3 min 380,000 yrs 13.8 Billion yrs

Age of the Universe

Angular Scale

TEMPERATURE IS SPACE FLAT o e & e e

E-MODE POLARIZATION OR CURVED? HOW MUCH OF THE - R apt-Pego

B-MODE POLARIZATION UNIVERSE IS _ . [ “paa

ORDINARY MATTER? ——m
1.E+04
HOW MANY 102
“LIGHT RELIC”

16402 } ~ PARTICLES ARE '
- THERE? o~ Evibdas |
O 1.k+00 3 10° e
S = »
E _. S , \
@ 1e02 | B L } /1,/4/#1_1*_\1\ \
g b~ S B modes
0 r=0.1-—4-._ = i
o - T WHAT IS THE 102 I 4/’/‘/:/‘( 'S

TP R e W MASS OF THE P 5
r=0.001 — 17 - WHEN DID NEUTRINO? I i i BICEP/KECK CMB-54 Forecast
INFLATION HAPPEN?
.~ SPT
1.E-06 T T T T "
100.00 10.00 1.00 0.10 0.01 10~* 160 10.00
Angular Scale (degrees) Multipole number ¢
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A Grand Picture: SM & BSM

Superstrings ? | %

¢c2RIéQa
DM, baryogenesiX

Stars
Are Born

/ Inflationary

| Expansion
Forces

Separate

Nucleons
Created

-5

10°s 300 000 Years 10°Years  15-10° Years

10" TeV 10" TeV 150 MeV 0,7 MeV

exciting journey ahead!
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New PhyS|cs Dlrectlons in the LHC era and beyond
| 2 ‘ ‘ \

“ | NEWFO

~ F. Goertz (chair)
A. Ahmed
A. Angelescu
A. Bally
Y. Chung
S. Fabian
M. Hager
S. Najjari
A. Pastor-Gutiérrez
A. Tada
B. Schwarz (scientific secretary)




Backup slides
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HEP at a Crod30oad

While there are many fundamental questions,
no clear argument for the next physics scale for discove

Gt NBRAOUAZ2Y A& KINRE Sa
62 KSy @2dz O02YS 042 | F¥2N
C Yogi Berra
We must explore all directions!
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Physics example 2: WIMP DM Searches

B N et From LUX collaboration
KE%S‘;MEHEE ':E??-Sj'w hold {2011) 3
10—39_ —i— TGOS Ge Low Threshold (2011) — e —

CoGeNT

" (2012) _4
: COMSSi 10
eo1zy )
5 DAM@__,H’K SIMPL 10

(Violet oval) Magnetic DM
(Blue oval) Extra dimensions
' (Red circle) SUSY MSSM
A MSSM: Pure Higesino
10_49 - & MSSM: A funnel
& MSSM: Bino-stop coannihilation

WIMP—-nucleon cross section [pb]

e
o O
5 3

WIMP-nucleon cross section [cm?]

[ (Green ovals) Asymmetric DM \

10_50 I i MSSM: Binu:squalrkc:c:alnnlih'llﬁtl'ign . o o | ] 0_14
1 10 100 1000 10% .
GeViow mass: WIMP Mass [GeV/e 100GeVor higher mass:
N o . IMP dSS c .
DD difficult; DD + ID + HEollider

Collider complementary
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From Fermilab
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