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Ancient Greeks:
Elements




Periodic Table

Los Alamos National Laboratory Chemistry Division
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element names in blue are liquids at room temperature

) !
o Los AI amos element names in are gases at room temperature

NATIONAL LABORATORY element names in black are solids at room temperature

avors of atoms?




Rutherford

all chemical elements

electrons

° / nucleus
/\' N 7 neutron
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©1992 Encyclopaedia Britannica, Inc.
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resolution=energy

® Quantum Mechanics:
particle=wave

® higherenergy [ = ¢p
= shorter wavelengthAx ~ )\ — ﬁ
= better resolution DR P

® Rutherford scattering:

E = 8.3 MeV
m = 3.7 GeV
— E = 5.0 fm

b

low energy

/o o)
L J high energy
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deeper into the heart
of the matter (literally)

increase resolution

Einstein? My son on Halloween!
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® Fermi formulated the
first theory of the weak

force (1932)

® The required energy scale
to study the problem
known since then: ~TeV

® We are finally got there
with LHC!
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® fixed target experiment:

\/g AV 2Ebeatharget

Foeam )
zGeV( b )

@\

Vs~ 14 TeV

= Epheam =~ 100,000TeV

® need R~400,000km
® collider: R=27km

\/§:2Ebeam:2><7Te

Globatron
40000km
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challenges

2
. J(e+e_%,u+,u_):47mé _ 86.8f102
® unitarity: OxE~2 38 s/TeV
® higher current = N N5
higher power L = 1 Jeollision
® beam is a‘“gas” of Toz0y
particles 1 e’B3E*
® pretty sparse AEgr = 3 RmA
® need to squeeze the €0 m
beam to tiny size 1 (E\"
® need to avoid Psynchrotoron X ﬁ (E)

synchrotron radiation

® energy loss per time (200 GeV)? (1 TeV)?

® can’t scale LEP 27 km 675> km

(1 TeV)?
muon collider:
still need magnets: >km 160 m
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nano beam

SRS I (without crab)

100pm o

crossing angle

- =22 mrad

crossing angle

ILC beam is only 7nm high
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Japan is a leader
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Protons in LHC

A voltage generator induces an electric field
inside the RF cavity. its voltage oscillates
with a radio frecuency of 400 MHz.

X

Protons never feel a force
in the backward direction.

Protons always
feel a force in the
forward direction.







Multiple Wavebands
In Astronomy
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Infrared (ESANISO/L.Vigroux et al.) Radio INRAOMMLA)



Telescopes vs Accelerators

aim necessity telescopes accelerators
. better bigger mirrors, | higher ener
better image . 85° 5 &)
resolution site, AO better detector
larger more powerful
better 5 P
probe deeper telescopes, beams
exposure : N
more time WinlhiteNi9%
OIR, radio, protons,
full .
. multiple probes | X-ray, UV, v, electrons,
understanding .
GW, CR neutrinos
different time share facility share
Pl mode . .
science instruments detectors
- dedicated .
survey mode | large statistics collider

survey
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had predicted .
three for each typeop

bottom 1978
tau

muon @

. ® e All you need
electron down UP to build atoms

strange ‘ charm
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—e— Data ATLAS Preliminary
Background Vs=13TeV, 13.3 fb™

—— Signal + Background H—syy, m =125.09 GeV
—— Signal H

® triumph of 20th century physics
* most successful physical theory ever
» describes three forces:
e electromagnetism
e strong
* weak N
e Particle Data Group complies more | 5591513 Tew
than 24,000 measurements, all agree LR
with the SM except for a few =
e some predictions (electron magnetic =
moment) are test at the level of 10-12!
e pbut we see problems in the 21st
century

S/B weighted sum of
event categories
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Events / 4 GeV
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~ 700 900
m,, (GeV)




ﬁ%)A\/\{ﬁ f What is Higgs!?
4 = . s it alo
PreSS| ng Any siblin
Any relatives!? 1
~ Why frozen!?
® Higgs boson is the only spin 0 particle in the
standard model T

® it is faceless

® |ooks very artificial

® we still don’t know dynamics behind the
Higgs condensate

® Higgsless theories: no
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12 Context for
Scalar Bosons?

Supersymmetry
® Higgs just one of many scalar bosons
® SUSY loops make mp? negative
® superpartners
composite
® spins cancel among constituents
® condensate by a strong attractive force,
holography
® top partner, pPNGBs, vector-like quarks
Extra dimension
® Higgs spinning in extra dimensions
® new forces from particles running in extra D
e KK particles

a different “naturalness” argument
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mH=125 GeV seems almost maliciously designed
to prolong the agony of BSM theorists....




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



dream case
for experlments
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can measure them all!
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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

® dark matter (2003)
® neutrino mass (1998)

® dark energy (1998)

ccccccccccccccc m

® acausal density fluctuations (2003)

® baryon asymmetry (2003)

Early Universe = laboratory of particle physics



Mystery

® Weak force is basically . -'; i i 1..; 1
the same kind as the L fom i“
electromagnetism ‘

® But then why is its range
much shorter than the
size of nuclei?

® the range |0-16cmis SPmE .-
just right!



symmetry gets broken

disorder = order



Higgs boson frozen in the Universe

¢ e -

electron
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Just the right amount of Higgs boson for us to exist!

Photon

L

Credit: Newton Jap:






Who is he?
hy is he frozen?
hy do we exist?




LUl'R CHICTyYy
accelerated

expansion
. Cosmic Microwave Yy
RHIC & Background radiation i
Accelerators |LHC is visible '

LHC |

protons

ol

| High-energy

t = Time (seconds, years) &, oS .:\V
E = Energy of photons (units GeV = 1.6 x 10710 joules) by °))( .,:/ S 06%\
y AN
= - - // ~ o
Ke Credit: Particle Data Group & » & 0
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Q neutrino % ion * star ~ )?

X gluon W w K7 /A




Cold Afom Laborafor (CAL) on ISS




https://en.wikipedia.org/wiki/File:Bose-Einstein_Condensation.ogv






proton - (anti)proton cross sections
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Gtot

Tevaitron TLHCI
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M =125 Gev{ Oy
GVBF
WJS2012 ,
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0.1 1 10

Je (TeV)

Democratic

-1

33 -2
events/secfor=10"cm s

a(fb)

107

10°

10°

10%

103
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10

Cross sections
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GRLNs




Holistic

simple kinematics
2 2

me...g =my +s—2v/sEy

no loss of the longitudinal e

momentum (modulo photon
emission)

can make use of all final states

Signal+Background
—— Fitted signal+background
—— Signal

¢ nOt JUSt eaS”y |dent|f|ab|e ‘I l' Fitted background
particles (i.e. leptons@LHC)

capture all information for a
given event

.
115 120 125 130 135 140
m /GeV

recoil




‘Zé UM event from 2012 data wi’r 25 r'econsTr'uc vTice
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used for producing

particles
democratically

and known
® entire CM energy can IGL_IC

N

® can make particles
® can capture whole
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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 ???







' Yertex
Detector

. Inner Tracking
Chamber

. Time Projection
Chamber

Electromagnetic
Calorimeter

- superconducting
Magnet Coil

. Hadron
Calorimeter

. Muon
Chambers

. Luminosity

Monitors

The ALEPH Detector












Run=15768 Evt=5906
ALEPH DALT un v
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“New particle” has
spin |/2

(I +cosB)2

sin26

d G/d cos ( GTHRUST)

N

o

1

0.8

0.6

0.4

0.2

0

0

quark

ALEPH

— MC detector level

0.1

+ MC parton level

0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
COS (QTHRUST>




Run=9063 Evt=7848
ALEPH DALT un v




spin |

gluon

e (Corrected Data 1992

—— Vector Gluon, LO

Vector Gluon, LO + Fragment.
Scalar Gluon, LO

Scalar Gluon, LO + Fragment.

0.2 0.3 0.4 0‘.5
Z:(XZ-X3)/\/3
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B Proton collider

B Electron collider

Ll Electron-Proton collider
mmsss Construction/Transformation

Possible scenarios of future colliders

% 4 years 9 y2ars 'LC: 250 GeV Preparation
% 20km tunne!
© ERAEL CepC: 90/160/240 GeV : :
c L ——] g SppC aim similar to FCC-hh
‘- { 100km tunnel 16/2.6/5.6 ab
O IS
e e | FCC hh: 150 TeV =20-30 ab-1
R yoars -ee: 1./ ab
90/160/250 GeV
100kmt | 150/10/5 abd 11 years
PR FCC hh: 100 TeV 20-30 abt
B years
100km tunnel
=
5 HL-LHC: 13 TeV 34 ab?
()

2ycars  6years |LdeC: 1.2TeV
S 0.25-1ab1®

s LG CLIC: 380 GaV 3 TeV
11 km tunnel 1.5ab!? 5 ab-t

m tunnel 50 km tunnel
s EEpEslEsEaE SEEnEREsE SsSaEEREEEE  BEEE HEE EaoaEREESEE SEssieesnEs s sl

2020 2030 2040 2050 2060 2070 2080 2090

U. Bassler, CERN Council Meeting, 2019




10" FCC-hh @ -
® hadron LHC SppC
af A lepton
10 F -
" Tevatron
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Why 250 GeV?

e 1980’s: 1.5 TeV minimum

e we didn’t know whether o
EWSB was strongly or ’ Ll

L % —0.02758:0.00035 | :
% % e 0.02749:0.00012 [f ¢
Weakly Coupled incl. low Q° data

e 2000’s: 500 GeV

e |LEP told us it is likely to
have a Higgs boson <250 /
GeV ATLAS-CONF-2016-06" o L proiminary

e 2012: 250 GeV

ATLAS Preliminary

[}
200 Data
. P -+---. Background Vs=13TeV, 13.3 fb™
e mu=125 GeV, ZH production
9 s
140

H
S/B weighted sum of
event categories

possible at 250 GeV

e 350 GeV also allows for
t tbar production




Future of colliders
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New enabling technologies

LHG/ /(-
27km$\ CERN 7) Geneva #3 u
13 TeV pﬁ =7 ~100TeVpp

GENEVA - _ Rl

"/—l

ItJII

NbSn3 16T
High Tc 20T
superconductlng magnets |2 Roc

Muon production and cooling
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