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quark, C,T The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
<22 eV <017 MW <155 Nt B0 4 Gevi? | Physics for 2013 to
a 0 'I a ‘ o Y Frangois Englert and Peter Higgs =
b tOp v v v‘ 2 2 vt 1 w “for the theoretical discovery of a
’ ’ T eleclron muon tau mecharnsm» that tantrlby!es to our
neutrino neutnino neutrno W boson understanding of the origin of mass of

subatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large
Hadron Collider”
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@ U.S. Particle Physics

About Particle Physics Resources for Physicists Particle Physics in the United States

2023 P5

P5 (Particle Physics Projects Prioritization Panel) reports to HEPAP
(High-Energy Physics Advisory Panel) that advises High-Energy Physics
of DOE Office of Science and Division of Physics of NSF. We will build
on the “Snowmass” community study to hash out priorities for the
next 10 years within 20-year context.

% U.S. DEPARTMENT OF Office of

ENERGY Science B

Home About Laboratories Science Features Universities User Facilities Funding Initiatives Programs

Home | Programs | High Energy Physics (HEP) | Research | Snowmass / P5 Planning Process

About Snowmass / P5 Planning Process
Research
Science Drivers of Particle Physics The goal of this planning process is to identify the most compelling scientific opportunities at the Energy,

Intensity, and Cosmic Frontiers, and to identify those technologies required for frontier research. This multi-step
Energy Frontier process requires broad input from all members of the community.
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Leaving his rock star dreams behind, Murayama rekindled his love of physics as
Hitoshi Murayama ne studied for graduate school entrance exams. He applied to study particle physics
brings people at the University of Tokyo.
together

Murayama was especially excited about studying aspects of particle physics
that could be observed and tested through experimentation. But once he
arrived at University of Tokyo, he soon realized his research interests didn’t align
with those around him. “Everybody in grad school was studying string theory except
me,” he says. “| felt very isolated.”

He was considering quitting when a visiting scientist gave him new hope.
Kaoru Hagiwara, a physicist from the High Energy Accelerator Research
Organization, or KEK, in Tsukuba, Japan, delivered a series of lectures on
subatomic particle research. Murayama was hooked. “I asked him right away—I
begged him—to work with me,” Murayama says.

Hagiwara said he couldn’t teach until he returned from a two-year sabbatical in the
UK. For the next two years, Murayama continued through his graduate program,
studying condensed-matter physics and superconductors and clinging to the hope
that Hagiwara would return and mentor him through the end of his doctorate
research.
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"for the invention
and development of
the cyclotron and for
results obtained with
it, especially with
regard to artificial
radioactive

AR elements.”
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Tevatron: from the Discovery of the Top
Quark to the Evidence for the Higgs Boson
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Accelerator

VEPP-2000

VEPP-4M

BEPC Il
DAFNE

SuperKEKB

RHIC

LHC

EH T E., MEREKE

Belle2: (7+4)72-(7-4)*2=112

Belle: (8+3.5)"2-(8-3.5)"2=112

Centre, city,
country

INP, Novosibirsk,
Russia

INP, Novosibirsk,
Russia

IHEP, Beijing, China
LNF, Frascati, Italy
KEK, Tsukuba, Japan

BNL, New York,
United States

CERN

First
operation

2006

1994

2008

1999

2018

2000

2008

accelerated

sqrt(112)~=10.58GeV

max energy per Luminosity, 103°

particles cm-2s-1
e'e” 100
e'e” 20
e'e” 1000
ete” 453[13]
e'e” 7(e7), 4(eh) 24000(14]
Zp’A Cu-C 233, 243,
u-Au, Cu-Cu,
100/n 0.0155, 0.17, 0.85
d-Au
6500 (planned
PP, 7000), 21000,!15]

Pb-Pb, p-Pb, Xe-Xe

2560/n (planned 0.0061, 0.9, 0.0004
2760/n)

e- \
7 GeV |

Perimeter
(length), km

0.024

0.366

0.240
0.098
3.016

3.834

26.659
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Measurement of time-dep. CP Violation

> Asymmetric beam energies

> Entanglement

» Decay of one B meson
attime t_ in flavor eigenstate Q - tagging

+ Other B meson is at time t__ in flavor eigenstate Q
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N . ‘ Four-Quark Matter

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII Collaboration
in China and the Belle Collaboration in Japan reported they had sorted through the debris of high-energy electron-
positron collisions and seen a mysterious particle that appeared to contain four quarks. Though other
explanations for the nature of the particle, dubbed Z.(3900), are possible, the “tetraquark” interpretation may be
gaining traction: BESIII has since seen a series of other particles that appear to contain four quarks.

https://physics.aps.org/articles/v6/139
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The Nobel Prize in Physics
1957

Chen Ning Yang

Tsung-Dao (T.D.) Lee

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1957 was awarded jointly to Chen Ning
Yang and Tsung-Dao (T.D.) Lee "for their penetrating investigation
of the so-called parity laws which has led to important discoveries
regarding the elementary particles”
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’llél;% Nobel Prize in Physics ";7] %ﬂ *E g“l.s %ﬁm %E

Pavel Alekseyevich II" ja Mikhailovich Igor Yevgenyevich

: 1
Cherenkov Frank Tamm S' vertex
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3 Detector
The Nobel Prize in Physics 1958 was awarded jointly to Pavel 2m

Alekseyevich Cherenkov, Il"ja Mikhailovich Frank and Igor

Yevgenyevich Tamm “for the discovery and the interpretation of
the Cherenkov effect".

_ Trackmg chambers | \‘:'
2m  Mirror plate Muon system

When a charged particle travels faster than light does through a given medium, it emits
Cherenkov radiation at an angle that depends on its velocity. The particle's velocity can
be calculated from this angle. Velocity can then be combined with a measure of the

particle's momentum to determine its mass, and therefore its identity. 3



https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_12.pdf

Example of particle interactions

1 lonization 1 Pair production 1 Compton scattering

Charged Electron Electron

Particle

Positron

Nucleus Electron

Electron
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_12.pdf

EM interaction of charged particles with matter

Interaction with the
atomic electrons.
Incoming particles
lose energy and
atoms are excited
or ionized.

Interaction with the
atomic nucleus.
Particles are
deflected and a
Bremsstrahlung
photon can be
emitted.

If the particle’s velocity is > the

velocity of light in the medium —

Cherenkov Radiation.

When a particle crosses the
boundary between two media,
there is a probability =1% to
produce an X ray photon

20


https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf

https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_|2.pdf https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf

Energy Loss by lonization

Assume: Mc? > m_c? (calculation for
electrons and muons are more complex)

Charged

particle
Interaction is dominated by elastic

o _ Electron
collisions with electrons

— The trajectory of the charged particle
is unchanged after scattering

« Energy is transferred to the electrons Ap = fF dt = fF —dx fF —

Energy loss (- sign) Bethe-Bloch Forli/
A Fast particle
dE 2mm
—( — Kz2—— |= ln
A 62

dx

Classical derivation in backup slides x 1/B2 -
agrees with QM within a factor of 2

In(const - B%y?)
21
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_|2.pdf https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf

The Bethe-Bloch
Formula

1 Common features:

— fast growth, as 1/p?, at low
energy

— wide minimum in the range
3<pBy=<4,

— slow increase at high By.

1 A particle with dE/dx near
the minimum is a minimum-
lonizing particle or mip.

The mip’s ionization losses
for all materials except
hydrogen are in the range
1-2 MeV/(g/lcm?)

— increasing from large to low
Z of the absorber.

-~ dE/dx (MeV/(g/cm?2))

105 T T T TTTTIT T T TTTTIT T IIIIIII| T T IIIIIE
o PDG -
6 H, liquid !
4 P
E He gas E
3 —
L C—e—=
L1 T TTINONNNN | NPT ™ | 1] T el = Al — —
ol T~ Fell __Le—nr®
I e ]
L - i
1 1 1 IllIllI 1 1 lllllll 1 1 IllIIII 1 1 IIIlllI 1 11 1111l
0.1 1.0 10 100 1000 10,000
By=p/Mc
1 1 lllllll 1 1 lllllll 1 1 Illllll 1 1 lllllll 1 1 lIlIIlI
0.1 1.0 10 100 1,000
Muon momentum (GeV/c)
1 1 lllllll 1 1 lllllll 1 1 lllllJJ 1 1 lllllll 1 1 lllllll
0.1 1.0 10 100 1,000
Pion momentum (GeV/c)
| 1 1 lllllll 1L 1 lIllIII 1 1 lllllll 1 1 lllllll 1 1 L1l
0.1 1.0 10 100 1000 10,000

Proton momentum (GeV/c)
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https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_|2.pdf https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf

Small energy loss Cosmic rays: dE/dx=z?2
- Fast Particle

Jungfraujoch

Discovery of muon and pion

D. Bortoletto Lecture 2 — 23


https://indico.cern.ch/event/387976/attachments/1124401/1605557/daniela_l2.pdf
https://people.phys.ethz.ch/~mdonega/slides/passageOfParticlesThroughMatter.pdf
https://www.hfsjg.ch/wordpress/workshops/2019_EPS/Flueckiger_Erwin_Homepage.pdf

The Nobel Prize in Physics R ﬁ;
1959
e o 19284%DiracHEF1EERE, L& T antimatter,

o 19324, FHEZPLINIERF,

e 19554, Lawrence Berkeley National Laboratory

#HBevatron X I & R+,

Emilio Gino Segreé Owen Chamberlain
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1959 was awarded jointly to Emilio Gino
Segré and Owen Chamberlain "for their discovery of the
antiproton”

Observation of Antiprotons

Owen Chamberlain, Emilio Segre, Clyde Wiegand, and Thomas Ypsilantis
Phys. Rev. 100, 947 — Published 1 November 1955

BRFIT48

24



https://indico.cern.ch/event/104466/attachments/15569/22575/The_Bevatron.pdf

The Nobel Prize in Physics % :ﬂ E _ M
4 y

e Abubble chamber is a vessel filled with a superheated
transparent liquid used to detect electrically charged
particles moving through it.

e Itwas invented in 1952 by Donald A. Glaser, may be after
looking at the bubbles in a glass of beer.

Donald Arthur Glaser
Prize share: 1/1

The Nobel Prize in Physics 1960 was awarded to Donald A. Glaser
"for the invention of the bubble chamber".

Viu Vi

Gargamelle
7" Sl
1973

e e-

https://cerncourier.com/a/neutral-currents-a-perfect-experimental-discovery/



https://cds.cern.ch/record/39468
https://cerncourier.com/a/neutral-currents-a-perfect-experimental-discovery/

https://home.cern/news/news/ph
59 years‘of giant electroweak 3 .' _ ' e o
discoveries ; ) P, | neutrino

On 19 July 1973, the Gargamelle bubble chamber at CERN revealed the existence of
weak neutral currents and put the nascent Standard Model of particle physics on solid

ground

19 JULY,2023 | By Matthew Chalmers

Shower of
particles due to
bremstrahlung

€&— Collision

point

€— Incoming

neutrino



https://home.cern/news/news/physics/50-years-giant-electroweak-discoveries

The Nobel Prize in Physics
1965

\

Julian Schwinger

a~
Sin-Itiro Tomonaga

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1965 was awarded jointly to Sin-Itiro
Tomonaga, Julian Schwinger and Richard P. Feynman "for their
fundamental work in quantum electrodynamics, with deep-

ploughing consequences for the physics of elementary particles".

Feynman diagram for

i i like charge repulsion

vertex

Solid line space A ling which begins and ends

for particle :> in the diagram represents a
*virtual particle". In this case
itis a virtual photon.

BFEINNF

relativistic quantum field theory of electrodynamics
describes how light and matter interact and is the first
theory where full agreement between quantum
mechanics and special relativity is achieved.

Richard P. Feynman

PRL 100, 120801 (2008) PHYSICAL REVIEW LETTERS 28 MARCH 2508

New Measurement of the Electron Magnetic Moment and the Fine Structure Constant

D. Hanneke, S. Fogwell, and G. Gabrielse”
? Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Received 4 January 2008: published 26 March 2008)

A measurement using a one-electron quantum cyclotron gives the electron magnetic moment in Bohr
magnetons, g/2 = 1.001 159652 18073 (28) [0.28 ppt], with an uncertainty 2.7 and 15 times smaller than
for previous measurements 1n 2000 an € electron is used as a magnetometer to allow line shape
statistics to accumulate, and its spontaneous emission rate determines the correction for its interaction
with a cylindrical trap cavity. The new measurement and QED theory determine the fine structure
constant, with @' = 137.035999 084 (51) [0.37 ppb]. and an uncertainty 20 times smaller than for any
independent determination of a.

New determination of the fine structure constant and test of the quantum
electrodynamics  ppys, Rev. Lett. 106, 080801 (2011)

Rym Bouchendira,! Pierre Cladé,' Saida Guellati-Khélifa,? Francois Nez,! and Francois Biraben!
! Laboratoire Kastler Brossel, Ecole Normale Supérieure,
Université Pierre et Marie Curie, CNRS, 4 place Jussieu, 75252 Paris Cedex 05, France
“Conservatoire National des Arts et Métiers, 292 rue Saint Martin, 75141 Paris Cedex 03, France

We report a new measurement of the ratio h/mgy between the Planck constant and the mass
of ¥'Rb atom. A new value of the fine structure constant is deduced, o' = 137.035 999037 (91)
with a relative uncertainty of 6.6 x 107'°. Using this determination, we obtain a theoretical value
of the electron anomaly a, = 0.001 159 6! »’ 181 13(84) which is in agreement with the experimental
measurement of Gabrielse (a, = 0.001 159 652 180 'JlM(umpdrhun of these values provides
the most stringent test of the QED. Moreover, the precision is large enough to verify for the first
time the muonic and hadronic contributions to this anomaly.

27



Luis Walter Alvarez

Prize share: 1/1

Brookhaven
in 1964.

ARESAE, —HRIES

The Nobel Prize in Physics 1968 was awarded to
Luis Walter Alvarez "for his decisive contributions to

Symbol

Rest
Makeup |mass Spin|B |S |Lifetime De((:jay
MeV/c2 Modes

elementary particle physics, in particular the
discovery of a large number of resonance states, Omega

o

sss 1672 || 3/2 FF x(i'os-fo =0, AOK

made possible through his development of the
technique of using hydrogen bubble chamber and
data analysis."

I ‘ LSy
i 4
3 - B ST
S
.

The bubble chamber picture of the first omega-minus. An incoming K- meson

interacts with a proton in the liquid hydrogen of the bubble chamber and produces an

confirmed the validity of
the SU(3) symmetry of
the hadrons.
=RE/N\EE

(The Eightfold Way)




https://indico.cern.ch/event/1303471/contributions/5481927/attachments/2683461/4655397/muography-iisc-2023.pdf

Fast-forward by 50 years T

Quasi-
horizontal
muons

ScanPyramids Big Vioid

25 2

Grand Gallery ScanPyramids

North Face Cortidor

Search for hidden chambers in the Chephren’s Pyramid
Discovery of a big void in Khufu’s Pyramid by
observation of cosmic-ray muons
Morishima et al., Nature 552 (2017) 386

L.W. Alvarez et al. Science 167 (1970) 832

Alvarez chose the wrong pyramid...

30
(But would have he been able to spot this void?) 29


https://indico.cern.ch/event/1303471/contributions/5481927/attachments/2683461/4655397/muography-iisc-2023.pdf

The Nobel Prize in Physics
1969

mass  =2.2 MeV/c2 | =128 GeVic2 | =173.1 GeV/c2
charge | % % %

som |2 (U » & % y

[ up f(charm ( top

J

=4.7 MeV/c2 | | =96 MeV/c2 | =4.18 GeVic2

9p
x_l —~k =5
gfw - @ | @

. down || strange | bottom
L L I

Murray Gell-Mann

Prize share: 1/1

The Nobel Prize in Physics 1969 was awarded to Murray Gell-Mann
"for his contributions and discoveries concerning the classification
of elementary particles and their interactions".

Triply strange Yuval Ne'eman (left) and Gell-Mann in March 1964, holding a copy of the event
display that proved the existence of the (O~ baryon that was predicted by Gell-Mann's “eightfold
way”. Credit: Courtesy of the Archives, California Institute of Technology.




The Nobel Prize in Physics
1976

1.27 GeVJ/c?
%3
15

Burton Richter Samuel Chao Chung

Prize share: 1/2 Ting Charm

Prize share: 1/2

The Nobel Prize in Physics 1976 was awarded jointly to Burton
Richter and Samuel Chao Chung Ting “for their pioneering work in
the discovery of a heavy elementary particle of a new kind"

trigger paths
210°4 2011Run, L=111") ) ey
S CMS \s=7 TeV Wy
g 10° B, - 1
2 ¥ i
:.E, 10% I low P, double muon
& high P, double muon

z

101

T T T
1 10 107
dimuon mass [GeV]
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https://www.aip.org/history-programs/niels-bohr-library/oral-histories/44898

Uhlenbeck, after | was with him about a month or two, had an afternoon meeting with all of his
graduate students. There were three or four of us. He said, "If | were to live my life over again, |
would be an experimentalist rather than a theorist." | was very surprised. | discovered that one
of the great theorists of the 20th century wanted to be an experimentalist. | asked him why? He
said, " Whereas an average experimentalist is very useful because every measurement is
useful, an average theorist is not. You can count on your fingers how many theorists made a
difference in the 20th century." A few hours after this conversation, | went back to see him and
said, "You're right. | should leave you, and | should try to do experiments." That's how | became
an experimentalist.

SeNRmAmR(TEPIME—REBXA—FWITARE, SMmEMMREEHRITT —RXTFH
SH. BNAE=ZEmI A i “NMBHEHAEEBER—R, EERA—BEER, MAZE
—ZEPR,EREBRIT, AWM 20 HE— A FERMEBLRERA—BSENR, FEoth R
o2t “EBNLEFREERR BAE— JE/J”UE%BE’EFHEI’J & @RS RN
TR ARAILUBAFIEEAHEEZ VEPLRE 20 tHE M T 5wk, "X XIKIEILN /DN E,
FKEIEWM, 57 MREXNE, HNMIZEFFR, EMIZZ M0, "X RS T — AL
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https://www.aip.org/history-programs/niels-bohr-library/oral-histories/44898

The Nobel Prize in Physi
1973 obel Prize in Physics %ﬁﬂ%&

Start with 4 massless bosons W™, W3, W~ and B. The neutral bosons mix to
give physical bosons (the particles we see), i.e. the W=, Z, and 1.

W+ W+
Wj i B — Z Dy
Ww- Ww-

‘ ; - . n -

Sheldon Lee Glashow Abdus Salam Steven Weinberg Phy5|ca| fields: W™, Z, W™ and A (phOton)'

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3 Z = WscosOw — Bsinfy

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon Lee A= Wssinfy + Bcosty 0w Weak Mixing Angle

Glashow, Abdus Salam and Steven Weinberg "for their
contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles,
including, inter alia, the prediction of the weak neutral current”.

FrAEFEE Standard Model

W=, Z “acquire” mass via the Higgs mechanism.

SUB)c®SUR)L@U1l)y 2 SU@3)c®U(1)qep
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The Nobel Prize in Physics
1984

Carlo Rubbia Simon van der Meer

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1984 was awarded jointly to Carlo
Rubbia and Simon van der Meer "for their decisive contributions to
the large project, which led to the discovery of the field particles W
and Z, communicators of weak interaction"

Cross-section (pb)

p—
<

W, ZBia-F

Centre-of-mass energy (GeV)

RIS LR RS N BURIE N SR L (RO R R
E + - =
E e ¢ —hadrons :
= DORIS | W W =
E PEP E
A - E— ' :
. KEKB Tearal SLC 4
PEP-II e
g_ | | | IIJE[,II LIEP III | _§
0 20 40 60 80 100 120 140 160 180 200 220
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The Nobel Prize in Physics
1988

Leon M. Lederman Melvin Schwartz Jack Steinberger
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1988 was awarded jointly to Leon M.
Lederman, Melvin Schwartz and Jack Steinberger "for the neutrino
beam method and the demonstration of the doublet structure of
the leptons through the discovery of the muon neutrino”.

Beryllium Steel Shield
The AQS Neutrino Spark Chamber
Experiment at - Pions
Brookhaven,
1962 some decay to few muons +
muons+(muon?) muon?) neutrinos
neutrino

Pauli, Nbbel Prize portrait

1930
Pauli
s

PiEF
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’11"9%% Nobel Prize in Physics % E 3F3¥. % ﬁﬁﬂ

kl

N
Jerome I. Friedman Henry W. Kendall Pi“otc: T. Nakashima
: ; Richard E. Taylor (U=
Prize share: 1/3 Prize share: 1/3 i )
Prize share: 1/3 (
)
The Nobel Prize in Physics 1990 was awarded jointly to Jerome I. &

Friedman, Henry W. Kendall and Richard E. Taylor “for their
pioneering investigations concerning deep inelastic scattering of
electrons on protons and bound neutrons, which have been of

essential importance for the development of the quark model in p
particle physics".

B F . B FhilliE
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The Nobel Prize in Physics 1992 g%IE tti

Drift Tube, Time Projection Chamber

14
.
Time
W ,
- . S2
I,x"/ - o
/"’/ —D_ A
£ AP
Wire chamber with wires (w) & ]
Phot m the Nobel Foundation and cathode (= plates (P). The Drift time
archive. particles flying through T will indicates depth
Georges Charpak ionize gas atoms and set free a
Prize share: 1/1 charge that an amplifier (A)
collects (impulse at the output). N S1
The Nobel Prize in Physics 1992 was awarded to
Georges Charpak "for his invention and — ionization electrons &
R . a N UV scintillation photons (~175 nm) rage by G Fanam (Seown)
development of particle detectors, in particular the
multiwire proportional chamber." Dark Matter TPC detector: 3D position

reconstruction: X-Y from top PMTs array and
Z from drift time between S1 and S2. 37



The Nobel Prize in Physics
e Taug+F 1977

R h 8 F B F R h#F 1956

Ve +p—n+e’

1.777 GeV/c?

’ © University of
Martin L. Perl rj&“f;',»rfia 'F?egém
Prize share: 1/2 Frederick Reines tau

Prize share: 1/2

The Nobel Prize in Physics 1995 was awarded “for pioneering
experimental contributions to lepton physics” jointly with one half
to Martin L. Perl "for the discovery of the tau lepton” and with one
half to Frederick Reines "for the detection of the neutrino”.

Stanford Positron Electron Asymmetric Rings, 1977.
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;I(:)l;% Nobel Prize in Physics ﬁ;ﬁﬁﬂ = E it

‘ a b c
Gerardus 't Hooft Martinus J.G. Veltman ( ) ( ) ( )
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1999 was awarded jointly to Gerardus 't
Hooft and Martinus J.G. Veltman "for elucidating the quantum
structure of electroweak interactions in physics"

1/0-1/0: infinity cancellation, regularization
Meanifull predictions from theoretical calculations
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The Nobel Prize in Physics s

5 QED /

—/ Confinement

L 1GeV: o b1

: ; : Asymptotic
David J. Gross H. David Politzer Frank Wilczek Freedom
; c1/3 Prize share: 1/3 : <173 - :
Prize share: 1/3 Prize share: 1/3 High Energy A’[z EBwW Energy High Energy T Energy
The Nobel Prize in Physics 2004 was awarded jointly to David . \E — 100 GeV o.= 012
= ; s = U.

Gross, H. David Politzer and Frank Wilczek "for the discovery of
asymptotic freedom in the theory of the strong interaction”.

QED: U(1) BAaIDI/REE
QCD: SU(3) JERIDI/REE > #itBH, RFEHEER
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The Nobel Prize in Physics
2008

XIS B AZ BRI
CKM, topE it

da™ (e V. Vo fa@?
Photo: University of © The Nooe © The Nobel Ud us Ub
Chicago Foundation Photo: U. Foundation Photo: U. '
Yoichiro Nambu ':;C::aq Foh hi rT:rha’:d T S prm— V V V S
Pibe chapes 173 akoto Kobayashi oshihide Maskawa cd cS cb

Prize share: 1/4 Prize share: 1/4
b’ Ve Vo Vi) \D

The Nobel Prize in Physics 2008 was divided, one half awarded to k ) k td ts tb \ )
Yoichiro Nambu "for the discovery of the mechanism of ~ e —
spontaneous broken symmetry in subatomic physics”, the other
half jointly to Makoto Kobayashi and Toshihide Maskawa "for the VCKM

discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks in nature”.

E%EZF'?EI&.\

= BHEEFRARES
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The Nobel Prize in Physics

S Higgs Boson

CMS Expeiment at the LHC, CERN
Data recorded: 2012-May-13 20:06:14.621490 GMT
RuvEvent: 194108 / 564224000

£125 GeV/c?
:
0 I I
Higgs-
boson
Frangons Englert Peter W. Higgs - I hitp://atlus.ch

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francgois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider”

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




M3 2013@CERN
https://videos.cern.ch/
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Andreas B. Meyer, DESY KCMS Seminar, 22 Sep 2021

Cross Section and Luminosity R(t) = L(t) - 0yis

Number of target particles: N2

Number of beam particles: N+ Target thickness: dx

d N1
Number of interactions /tme: R = —— no -dx - 0

dt

® The number of interactions per time, i.e. the rate £
section o . »
dNq

® The proportionality factor(L = Ny - dx

—_dt

IS proportional to the material-specific cross

called luminosity 44



https://www.desy.de/~ameyer/luminosity_kcms_210922.pdf

Joscha knolle FSP Colloquium 2022 R hlfilE

m luminosity from beam parameters:

What is luminosity?

m measure of collision rate:
dN m units of luminosity: (area-time)~

dt (pp 0 X) =L- U(pp = X) m instantaneous luminosity: Hz/pub
m integrated luminosity [dt £: fb™!

1

e ©
’i ‘ .

e o

Ny protons, frequency v

B
By =
R I
2 =
>
N protons, frequency v transverse luminous
area Ajuminous 45

<



https://indico.cern.ch/event/1096845/contributions/4614337/attachments/2380001/4066351/JK_220127_luminosity_v2.pdf

https://www-conf.slac.stanford.edu/ssi/2012/Presentations/Zimmermann.pdf

Low B (pp)
High Luminosity

m luminosity from beam parameters:

& Future Expt.

c.m. energy = 14 TeV

luminosity =103%4 cm2s"

1.15x10™" p/bunch
2808 bunches/beam

Qetantd 7

ve=3.75 um

B*=0.55m

0,=285 urad
LHC-B G.=7.85 cm

5*=16 .6um (IP1 & 5)

Low B
(B physics)

Low B (pp)
High Luminosity
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https://www-conf.slac.stanford.edu/ssi/2012/Presentations/Zimmermann.pdf

Beam 1 Beam 2

"~ : - - * L & %
% 0:;: Head On /@
; ‘ 3 n

o, is constant over the machine (~7,5 cm),
o, varies and assumes its minimum in the
Interaction Points.

5ns — 40MHZ
O(25) pileup — 1GH

bunches moving at almost the speed of light around the
27 kilometre ring of the LHC, we can easily calculate other
important parameter:

time between bunches = 7,5/3-108
Bunch spacing = 2,5:108 s

Bunch spacing = 25 ns

Besides, with that circumference of 27 km there should
be:

26659 /7,5 ~ 3550 bunches.



https://Ihc-closer.es/taking a closer look at Ihc/O.lhc p collisions

For the calculation we take into account the fact that there are 1,15-10" protons per bunch (in LHC Run 3 -from 2022 to 2026- up
to 1.8 x 10" protons per bunch are reached). In order to understand this value, it should be noted that 1 cm® STP of hydrogen has

~10'? protons).

Each bunch gets squeezed down (using magnetics lenses) to 16 x16 pm section at an interaction point, where collisions take place.

= :;0
m luminosity from beam parameters: RS
~ t-
E I/N1N2 (t-Seff )
- T Now, with N2 =(1,15-10"1)2

m units of luminosity: (area - time) ™! t=25107s , Ser =4-(16-10%)2 cm?

m instantaneous luminosity: Hz/pb

m integrated luminosity [dtL: fb! ﬁ 1034 cm

_ —



https://lhc-closer.es/taking_a_closer_look_at_lhc/0.lhc_p_collisions

Unit Symbol m? cm?
megabarn | Mb 10-22 | 1018
kiabarm kb 1072 10721 Higgs cross section ~ 50pb ~5*107{-35} cm"2
barn b 10-28 | 10—24 |
millibam | b 1051|1027 1 year ~ 1077 sec effectively
microbarn | pb 1034 1030 R
nanobarn | nb 10-37 | 1033

pb | wen gmn 9710735171077 7 107-34 ~ 1 Million Higgs

femtobarn I IR oA 02

attobarn | ab 1046 | 1042

zeptobarn  zb 10-49 | 10745

yoctobarn | yb 10-52 | 1048



https://cds.cern.ch/journal/ CERNBulletin/2016/38/News%20Articles/2216373

https://en.wikipedia.orag/wiki/Crab cavity

25 ns: 30 long range encounters per IP

Head on
collision

Parasitic
encounters

I Separation: ~10 o

:
| 125ns | 25ns
1 12

[ 375m

7.5m

The crossing angles are an essential
feature of the machine set-up. They have
to be big enough to reduce the long-
range beam-beam effect.

“The aim is to restart physics in the last few

months of the year with the crossing angle

reduced from 370 to 280 microradians.
This should increase the peak luminosity by

around 15%.”

Crab cavity

Crab cavity

Collision
with
Crab cavities

-,

oy

w4

-

Ry

Collision
without
Crab cavities
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https://cds.cern.ch/journal/CERNBulletin/2016/38/News%20Articles/2216373
https://en.wikipedia.org/wiki/Crab_cavity

https://www.worldscientific.com/doi/10.1142/S0217751X23500331
Detector/Target

e
Fig. 1. Kaons produced at a rate of 10'°/s from asymmetric electron—positron collisions at e.g.

1020 MeV.

A i ete” — ¢(1020) - KK, KY K

Fig. 3. Collisions between electron and positron beams separated by an angle 26. The two beams are
symmetric in energy, while asymmetric in space. For electron and positron beams with energy of 5 (or 10)

GeV, to achieve ¢(1020) resonant productions, the angle is 6 ~ 0.102 (or 0.051) radius.



https://www.worldscientific.com/doi/10.1142/S0217751X23500331

https://www.worldscientific.com/doi/10.1142/S0217751X23500331

ete” = $(1020) > KTK~, KK

New methods to Detector/Target
achieve meson, '
muon and gamma ,,

Fig. 1. Kaons produced at a rate of 10'°/s from asymmetric electron-—positron collisions at e.g.

light sources 1020 MeV.
through asymmetric
electron positron
collisions

Dawei Fu, Alim Ruzi,
Qiang Li, and Meng Lu

A3} FRfliE

Fig. 3. Collisions between electron and positron beams separated by an angle 26. The two beams are
symmetric in energy, while asymmetric in space. For electron and positron beams with energy of 5 (or 10)
GeV, to achieve ¢(1020) resonant productions, the angle is 6 ~ 0.102 (or 0.051) radius.



https://www.worldscientific.com/doi/10.1142/S0217751X23500331
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#
https://www.worldscientific.com/doi/10.1142/S0217751X23500331#

https://arxiv.org/abs/2306.12480

A boosted muon collider

Daniele Barducci, Alessandro Strumia

Dipartimento di Fisica, Universita di Pisa, Italia

Abstract

A muon collider could produce the heavier Standard Model particles
with a boost, for example in resonant processes such as u~ p" — h or
u " — Z. We discuss possible geometries that produce the boost
(asymmetric beam energies, tilted beams) and estimate how much the
luminosity is reduced or perhaps enhanced. The boost provides new
observational opportunities. For example it can significantly enhance
the sensitivity to long-lived new particles decaying in a far-away de-
tector, such as dark higgses or sterile neutrinos produced in A or Z
decays.
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Large Hadron Collider

I — T, CMSIRNMIZE: BR15%K, 128, E140000%
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Large Hadron Collider

The CERN accelerator complex is

formed by a succession of Accelerator chain of CERN |
accelerators of increasing energy

LEP:1989 LHC:2008

LEP/LHC

North Area
-~

West Area Vers
| AD = Grand Sasso
Tt |
: : Fst A
vcu!ur:“ o $ |
. PS 1959
¢ LINAC *, <
* PS Booster : 1.4 GeV 1956 e ot umi\.\,
BOOSTER 'SOwe lons oy Leir
| \;)
e PS: 25 GeV
) p (proton) PP (antiproton) AD Antiproton Decelerator LHC Large Hadron Collider
[ ] 2 ) ion 4= proton/antiproton corversion PS Proton Synchrotron n-ToF Neutrons Time of Flight
SPS i 450 Gev ) nautrons ) neutrinos SPS Super Proton Synchrotron CNGS Cern Neutrinos Grand 5ass0

e LHC: 6.5 TeV
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;f A truly worIdW|de endeavour ! S
N ‘trw ’*% , { & :
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4

251 Institutes -

215 full members
8 cooperating

28 associated

from

57 Countries or Regions }

665/1186 PhD Students (26% %)
32/1090 Engineers (14% Q) /
0/1311 Undergraduates (29% 9) )
0/400 Technicians,Admins 57

‘, 2234/6122 Authors/Members
1537/2125 PhD Physicists (18% ©) )'

as of May, 2023
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CMS structure & management

“The Parliament” "The Government”

CMS

Collaboratlon Board

Committees

Conference Committee Publications Committee

etc.

Extended Executive Board
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QED vs QCD

T |
L=y D, —m)p— ZF}JVFPU

Fu = 0y, — 0,4,

. 1
[:QCD - ’u."i (z(ﬁn'pD#)ij —m (Sl_]) u"'_} - ZG#V

v
Ga

GS, = A, — O, A5 + gf " ALA;

pv

B e? 1
Gem = 477137
Ys2
@gcp(100GeV) = 5= ~0.13

Resolution [m]

3 1.G|7 . 1.0-2| . 1.0-25 . 1.0-29 ) 10-33

a=1...38,
i=1,2,3 QCD colors

9 9 g 9 g

Self-interactions

Strength
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Parton, Jet

NP

REK
@
s,

1162

1898

"

II.'
What we calculate

Jets make this
correspondence

;’ >

Hadrons

What we measure

calorimeter jet

particle jet

parton jet

l””!j'
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https://pythia.org/download/talks/PrestelATLAS20.pdf



https://www.hepani.xyz/

EAEXTEN: FH—-ER

electron

missing
energy
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Stlicon ="
Tracker
Electromagnetic - /

Calorfmeter &

Hadron ./
Calorimeter Superconducting
Solenoid Iron return yoke fnterspersed
wiith muen chambers
~ Muon Electron Charged hadron (e.g. pion)

- ==.Neutral hadron (e.g. neutron) «---. Photon




ECAL W

What: the Compact Muon Solenoid

ars alals ala — \ —
; s _— 76k scintillafing HCAL ?
Coil, 3.8 Tesla PbWO4 crystals e S8 CALORIMETERS
scintillator/brass sandwich

Total weight 14000 t
Overall diameter 15 m
Overall length 21 m

9
IRON YOKE

VSN
4 / » Most parts of CMS
/ "“easily” accessible
( during shutdowns
(incl. pixels)

TRACKER , o’\\\'.
Pixels g y . “ 3
Silicon Microstrips . (! 3 :
202 m?2 of silicon sensors 4 k>
124+9.6 M channels ’ v
Modular structure MUON BARREL MUON
eBarrel (13-m Iong) Drift Tube Resistive Plate ENDCAP_S
. Chambers (DT) Chambers (RPC) Cathode Strip Chambers (CSC)
5 independent wheels e —— Resistive Plate Chambers (RPC)
*2 endcaps (3 rings) : ! —— —————
) g e—— + BRIL (luminosity & beam conditions)

Indiictioh days)/ SR aam \ + PPS (precision proton spectrometer)

67



= REXT L

Y Py | weight: 12500 t
Muon Chambers (Y/Oke S, = LA | overall diameter: 15 m
C 0|l ’ S

e

HRAEAL?
S a=1| R

i

141
o viEm

L

"

v

‘/ I ' £
U in
i




EREXHENL : ATLASERNSR

muon barrel stations

44 m

tile calorimeters
LAr hadronic endcap

pixel

\ \ and forward
"""" solenoid detector calorimeters
muon endcap toroid magnet LAr electromagnetic
outer station magnets semiconductor calorimeters
: transition
muon chambers muon endcap middle tracker muon endcap L
station (four big wheels) inner station  radiation tracker
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Total Integrated Luminosity (fb ')
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LHC# 1z 7t BE

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

2010,
2011,
2012,
2015,
2016,
2017,
2018,

_sto‘_/

7 TeV, 45.0 pb !
7 TeV, 6.1 "

8 TeV, 23.3 !
13 TeV, 4.2 !
13 TeV, 41.0 fb !
13 TeV, 49.8 b !
13 TeV, 67.9 fb '
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N
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42 countries

170 computing centres
Over 2 million tasks/ day«'
1 million computer cores Q '
1 exabyte of storage (1B GB)

\MAAAAAAN
BOAMS

CMS: 15B events in 8 months

Apil
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Data reduction workflow @ LHC

§J 'lg.
O /S
":c}i”\
§ie
99% events rejected! 2o
99.75% events rejected! Soft Bisetd £
oftware base

Software based
Run on data centers (LHC grid)
s) computing time

Hardware based Runs on CPUs in real time
Runs on FPGAs in real time O(100 ms) latency
O(ps) latency

100 kHz L
— e
1 MB/evt 3 30 kB/evt Run by
40 MHZ ngh-Level Offline individua.ls
trigger reconstructlon on the grid
L1 trigger
© Data volume
VN ay C
omputing fime
e High-level
analysis

Information
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Events/5 GeV
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In ATLAS, up to July 4, 2012:

A million billion collisions

4.2 billion events analyzed

240,000 Higgs particles produced
~350 diphoton Higgs events detected
~8 four-lepton Higgs events detected

(P 4 Priss)2
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LHC R

1 KHz

'IDC] KHz

‘ 4 /0MHz /79
Q &
»(j\g (S

L1 trigger: local, hardware based, on FPGA, @experiment site
HLT: local/global, software based, on CPU, @experiment site
Offline: global, software based, on CPU, @CERN TO
Analysis: user-specific applications running on the grid

HesFs]: RFESHESIZHE REFIE, BEFES]
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P35 LHC

https://videos.cern.ch/



NSO WN =

—tl

Al
S REYIERfE At

KB EFXHEHL(LHC)
nggsﬂ‘ﬂiﬂ

E| R EXTHEHL(CEPC)
H 11115(‘1 =1

Fﬁ%%fﬂ AL ERE S

iy

77



Vorume 13, NumsEr 9 PHYSICAL REVIEW LETTERS 31 AuGusT 1964

1964 £
BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
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CERN LEP

(The Large Electron-Positron Collider)
1989.7-2000.11: 91-209GeV
115GeV Higgs hint before shutdown?

Fermilab Tevatron, US
1983-2011
Proton-antiproton collider
1.8/1.96TeV

1995 Top quark discovery
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Jun 1989 - 404 pages gm

John F. Gunion
Howard E. Haber

Gordon Kane
Sally Dawson

A Phenomenological Profile of the Higgs Boson
John R. Ellis (CERN) , Mary K. Gaillard (CERN & Orsay, LPT), Dimitri V. Nanopoulos (CERN)
Oct 1975 - 62 pages

Nucl.Phys. B106 (1976) 292
DOI: 10.1016/0550-3213(76)90382-5
CERN-TH-2093

So let me come finally to 1975, which was when the hunt for the Higgs boson began,
and in particular to the last sentence of the paper published in 1976 by John Ellis, Mary
K. Gaillard and Dimitri Nanopoulos [24]: ‘We should perhaps finish with an apology and a
caution. We apologize to experimentalists for not having any idea what is the mass of the
Higgs boson, unlike the case with charm, and for not being sure of its couplings to other
particles, except that they are probably all very small. For these reasons, we do not want
to encourage big experimental searches for the Higgs boson, but we do feel that people

performing experiments vulnerable to the Higgs boson should know how it may turn up.’
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The Nobel Prize in
Physics 2013

Photo: Pnicolet via Photo: G-M Greuel via ;
Wikimedia Commons Wikimedia Commons L + XXX
Francois Englert Peter W. Higgs g ye

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and
Peter W. Higgs “for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic

. |
particles, and which recently was confirmed through the discovery of the

predicted fundamental particle, by the ATLAS and CMS exeeriments at
CERN's Large Hadron Collider”
|



An accepted definition for a "discovery"”: a 5-sigma level of certainty 99.99994 %.
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Spontaneous Symmetry Breaking
in
Quantum Gauge Field Theory

Generating V mass

while keeping Gauge Symmetry
and

avoiding massless goldstone

Higgs — Potential :
agp”+B(¢¢")*,a <0, >0
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(a) Unbroken symmetry: the (b) Explicitly broken symme- (c¢) Spontaneously broken

rod in its original state is rota- try: the rod bends due to an ex- symmetry: the rod bends

tionally invariant ternal force and loses rotational in an arbitrary direction

invariance and loses rotational invari- Q Q
ance
V(o)
EZRE
D& Q
Goldstone

MeER, W.Z&EHT

HiggsHn =




Deep root from Condensed Matter Physics

MY LIFE AS A BOSON: THE STORY OF “THE HIGGS”

My life as a boson PETER HIGGS

by Peter H|ggS Department of Physics and Astronomy
University of Edinburgh, Scotland

The story begins in 1960, when Nambu, inspired by the BCS theory of
superconductivity, formulated chirally invariant relativistic models of inter-
acting massless fermions in which spontaneous symmetry breaking generates
fermionic masses (the analogue of the BCS gap). Around the same time
Jeffrey Goldstone discussed spontaneous symmetry breaking in models con-

Philip W. Anderson
1977 Nobel Physics Prize

Anderson continued with this suggestion, which in the context of the paper I would
describe as speculation: ‘The Goldstone zero-mass difficulty is not a serious one, because
we can probably cancel it off against an equal Yang-Mills zero-mass problem.” But why is
that a speculation? He never discussed the theorem, he did not say what was wrong with

it. and he did not discuss explicitly any relativistic model.
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X02013046

Deep root from Condensed Matter Physics

Autobiography in

One day before publication of the BCS paper, Bob
Schrieffer, still a student, came to Chicago to give a

SYMMETRY seminar on the BCS theory in progress. ...l was very Schrieffer joined

much disturbed by the fact that their wave function did  Chicago faculty
not conserve electron number. It did not make sense. for a year

... At the same time | was impressed by their boldness

and tried to understand the problem.

PHYSICAL REVIEW VOLUME 117, NUMBER 3 FEBRUARY 1, 1960

Quasi-Particles and Gauge Invariance in the Theory of Superconductivity*

YoicHiro NAMBU
The Enrico Fermi Institute for Nuclear Studies and the Depariment of Physics, The University of Chicago, Chicago, Illinois
(Received July 23, 1959)
it took him two years 6. THE COLLECTIVE EXCITATIONS

The gauge invariance, to the first order in the external electro-
magnetic field, can be maintained in the quasi-particle picture by
taking into account a certain class of corrections to the charge-
current operator due to the phonon and Coulomb interaction. In
fact, generalized forms of the Ward identity are obtained between
certain vertex parts and the self-energy. The Meissner effect cal-
culation is thus rendered strictly gauge invariant, but essentially
keeping the BCS result unaltered for transverse fields.

In order to understand the mechanism by which
gauge invariance was restored in the calculation of the
Meissner effect, and also to solve the integral equations

We interpret this as describing a pair of a particle and
an antiparticle interacting with each other to form a

WMI%MW g=p'—p
=0. zero modes

ACKNOWLEDGMENT

We wish to thank Dr. R. Schrieffer for extremely
helpful discussions throughout the entire course of the

Photo: University of Chicago
Yoichiro Nambu

Prize share: 1/2

2008 Nobel
Physics Prize
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How to search for a Higgs particle?

Not so easy!

Needles in a
haystack

In ATLAS, up to July 4, 2012:

A million billion collisions

4.2 billion events analyzed

240,000 Higgs particles produced
~350 diphoton Higgs events detected
~8 four-lepton Higgs events detected
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Higgs Production
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Higgs Decay
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Higgs search strategy

T T T 771177

T IIIIIIII

95% CL limit on 6/cg,,
S

bb/wt/WW
Poor mass resol

3| yy and 4l
7I| Excellent mass resol

A
A 4l is ~backg free

Single event has

; f an impact
100/ 200 300 400 500 600
Above ~123 GeV WW dominates Higgs boson mass (GeV)
At lower masses yy takes over
my < 135 GeV m,;;>180 GeV
H-> yy exclusion and discovery | 140 < my < 180 GeV | | H ->ZZ channels for
H-> 41 exclusion and discovery | H -> WW->2l2v dlSCQYel'Y
H -> WW/tt/bb ZZ->4] also H->WW->lvjj

90



FERYF  MEF HF XXF

20134 35§43% H10#7:1216-1235

SCIENTIA SINICA Physica, Mechanica & Astronomica

AR F PR F B By B 5 B HOR [R SO 2990595, BB 100871
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FERFE* P, FZ* EXF, HF3K I, B—H, KRB, F4
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* 3 cMsFFR125Ge VI T I EE ISM Higgs I 1 FH 19 43 B i
[49]. TECMSZEST 2 AN BT iE M S Higgs i & . Hl 5251 i ) &
FWE A (20170, S IO T L0 VHERE B yy, ww Bllzczild, aHbRIC
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H ZEAFFL H =428 my [X 15§ mg
(GeV) = 7

YY Fobrid Cuntagged) 110-150 1-2%
VBFE-Frid 110-150 1-2%

ZZ — 4l 2% Cinclusive ) 110-180 1-2%

WW — Iviv 0or 1 jet 110-160 20%
VBE-Frid 110-160 20%

TT 0or 1 jet 110-145 20%
VBE-Frid 110-145 20%

bb VH-Frid 110-135 10%

H H mpy X 1 mey
AR e = [GeV] )5k
WW — Iviv O/ 1-V55 % 145-600 20%
WW — lviv VBFFrid 145-600 20%
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ZZ > 4l(l =e,pn) i % 1451000 1-2%
ZZ > 212t(l = e, ) ki %5 200—-1000 10-15%
ZZ — 212q i %% 200-600 3%
ZZ 5 212% Tobrid 200—-1000 7%
ZZ — 212v VBE-frid | 200-1000 7%
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LHC ERA The path to Higgs discovery

EPS-HEP 2011 (July)
Lepton-Photon 2011 (August)
CERN 2011 December Council Meeting

Moriond 2012 (March)

ICHEP 2012 (July)

Discovery publications, July 2012 (submitted)
HCP 2012 (November)

CERN 2012 December Council Meeting

Moriond QCD 2013 (March) R E Gl (ATLAS)
EPS 2013 (July) Spin, parity and Couplings measured.

ATLAS
CMS

From C.S. Wu
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LHC ERA

EPS-HEP 2011 (July)
Lepton-Photon 2011 (August)

At EPS both ATLAS and CMS see >20 excess at low mass in H2>2WW 2Iviv

Po: probability that the background fluctuates
to the observed data (or higher)

pp = Local p-value

ATLAS H->vy, 17, WW(Iviv), ZZ(41, llv, llgg)

=
, ------------------------------------------------------------------- ,ﬂ
10'4% . ;
R . . Y S . A S =
105 |-~ Observed 4 -
- .- Expected ; Ldt=1.0-23 o |
106k \s=7TeV 1
D N A AT T
100 120 140 160 180 200 220 240
m, [GeV]

20

3o

4c

50

Local p-value
=

— (=]
S 2

Best fit a/og,,

e

H->yy. bb, 11, WW(iviv), ZZ(4, IIrT, livy, llgq)

- T T T v, T v T .
- seessssess PR
r‘vo o L Ll
P ‘nu.,..'m., . N o
e 1) ’v .. K e -
E L 3
s ¥ s s v ---------------------------------------------- : :
E  CMS Preliminary, \'s = 7 Te. Combined, L, =1117% R
Lf_ Interpretation requires look-eisevhere effect corection ;

I i + J + } + i +
o

‘\M\‘,\‘ EIEm o

L L : :

120 140 180 180 200 220

Higgs boson mass (GeV/c’)

Largest local excess: 2.10 at 145 GeV

ATLAS (LP11)

CMS (LP11)

largest local excess: 2.30 at 120 GeV
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%LHC ERA CERN Council (Dec 2011) Higgs combined

H->vyy, 11, WW(lvly, Ivqq), ZZ(41, livy, liqq, lIbb)
ATLAS red: 5fb- green: 1fb, black: 2 fb* CMS H-yy, bb, 11, WW(iviv), ZZ(41, lir, livy, llqq)
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o 1F E © =
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3 10%F 1 3. | ]
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. P e e o e j40 = | | elsewhere effect correction ;
107 E E b | [—— Asymplotic Obs. | i
i E 104 L CMS Preliminary, \s=7TeV' __!| o grcemble Obs. |—
10° 3 E £ Combined, L, =4647 fo! ; | |===- Asymptotic Exp. .33_40
i a el oy - S et o L o - 50 A AT PR IR I Yl U I IR W e
107 11’011‘5 1é0 12‘5 1:‘30 1:'35 14‘0 1"1515')0 110 115 120 125 130 135 140 145 150 155 160
M, [GeV] Higgs boson mass (GeV/c?)

Largest local excess: 3.60 at 126 Gey ~ Largestlocal excess:
2.60 at ~120 Ge

v X

“Tantalizing hints”
Guido Tonelli

Fabiola Gianotti




July 4th, 2012: Discovery of a new boson
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Combined significance 5.00 for CMS and 5.90 for ATLAS
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2012.07 Big Discovery

arXiv.org > hep-ex > arXiv:1207.7214

High Energy Physics - Experiment

Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at
the LHC

The ATLAS Collaboration
(Submitted on 31 Jul 2012)

A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximate @2
-1 collected at sqrt(s) = 7 TeV in 2011 an1 at sqri(s) = 8 TeV in 2012. Individual
searches in the channels H->ZZ*(*)-=llll, H->gamma gamma and H->WW->e nu mu nu in the 8 TeV
data are combined with previously published results of searcheg for Ho=227 () WWWW~(=) bbbarand

Astauh- i ' 770 (*)-> -
>gamma gamma channels in the 7 TeV data. Clear evidence for the production of a neutral boson
with a measured mass of 126.0 +- 0.4(stat) +/- 0.4(sys) GeV is presented. This observation, which
has a significance gL5.3 Stanaara deviations, corresponaing to a background fluctuation probability
of 1.7x10%-9, is compatible with the production and decay of the Standard Model Higgs boson.

Comments: 24 pages plus author list (39 pages total), 12 figures, 7 tables, submitted to Physics Letters B
Subjects: High Energy Physics - Experiment (hep-ex)

Report number: CERN-PH-EP-2012-218

Cite as: arXiv:1207.7214v1 [hep-ex]

5.9sigma
Phys.Lett. B716 (2012) 1-29

arXiv.org > hep-ex > arXiv:1207.7235 SR

High Energy Physics - Experiment

Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC

The CMS Collaboration
(Submitted on 31 Jul 2012)

Results are presented from searches for the standard model Higgs boson in proton-proton
collisions at sqrt(s)=7 and 8 TeV in the CMS experiment at the LHC, using data samples
corresponding to integrated luminosities of up erse femtobarns at 7 TeV andGaverse
femtobarns at 8 TeV. The search is performed in five decay modes: gamma gamma, ZZ, WW_ tau
Jau_and b b-bar An excess of events is observed above the expected background, a local
significance ofg,Q.slandard deviations, at a mass near 125 GeV, signalling the production of a new
particle. The expected signiﬁcance for a standard model Higgs boson of that mass is 5.8 standard
deviations. The excess is most significant in the two decay modes with the best mass resolution,
gamma gamma and ZZ; a fit to these signals gives a mass of 125.3 +/- 0.4 (stat) +/- 0.5 (syst.)
GeV. The decay to two photons indicates that the new particle 1s @ DOSon With spin different rom

one.
Comments: Submitted to Phys. Lett. B
Subjects: High Energy Physics - Experiment (hep-ex)

Report number: CMS-HIG-12-028; CERN-PH-EP-2012-220
Cite as: arXiv:1207.7235v1 [hep-ex]

5.0sigma
Phys. Lett. B 716 (2012) 30
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8 years ago...

» ATLAS and CMS both first
observed the Higgs boson.
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2013 Nobel Prize in physics
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Full LHC Runs?

>

With LHC's exceptional
performance from 2015-2018
each experiment has ~140/fb
of proton-proton collision data
at 13 TeV, from which to
harvest Higgs bosons!

» LHC operated at twice design
(1) luminosity in 2018!

» Very impressive! Thank you
LHC!
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2020.8 Higgs5 5 — KR FHA1EABIIENE !
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M3 two PKU Students@CERN in 2009
https://www.youtube.com/watch?v=dJEwyPOSPYE

CMS TImes Interview: Bo Zhu & Haiyun Teng from Peking University

196 views * Oct 30, 2009 o & o A SHARE  SAVE .
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HppxriEHLFELL
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Beamstrahlung

* Higgsstrahlung (ee->ZH), Z decays to a pair of visible fermions(ff), the
=(Vs—Ess)’ —pj; =s—2E;Vs+mj;

recoil mass against the Z: ;2

T
2 CEPC 2018
O14000 5.6 ab", 250 GeV
2 ZX—p X
~12000
153
4
210000

= CEPC Simulation 1
_SOB Fll

Events /0.8 GeV

recoil 7

10000
8000
6000 V
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2000

T
= CEPC Simulation
—S+BFit

- Signal
Background

T
CEPC 2018
5.6 ab”, 250 GeV
ZX—e'e X

* Higgs boson mass can be
measured from the peak of the
recoil resonance

* Resonance width dominated by

the beam energy spread

(ISR included) and
energy/momentum resolution
(if Higgs width is 4.07MeV)

* 0 (ZH) can be extracted by the

fitting of Mrecoil
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https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard

Milestones and activities of CEPC physics studies

< Public documents released: CDR(2018) — Higgs white paper (2019) — Snowmass
white paper (2022) — Flavor white paper to come out soon — more in preparation
(EWK white paper, New physics white paper)

< CEPC physics and detector workshops in series: May 2019, April 2021, August 2023
< Physics studies for the IAS-HEP program and Snowmass exercise

< Communication and collaboration with international partners: ECFA studies ...

< 0(100) Journal / arXiv papers
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https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard

https://indico.ph.ed.ac.uk/event/259/contributions/2534/attachments/1395/2106/cepc-physics-murray-23.pdf  https://arxiv.org/pdf/1810.09037.pdf

«Higgs coupling
oo o lenlen | Precision factor ~10
inclusive 0.26% 1.40%| \ \ better than LHC

H—bb 0.14%  1.59% [0.90%1.10%|4.30% «\\here many models
H—ce 2.02% 8.80%| 16% | 20% pI‘EdIC'[ deVIatIOI‘lS

240 GeV, 20 ab™'| 360GeV, 1 ab™!

H—gg 0.81% 3.40%4.50% | 12%
H—-WW 0.53% 2.80% |4.40% 6.50%
H—>Z7 4.]_7% 20% 21% 1 Precision of Higgs coupling measurement (kappa0 fit)
H—7rr 0.42% 2.10% |4.20% | 7.50% i e
H 3 027 117 167 10_1 m CEPC 240 GeV @ 20/ab / + 360 GeV @ 1/ab
- Y . (0] (0] (0]
S
H = pp 6.36% 41% | 57% (0
(0] 10—2
H—2Zy |8.50% 35% g
[0)
(04

Brypper (H — inv.) |0.07%

—_
o
w
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https://indico.ph.ed.ac.uk/event/259/contributions/2534/attachments/1395/2106/cepc-physics-murray-23.pdf
https://arxiv.org/pdf/1810.09037.pdf

https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard

The 4" Detector Concept

Scint Glass Advantage: Cost efficient, high density

PFA HCAL Challenges: Light yield, transparency,
massive production.

Solenoid Magnet (3T / 2T)
Between HCAL & ECAL

Advantage: the HCAL absorbers act as part
of the magnet return yoke.

—————————— P —— e Challenges: thin enough not to affect the jet Excellent e/ gar.nma
resolution (e.g. BMR); stability. energy resoluﬂon;

« PID capability;

Advantage: better %y reconstruction. Better hadronic

Challenges: minimum number of readout energy resomt'c’n;

channels; compatible with PFA calorimeter; .
maintain good jet resolution. Magnet in much

reduced size.
A Drift chamber
that is optimized for PID

Advantage: Work at high luminosity Z runs

Challenges: sufficient PID power; thin
- enough not to affect the moment resolution.

,,,,,,,,
e — ———— i —————— s i at————

Crystal ECAL

BMR: 4% — 3%

Muon+Yoke Si Tracker Si Vertex
w/TOF outer layer
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https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard

Y

~“(”  The 2023 international workshop on the Circular Electron Positron Collider [European Edition]
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Next CEPC workshop in China

International,WorkshoponiThe,
High Energy.CircularElectron Positron.Collider,

International Workshop on CEPC
at Nanjing University, China
October 23-27, 2023
https://indico.ihep.ac.cn/event/19316/

cepcws2023@ihep.ac.cn

Please come to this workshop
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Future colliders with earliest feasible start date

HL-LHC| 2027 11y
3/ab - 4/ab per experiment
e | 2036 250 GeV 350 GeV 500 GeV thop 500 GeV
0.5/ab 1.5/ab 1.0/ab 0.2/ab 3.0/ab
cuc | 2037 380 GeV 1.5TeV 3 TeV
1.0/ab 2.5/ab 5/ab
160
FCC ee| 2040 Z: 91 GeV GeV | 240 GeV 2m,,, FCChh, eh > 25
rs
150/ab 10/ab 5/ab 1.7/ab u
CEPC | 2033 220i5ey ALGEV W >>>> SPPC
5/ab 16/ab |2.6
FCC hh|> 2055 T TV
20/ab per experiment
muc | 204s 3 TeV 10-14TeV
1/ab 10/ab - 20/ab

https://indico.desy.de/event/28202/contributions/102729/attachments/67953/85077/FutureColliders LRivkin.pdf
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https://indico.desy.de/event/28202/contributions/102729/attachments/67953/85077/FutureColliders_LRivkin.pdf

Muon Collider interest Revived upon Muon Anomalies

Muon colliders have suppressed synchrotron radiation.
e Clean events as in e+e- colliders
e High collision energy as in hadron colliders

But lifetime at rest only 2.2 ps.

Parameter Units Higgs Multi-TeV

CoM Energy TeV 0.126 1.5 3.0 @

Avg. Luminosity 10¥%em™%s™!  0.008  1.25 4.4 12

Beam Energy Spread % 0.004 0.1 0.1 0.1

Higgs Production/ 107 sec 13’500 37°500 200000 8207000
Circumference km 0.3 2.5 4.5 6

No. of IP’s 1 2 2 2

Repetition Rate Hz 15 15 12 6

By cm 1.7 1 0.5 0.25

No. muons/bunch 10" 1 2 2 2

Norm. Trans. Emittance, ey pm-rad 200 25 25 25

Norm. Long. Emittance, ¢ pm-rad 1.5 70 70 70

Bunch Length, og cm 6.3 1 0.5 02 link
Proton Driver Power MW 4 4 4 1.6

Wall Plug Power MW 200 216 230 270 112



http://hst-archive.web.cern.ch/archiv/HST2000/teaching/expt/muoncalc/lifecalc.htm
https://indico.cern.ch/event/867138/attachments/1954116/3245303/Muon_Collider_European_Strategy.pdf

Muon Collider Community
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IMCC Annual Meeting 2023

19 Jun 2023, 12:00 —» 22 Jun 2023, 14.00

I
1

Many thanks to
« Alexia Augier, Michela Lancellotti, Valérie Brunner (CERN secrétariat)
« Séverine Candau, Armelle Le Noa (CEA Saclay secretariat)
* Gregory Perrin, Yoann Kermaidic (IJCLab)
* The local and scientific committees
« Allhelping/funding entities (EU, Saclay,, Lab, CERN)

v Dol | ! 1 ~S L

« All of you'!




C Roadmap: Technically Limited Timeline

MuCol To be reviewed considering progress, funding and decisions
NS N|OI N0 OO AN M I SInNnjOl S~ OO I N ] ::n.
Nl ololon|lolon]loal ol | S| <4 =P
=} =l ol Nol No} Nl ol Noll ol -} Noll ol Hol Nl Noll ol Naol Mol Noll M-l Noll Mol Nol N g
NN NN NN N NI NN NN NN N NI NN NN NI SN AN N
. . . 7 2 Technically limited timeline
Muon collider important in the | __Baseline design é §
‘o Facility Conceptual ‘O
long term 8 Design ks
- & [ Technical 8 8_ @
. = =2 =2 Design 3 35
Fastest track option with s - g 2 33
: = = Facility Constructi x
important ramp-up of ] ] aciity Construction S
. w w
resources to see if muon Demonstrator design
collider could come directly Preparatol wolk
after HL-LHC Prototypes Demonstrator 99
T Construction 38
* Compromisesin - S&
Demonstrator exXploitation and upgrades 2@
performance, e.g. 3 TeV g
Design and modellipg
Needs to be revised but do not PR RE |
have enough information at Pre-series =
: Z " Production g
this point for final plan =
Performance a
and Cost Readylto Ready to
Estimation Commit Construct

JA

International
UON Collider
llaboration

115

D. Schulte Muon Collider Status, Annual Meeting, Orsay, June 2023 e =" . =



Muon Collider: beam and background

1) Muon Source

Loy

Py

Large energy
Enerey! acceptance Dense beam

N,
U&éero’Y
N

High beam power

proton driver front end cooling acceleration collider ring
m =T T —)
. . + Is== 5 5|2 = =
o & » 8 |¥gEsslzER £ =
£ € © 35 [P285 8|8 2% s g
o = 5 E 82252 gla 8 3 58 8 8
2 3 = 8 |€2x 8| @« » S =
o O © O cl= w0 = = (=) g =
8 Z°8 S|z 5°© 2 © £ accelerators:
= E © linacs, RLA or FFAG, RCS
Low EMmittance Muon positron linac positron acceleration collider ring
Accelerator (LEMMA): fing
1011 y pairs/sec from e*e~
interactions. The small production
emittance allows lower overall charge > o
in the collider rings — hence, lower positron linac [
backgrounds in a collider detector =0 § o0
and a higher potential centre-of-mass S 5= >
Xy ) s 8
energy while mitigating neutrino g = accelerators: i w
radiation from muon decays. 2 linacs, RLA or FFAG, RCS

3) Neutrino Flux Mitigation:
move collider ring components, e.g.
vertical bending with 1% of main field

2) Muon Beam Induced background

~2x 600 m
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D. Schulte

Muon Collider, NuFact, September 2021


https://arxiv.org/abs/1905.03725
https://indico.cern.ch/event/855372/contributions/4456520/attachments/2303915/3919730/neutrino.pdf

Muon lonisation Cooling Experiment (MICE)

nature > articles > article

nature

p, (MeVc)

¥ (mm)

p, Mev )

Article | Open Access | Published: 05 February 2020

Demonstration of cooling by the Muon
Ionization Cooling Experiment

MICE collaboration

Nature 578, 53-59(2020) | Cite this article

' 5
T3 102
OF - e
s . S0F ."f.' y L’
1] i
% E [ 3 < &
g = 5
S Twp S
Downstream 100 K e

-
oo
A, (mm)

100 50 0 S0 100
p, (Mevc)

-100 -50 0 50 100 -100 -50 ©0 50 100 -100 -50 O 50 100

X (mm) p, Mevc) y (mm)

H-ion

AL, foil

f Linear accelerator U A
—
\ \

target

/_

Pion @

Dlpole

Decay solenoid

©)

‘ Proton

Synchrotron
accelerator
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Higgs Physics at Muon Collider
DAY p'p = w H(-bb) _ <i

2020 JINST 15 P05001

Istitita Kareewe @ Fsica Mucteare

» We studied the pp - vv H( - bb) production at a MC

I"l_ Z/W
o The goal is to determine the sensitivity to the cross section
e | measurement and to the Hbb couping determination
Z/W
U+ * In the full simulation (Geant4) we used the detector developed by the

MAP collaboration — not optimized for the full event reconstruction 7

https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs mc ichep.pdf
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https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf

W\

No such
bkgs at
e-mu
collider!

60

AU.

40F

30

20F

10

Two b-tagged jets with p_ >40 GeV,
[n|<2.5 are selected

Higgs Physics at Muon Collider
Cross section and Hbb coupling CNAN

2020 JINST 15 P05001 et

S0F

++

. o T - —- —P- -

Physics backgrounds

100 200 300
Dijet invariant mass [GeV]

Process
=y 1Z—qq
B =y Zy'|Z — qG +X
wrpm =y |Zy - qqy

As a conservative approach we applied the efficiencies obtained
at Vs = 1.5 TeV to the 3.0 and 10 TeV case — BUT the BIB yield is
expected to be lower at higher energies.

We assumed 4 Snowmass years of data taking, at the luminosities
expected by MAP.

» Cross section sensitivity obtained with B NN+ B
o
Ay Taken from
« Hbb coupling sensitivity A8x#es _ 1 L7 clie
8Hbb 2 Hhr\l\,w expectatlon
Vs | A | e L Liw || N | B | & |2

o 8Hbb

[TeV] | [%] | [%] | [em™s™'] | [ab™'] | [fb] [%e] | [%]

1.5 | 35| 15 |1.25-10% | 05 |203| 5500 |6700| 2.0 1.9
30 | 37 | 15| 44-10% 1.3 | 324 | 33000 | 7700 | 0.60 | 1.0
10 39 | 16 2-10% 8.0 | 549 | 270000 | 4400 | 0.20 | 0.91

At 3 TeV the Hbb coupling sensitivity is compatible with the
one expected by CLIC, but very conservative assumptions 10
have been done!

https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs mc ichep.pdf
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The Physics Case for an Electron-Muon
Collider

Meng Lu,! Andrew Michael Levin ©,1 Conggiao Li, Antonios Agapitos®,1 Qiang Li[~]

Fangiang Meng ©,2 Sitian Qian ©,1 Jie Xiao,! and Tianyi Yang?

Show more

Academic Editor: Mariana Frank

Received Accepted Published
26 Feb 2021

10 Dec 2020 08 Feb 2021

R TR PEPENE B
SABFHENNEES !

NEWS
DIGEST

Novel collider concept

Peking University physicists
urge the community to consider
the merits of a novel electron-
muon collider (arXiv:2010.15144).
Collisions between different

— R ies of lepton could reduce

pics backgrounds for studies

nota magic number

of &harged—lepton flavour

*olation and Higgs-boson
r

operties, and the asymmetric
nature of the collisions could
be used to control troublesome
backgrounds caused by muon
decays inside the accelerator,
argue the authors. The preprint
proposes 10 GeV electron and
muon beams initially, and
upgrades culminating ina
TeV-scale muon-muon collider.

120



https://arxiv.org/abs/2010.15144

NuTeV

Neutrino-Nucleon Scattering

NuMAX
NuSOnG

Neutrino Scattering on Glass

nuSTORM
"Neutrinos from STORed

Muons," .. .for neutrino oscillation {8 % R F$TERSCLE. {H B % Fhead-ontHE{EE

searches

Neutrino Beam

B. J. King hep-ex1000500v7

' neutrindibeam

\strM \
L \‘ B.h."“"]..'ﬂ"ﬂ"”'I

V

FIGURE 1. The decays of muons in a muon collider will produce a disk of neutrinos emanating

out tangentially from the collider ring. The neutrinos from decays in straight sections will line
up into beams suitable for experiments. The MURINEs will be sited in the center of the most

intense beam and as close as is feasible to the production straight section.
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https://arxiv.org/abs/hep-ex/0005007
http://arxiv.org/abs/hep-ex/0110059
http://arxiv.org/abs/1803.07431
http://arxiv.org/abs/0803.0354
http://arxiv.org/abs/1206.0294
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Peter Higgs
CH FRS FRSE FInstP

Nobel laureate Peter Higgs at a press
conference, Stockholm, December 2013

Born

Residence
Nationality

Alma mater

Known for

Peter Ware Higgs

29 May 1929 (age 90)
Newcastle upon Tyne,
England, UK

Edinburgh, Scotland, UK
British[1]

King's College London
(BSc, MSc, PhD)

Higgs boson

Higgs field

Higgs mechanism
Symmetry breaking

EREME R Hla5F >

Institutions University of Edinburgh
Imperial College London
University College London
King's College London

Thesis Some problems in the
theory of molecular
vibrations# (1955)

Doctoral Charles Coulson(21(3]

advisor Christopher Longuet-

HigginS[Z]M]

Charles Alfred Coulson: E %R, EFR
Christopher Longuet-Higgins, Eif{E% R, 40

% (1970s), BATIMA T & &E

Doctoral
advisor

Doctoral
students

Other notable
students

Christopher Longuet-
Higgins!31[41(5]

Richard Zemel(®!
Brendan Freyl7]
Radford M. Neall8!
Ruslan
Salakhutdinov!9]

llya sutskever!10]

Yann LeCun (postdoc)
Peter Dayan (postdoc)
Zoubin Ghahramani
(postdoc)

Geoffrey Hinton
FRS FRSC CC

Hinton in 2013

Born Geoffrey Everest
Hinton

6 December 1947
(age 71)[1]
Wimbledon, London

Residence Canada

Alma mater University of
Cambridge (BA)
University of

Edinburgh (PhD)
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Traditional approach

NNPDF approach

P&+ IN A : NNPDF

ANNSs provide universal unbiased interpolants to parametrize the non-perturbative dynamics that
determines the size and shape of the PDFs from experimental data

g9(x, Qo) =

!
é;"/ not from QCD!

Ag(1 — )27 (14 cg/s +dgz + ...

9(z, Qo) = AgANNy ()

f(L)

ANN,(z) = ¢8) = F [¢, {w}, {60}]

ni—1

£i(l) - Zwlg;—l)fjgz—l) _ 951)
j=1

& ANNs eliminate theory bias introduced in PDF fit:
from choice of ad-hoc functional forms

& NNPDF fits used O(400) free parameters, to b
compared with O(10-20) in traditional PDFs. Result:
stable if O(4000) parameters used!

ANNSs avoid biasing the PDFs, faithful extrapolation at
small-x (very few data, thus error blow up)

Fit vs HIPDF2000, Q° = 4. GeV?

L) B S 0 B S L R

Polynomials

PDF error

=4GeV?)

xg(xQ

e

rNo Data

o_—*""

Neural Networks

PDF error

vl el vl 0

10

10° 12" 107 1
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The HL-LHC challenge

With more particles per collision and more readout
channels to combine, the reconstruction to become

even more computing intensive

We cannot throw away more data
We must increase the throughput

with at most flat budget for computing resources

We must do more with less
to preserve the physics!

X5 x50 x10 x20
Event Processing Data Computing
complexity  time resources/

Disk storage

50000

40000

30000

N
o
o
o
o

10000

Total CPU[kHS06-years]

0

T T T T T T T T T T T

CMS Public
Total CPU
2022 Estimates
[~ = No R&D improvements
-@- Weighted probable scenario
==« 10 to 20% annual resource increase

1 1 1 1 L 1 L L 1 L 1
2021 2023 2025 2027 2029 2031
Year

Source

N N SO R N |
2033 2035 2037
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https://twiki.cern.ch/twiki/pub/CMSPublic/CMSOfflineComputingResults

* High accuracy

m { l

m rf l

- improved physics performance: n 1“’ |
capacity to extract most useful info from complex datasets N

- better scaling with data complexity (HL-LHC)

- enables novel strategies (e.g., anomaly detection) p—
* Fast speed e s, O &
- reduced development time _O =0 o

3

- matrix multiplication can be massively parallelized

- take advantage of reduced precision ek i

{ b 3
[w,_{ W, ] i [il] = | (wyaX iy) + (Wys X i)
3 Waad T [ wax iy) 4 (wasx dp)

* Better portability

- many dedicated processors: SIILT

GPUs; FPGAs, TPU, IPU; ... 8

ASICs

- large investment in tools to S—
compile and optimize ‘

ML models for the hardware 129




Where ML is (will be) used in CMS

Front-end electronics

Calibrations

Reconstruction

Analysis / object ID

®©® ® ® @

®
®
®

®©®@® @ ® ©® ©@ ©@@®@ @

Monitoring and anomaly detection for logs
Automated decision making for grid jobs and data management

Fast ML on ASICs for data compression in Phase 2 HGCAL

Fast ML on FPGAs for Run 3 & Phase 2 L1 trigger
and 40 MHz scouting

Automated data certification
Online anomaly detection (ECAL, HCAL, muon system)

Calorimeter/jet simulation with generative adversarial networks,
variational autoencoders, normalizing flows, diffusion models

Jet energy corrections and scale factors

Energy and mass regression (e.g., MET, photons, electrons, jets)
PU mitigation

Clustering (e.g., calorimeter, jets, vertexing)

Particle flow

Tau leptons, heavy flavour / boosted / displace jets tagging

Event classification

Background estimation

Uncertainties evaluation 130



Data representations

/ High level/tabular:
fully connected NN, BDTs

( Ordered sequence/time series: \

recurrent NN, transformers

® ® ®
4 i ﬁ;@ i >
A s T AL
| | |
3) ® &

/Regular grid: convolutional NN\

(0x0)+(1x1)+
x2)+(0x6)+(2x2)+
x2)+(0x4)+(1x1) =3

B
g
¢
&

Convolution filter
(Sobel Gx)

Qin computer vision J
( Point cloud: N
Deep sets, graph NN, transformers

\ As in natural language processing J

k As in social media analysis
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CNNEIFH: BHER

PixelSeed Convi N

® The final model uses two sets of
inputs:

@ the hit images

® a set of expert features (e.g.
position of the hits in the
detector) to help the learning
process

® The trained model shows a good
separation of true vs fake seeds

@® One can reduce the fake rate by one
order of magnitude with a few % loss
in efficiency

Efficiency (tpr) @ fake rejection

tpr @ rej 50%: 0.998996700259

tpr @ rej 75%: 0.990524391331
tpr @ rej 90%: 0.922210826719
tpr @ rej 99%: 0.338669401587

counts0.02

)

Dropout Layer (0.5)

C

@ Batch normalization layer

)

Dropout Layer (0.5)

A
. | =
HHEGRE
2l [ s
Lok g
2
5 o
o
T V
(' Hitinfo input layer (59)
( inX,inY.inZ, outX, outy, ..

Layer Map Output Score

4 Tost-True
[ vrain - T
¢ Test-Fake

[] Train - Fake

1
02

1
03

04

05

06

07 0B 09 1
[

C
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B4s15: BT E

e Train on standard events
o Run autoencoder on new events
o Consider as anomalous

all events with loss > threshold

1k evts/month

e SM val. Mix
107 1 h%tr
1 A-4
10-3 L] h*¥-Ttv
=Tl LO

Probability
[
b

-
Q
~

10-°

MSE

10°

1071

1072

BSM efficiency
—
S

—
Q
-

107>

108

A-4t AE

AUC = 0.91 (0.84)
LQ

AUC = 0.85 (0.79)
ho-tT

AUC = 0.75 (0.72)
h*==T1V

AUC = 0.92 (0.91)

Supervised Classifier (BDT)
— A-4/ (area = 0.98)
- LQ (area = 0.94)

— h-71Tt (area = 0.90)
— h*-tv (area = 0.97)
--------- 50 SM evts/day

1078 1073 104 1073 102 107! 10°

SM efficiency

Worse than Supervised but results encouraging
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ML @ CMS: triggering

e The L1 trigger must achieve orders of magnitude of data reduction while preserving the
interesting physics

* The challenge: it must do it as fast as a few microseconds — algorithms run on FPGAs

* CMS physicists developed hls4ml to automatically translate NNs to FPGA firmware for
users with limited knowledge in firmware development

- internal optimization to meet the strict latency and hardware resources constraints

* Many interesting use cases that were once possible only offline are now being developed
for Run 3 and Phase 2 L1 trigger system! (see CMS-TDR-021)

Vivado™ HLS

Keras
TensorFlow
PyTorch

_— " hls 4 ml
. :

compressed Hl.s )
model — HLS ", COMPILER
conversion

Co-processing kernel '

Custom firmware
design

Usual ML
software workflow

PYTHRCH tune cgr;fiisgt:mtion s Business
+'r-r:-‘r> &;‘} O N N X reuse/pipeline 135
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Summary

nt muon anomalies, IF confirmed, may indicate (a close) scale of new physics
| drive a paradigm shift in particle physics)

r. _ BB ey / ATLAS, CMS, LHCb - Summer 2020
K 0.6 —————————— —

T BBt = Jji (= it )KT) ) B(BT— Jji (= ete)KT) ' : : " Preliminary 3 :, \
2 osk 2011-2016data 3 —
BaBar T /\ E 3
0.1 < g2 <8.12GeV¥/ct 3 04F =
Y : )|
Bell(z . + 03F 3 . ) . \
10< ¢ <60 GeV/ct - jFabiola Gianotti (CERN),
— LHCb 3 b g “F FLHCP. 7 June 2021
10 < ¢* <60 GeV¥/c* ol E SM E
i LHCb 5 fb'! : . : Qg
11<¢*<60GeV/ct 0]‘ é ; ‘-1 5 2021 E. 5‘— ;*E*
LHCb 9 fb'! — wh) (107 'Rz B
310 ag 1.1 < g2 <6.0 GeV¥/c* B(B(‘) Wy ) Hq ﬁ %
1 " i " " i " " " L i M .
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https://indico.cern.ch/event/905399/contributions/4099237/attachments/2259137/3834090/LHCP-Gianotti.pdf
https://indico.cern.ch/event/905399/contributions/4099237/attachments/2259137/3834090/LHCP-Gianotti.pdf

Summary

100 KHz 1 KHz 1MB/evt

. . ."." . k ‘xzé\ 4 _
High level == L NGRS

analysis

INFORMATION

Faster, Deeper, Stronger in HEP
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https://www.aichpoem.com/#/shisanbai/poem

The Nobel Prize in Physics
2002

Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one half jointly to
Raymond Davis Jr. and Masatoshi Koshiba "for pioneering
contributions to astrophysics, in particular for the detection of
cosmic neutrinos” and the other half to Riccardo Giacconi “for
pioneering contributions to astrophysics, which have led to the
discovery of cosmic X-ray sources".
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Pt and (pseudo-)Rapidity

1 F B
y=-In + PL n=0 N
2 E —pg i e
1 p| +PL> 0
—2p (L EEE Y B 4
n 9 n <|p| L In [t.a.n (2)]
pr =\/pP:+D}

(ARY = (&n)" +(A0)°

Lorentz Invariant Distance X :
1 HC typical: _'_E g’_
PT>20-30GeV
In|<2.5, 4.7 _ i,

AR >0.3,0.4,0.5,0.7,0.8 ) 143




H4miSAutoencoders

® Autoencoders are networks
with a typical “bottleneck”
structure, with a symmetric
structure around it

® They go from Rn — Rn

® They are used to learn X Encoder
the identity function as
26 (X))

where f: Rn — Rk and f-1: Rk

= ,.n

®| Autoencoders are essential

tools for unsupervised
studies

Latent
space

Compressed
representation
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B4mt5: Hmis

3x1 convolutions
-

® Given the nature of these N P s
data, ConvNN are a natural M
analysis tool. Two “ﬁf
approaches pursued B

Fully connected
—_—

Fully connected
—_—

® Classify good vs bad .l
data. Works if failure s s o
mode 1s known

f£7" B hidden units

® Use autoencoders to
assess data “typicality”
Generalises to unknown
failure modes

A. Pol et al., to appear soon

Pol, G. Cerminara, C. Germain, MP and

A. Seth arXiv:1808.00911
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