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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”

E>2TeV

ll\ electron
y <10"%cm
i proton
xﬁE (neutron) B 2 TeV

quark
<10""%cm

\ / nucleus .

5 = -15 — ~10""2cm
(1GeV)1=02fm=0.210"m atom~10%cm . o0 Seem
2> 0.05 MeV E>2GeV




RRRERDEMR

MREBFAUF(IEEF. BRF)HERRBEIER.
ISR FYIIERTREIRE, IHE MIRERBRFRE.

Quarks #x7-&%
=ecERoE KR!
TN
Big Questions BHFEEK.
‘Evolution of early Universe 1ERPEAIIFRME.
Matter Antimatter Asymmetry
Nature of Dark Matter REYD IR IR,
Origin of Neutrino Mass =1a:
Origin of EW Scale q’ﬁ?lﬁs#_:ﬁ.

Origin of Flavor B EsirECiE.
Moring the Unkng ¢ g
| IKEER F

Leptons #x7-2F7



RARRERD R

https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie O

W/Z mass Flavor physics pdf
W/Z couplings Strong
Interaction
Properties

Jets

Multibosons Gli\l/.lvge
igmounligs Ll Evolution.of early Universe e e
Matter Antimatter Asymmetry
Higgs mass Nature Nature of Dark Matter Missing E/p
of Higgs Origin of Neutrino Mass |
Higgs CP Origin of EW Scale Long lived particles
. Origin of Flavor .
are decays Top A
Physics Heavy gauge bosons

Top mass
Leptoquarks

Top spin FCNC New scalars Heavy neutrinos


https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie

SEH T E, MERKRE

Tevatron: from the Discovery of the Top

Booster
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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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https://home.cern/news/press-release/physics/elusive-romance-top-quark-pairs-observed-lhc

The CMS and ATLAS experiments at CERN’s Large Hadron Collider have observed an
unforeseen feature in the behaviour of top quarks that suggests that these heaviest of
all elementary particles form a fleeting union

8 JULY, 2025

Artist's impression of the short-lived union of a top quark and a top antiquark formed by the exchange of gluons. (Image: D. Dominguez/CERN)
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LT A 1957 E LISE S BE AR F P E

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 1% 5?!'] %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. 16



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

BRFT48

17



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

The Nobel Prize in Physics
1965

\

Julian Schwinger

a~
Sin-Itiro Tomonaga

Richard P. Feynman

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.

BFHEINF

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.

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.

20



Luis Walter Alvarez

Prize share: 1/1

Brookhaven
in 1964.

RENAE, —#HARS

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.
=/R%/N\EE
(The Eightfold Way)




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

Nature volume 552, pages 386—390 (2017)

Fast-forward by 50 years

LETTER

doi:10.1038/nature2464

ScanPyramids Big Void

Discovery of a big void in Khufu’s Pyramid by
observation of cosmic-ray muons

I\umhnn\Ionahmn'.\hmmkll\uno ~\}\|m'\1shm \r)bll}ml\xmga\\a \un\lanabu’ Ma

Grand Gallery

Search for hidden chambers in the Chephren’s Pyramid

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

Alvarez chose the wrong pyramid...

Discovery of a big void in Khufu's Pyramid by
observation of cosmic-ray muons
Morishima et al., Nature 552 (2017) 386

: “, Hideyo Kodama®,
Simon Bnulullc ngs Cal\el Christopher Fil
Pierre Gable”, Yoshikatsu Date®, Makiko Sugiur
Vincent Steiger?, Nicolas Serikoff*, Jean-Baptis

The Great Pyramid, or Khufu’s Pyramid, was built on the Giza
plateau in Egypt during the fourth dynasty by the pharaoh Khufu
(Cheops)', who reigned from 2509 Bc to 2483 Bc. Despite being one
of the oldest and largest monuments on Earth, there is no consensus
about how it was built>*. To understand its internal structure better,
we imaged the pyramid using muons, which are by-products of
cosmic rays that are only partially absorbed by stone?-°. The resulting
cosmic-ray muon radiography allows us to visualize the known and
any unknown voids in the pyramid in a non-invasive way. Here we
report the discovery of a large void (with a cross-section similar
to that of the Grand Gallery and a minimum length of 30 metres)
situated above the Grand Gallery. This constitutes the first major
inner structure found in the Great Pyramid since the nineteenth
century'. The void, named ScanPyramids’ Big Void, was first
observed with nuclear emulsion films’~ installed in the Queen’s

y.Y
\Iouul]' 1 L Bunald Charles

iMoto!, FumllnknT1k1~ak1
1

n

rakli Mandjavidze’, Marc Rla!]ot
amer Elnady”, Mustapha Ez Emmanuel Guerriero®,
3, Hany Helal*® & Mehdi Tayoubi*!

chamber, then confirmed with scintillator hodoscopes'®'! set

in the same chamber and finally re-confirmed with gas detectors
outside the pyramid. This large void has therefore been detected wit
high confidence by three different muon detection technologies an
three independent analyses. These results constitute a breakthroug|
for the understanding of the internal structure of Khufu’s Pyramid
Although there is currently no information about the intendes
purpose of this void, these findings show how modern particl
physics can shed new light on the world’s archaeological heritage.
The pyramid of Khufu is 139 m high and 230 m wide'". There ar
three known chambers (Fig. 1), at different heights of the pyramid, whic]
all lie in the north—south vertical plane': the subterranean chambe
the Queen’s chamber, and the King's chamber. These chambers ar
connected by several corridors, the most notable one being the Gran
Gallery (8.6 m high x 46.7 m long x 2.1-1.0m wide). The Queen

30
(But would have he been able to spot this void?)
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The Nobel Prize in Physics
1969
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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
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o2t “EBNLEFREERR BAE— JEJ”'JE%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
Ko 25
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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, ZH & 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
1084 W, ZIBF

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"

28



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 3F 3* ' % 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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Wire chamber with wires (w) &
Phot m the Nobel Foundation and cathode (-) plates (P). The
archive. particles flying through T will
Georges Charpak ionize gas atoms and set free a
charge that an amplifier (A)
collects (impulse at the output).

Prize share: 1/1

The Nobel Prize in Physics 1992 was awarded to
Georges Charpak "for his invention and
development of particle detectors, in particular the
multiwire proportional chamber."

Time
4

Drift time

indicates depth

L S1

< 4 [ )

— ionization electrons &,
N UV scintillation photons (~175 nm) mage by CH Fanam (Brown)

Dark Matter TPC detector: 3D position
reconstruction: X-Y from top PMTs array and
Z from drift time between S1 and S2. 31



The Nobel Prize in Physics
e TaugF 1977

R P ¥ BFRPWF 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

Pheto: University of © The Nobe © The Nobel
Chicago Foundation Photo: U. Foundation Photo: U.
Montan Montan

Yoichiro Nambu

Toshihide Maskawa
Prize share: 1/4

Makoto Kobayashi
Prize share: 1/4

Prize share: 1/2

The Nobel Prize in Physics 2008 was divided, one half awarded to
Yoichiro Nambu "for the discovery of the mechanism of
spontaneous broken symmetry in subatomic physics”, the other
half jointly to Makoto Kobayashi and Toshihide Maskawa "for the
discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks in nature”.

(d"

S —

\b')

E%EZF'?EI&.\

XTFRIE B A7 fiER
CKM, topE R

= BHEEFRARES

Vcd Vcs
k th Vts
VC KM
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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/



HRITH

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 .



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 39

<



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

m luminosity from beam parameters:

Low B (pp)
P

minosity =10%* cm-2s;

1.15x10™" p/bunch
2808 bunches/beam

Qetantd 7

v€=3.75 um L~ N/(tSerr)
B*_O. 55 m Now, with N2 = (1,15-101)2
. =25-10"° S :4.“(16.10-4)2cm2
0 =285 urad t=25107s | Se
-LHC'B C_7 55“ L~ 10% em2s!
G=1. 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

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 10-34 | 1030 N
nanobarn | nb 10-37 | 1033

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

femtobarn fifb 1022411022

attobarn | ab 1046 | 1042

zeptobarn | zb 10-49 | 1045

yoctobarn | yb 10-52 | 1048
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Large Hadron Collider

I — T, CMSIRNMIZE: BR15%K, 128, E140000%

s O muon chambers

» -
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s
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F$e2748 1L o A
HiF 19100 ALICE
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A v
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inner tracker
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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
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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 45

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

as of May, 2023
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215 full members
8 cooperating
2234/6122 Authors/Members

1537/2125 PhD Physicists (18% 3) "\ri\N / ¥

28 associated
from

57 Countries or Regions

665/1186 PhD Students (26% %) o
32/1090 Engineers (14% Q) l
0/1311 Undergraduates (29% 2) )
0/400 Technicians,Admins 46

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

1007

— 1.4 —
Energy [GeV] 49



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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Tracker
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Calorimeter Superconducting
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wiith muen chambers
~ Muon Electron Charged hadron (e.g. pion)
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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)
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EREXHENL : ATLASEENSS

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 ')

40

30

20

10

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 '

\\ \\
A ¥ A ¥

A ¥ 3¢ A ¢ 3¢ A ¢
Date (UTC)

N

70

60

50

40

30

20

10
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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

58



Events/5 GeV

SciNewsHiggs.jpeg

mAEXTEH: KR

ScienceNews

Higgs,

‘ g

Finally t
t
SRR RRE
g

40:.'_ e Data 20114 2012 ATLA > ' E

C [ SM Higgs Boson H ZZ? 41 3 goot- ATLAS - Data 201142012 3
35'7 m, =124.3 GeV (fit) —)7 z V_J)Lm s =) E \s=7Tev [Lm-n.sib‘ ~= Total sig.+bkg. 3

[T Background Z, 22* L s ; % 790 sosTev [Ldte207m" I 5M Higgs boson

r \s=8TeV JLdt=2071 £ 3 m,=125GeV 1
a0k I Background Zsjets, f $ B00E" HoWW —iviv + 071 jets B ww =

= % Systu E E

[ H-=> 4' 660 ™ 500~ @« -

F B Il Other v =
25?:‘ 400E @ Single Top B

r 3005— [ We+ets —:
. 3 200F- - E
15 100F- 3
|0F % 1(8)87 -¢- Bkg. subtracted data —f

F ' 60 D SM Higgs boson m_= 125 Ge\3

b il 40 = 5
5- 8 20 +

i =

my = \;‘tl:"T' + Epie)2

60 80 100 120 140 160 180 200 220 240 260
(GeV]

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

(P 4 Priss)2
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‘ 4 /0MHz

LHCHE T

1 KHz

'IDC] KHz

”‘9

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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LHC & HL-LHCE}|a) 2%
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3% LHC

https://videos.cern.ch/
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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
(Received 26 June 1964)

Volume 12, number 2 PHYSICS LETTERS 15 September 1964

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W. HIGGS
Tait Institute of Mathematical Physics, University of Edinburgh, Scotland

Received 27 July 1964

Vorume 13, Numpsegr 16 PHYSICAL REVIEW LETTERS 19 OcToBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

VoLume 13, Numser 20 PHYSICAL REVIEW LETTERS 16 NOVEMBER 1964

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,? C. R. Ha.gen,l and T. W. B. Kibble
Department of Physics, Imperial College, London, England
{Received 12 October 1964)
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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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P

(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.

71


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 and Dec:

Production rates at Run 2 (13 TeV) for ~150 fb'1

g

Gluon fusion process
~8 M events produced

Vector Boson Fusion
Two forward jets and a large rapidity gap
~600 k events produced

W and Z Associated Production
~400 k events produced

Top Assoc. Prod.
~80 k evts produced

Decay branching fractions 7

W,Z
H ____
W, Z*
vZ
H_ ___
Ly
b,c,7,u
| - g
b,c, 7t

Br(H —» WW*) =22%
Br(H — ZZ%)=3%

Br(H - 77) = 02%

Br(H - Zy) = 0.2 %

Br(H - bb) =57%

Br(H -» t't7) =63%

Br(H—- cc)=3%

Br(H - ptu~) = 0.02% 74



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
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(GeV) = 7
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VBFE-Frid 110-150 1-2%

ZZ — 4l 2% Cinclusive ) 110-180 1-2%

WW — Iviv 0or 1 jet 110-160 20%
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WW — lviv VBFFrid 145-600 20%
WW — Ivqqg Tekrid 180—600 5-15%
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 S. L. 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)

= | BB oI | AR RAE RERE Y RS T 3 RPSSA AR BER- 3] 15!'!'1'! LI AL LA ELLEL NI B NN LN R AL RS =|
g - ATLAS Preliminary 2011 Data =] - i i i ! ! : I 3
o 1F E © =
= B E 3 i T S RO S Y i B SRS
e 0k 1. & WE :
§ Y 326 § Bl ootlenle o ol ol Joe
3 10%F 1 3. | ]
T oo {* U BEREE
10 - E 10° = 260 Interpretation requires look- =
. 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

() 1 T T T
- =
[ 1078
-2 L
Qj03§
0104§
1o5§
10°¢
107 &
i el
g [Tt EXpforSMEC ) T —— 66
10° F|—H-my
10_10 ;_ —_—Ho 77 CMS Combined
P g dind Vs=7TeV.L=511fb"
10 & Vs=8TeV,L=531fb" =
-12:—IIIMII\III\\ :III:\II:III:\I
10 116 118 120 122 124 126 128 130
m, (GeV)

0

ATLAS Internal 2011 + 2012 Data

— Obs. §=7TeV: [Ldt=4.6-481b" _
(s=8TeV: [Ldt=5.859fb"

Local p
— — — — —
ALK

(O N C R Y U G G
OoQooecoog =
cwmom~NoOoOhd N L=-O

_‘—L
c:;b;

—
Y

110 115 120 125 130 1135 140 145 150
m, [GeV]

Combined significance 5.00 for CMS and 5.90 for ATLAS

125.3+-0.4+-0.5GeV
0.87+-0.23

126.0+-0.4+-0.4GeV
1.4+-0.3 %



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 andG.apverse
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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r e O ATLAS . 3500
25 | - Background 22
- Background Z+jets,
- [ signal (m =125 Gev)

V
T

ATLAS ¢ Data
~—— Sig+Bkg Fit (m «126.5 GeV)
Bkg (4th order polynomial)

Lovaalingg

H—’ZZ“ —dl @ 3000F

8 years ago...

» ATLAS and CMS both first
observed the Higgs boson.

7 sys\une
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is=7TeV Ldt =481 1000E- (-
L = (5+8 ToV, [Lat=5.9"

5 =8ToV: JLat =587 500E- Hoyy

» Theorized in summer of 1964

» Francois Englert and Peter
Higgs were awarded the
2013 Nobel Prize in physics

for this prediction. 200 250
' - 012)1.2¢ m, [GeV]
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2020

> 180" 1 i BB I Yy o T T
& . - ATLAS ad . E + Data ATLAS Preliminary
160 \s=13TeV, 1391

~ - Background

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!

1

ATLAS
~ Preliminary

(5= 13TeV

Ostemrod: 15610

- [LHe Dolivered Aecordet 147 b

|ATLAS Recorded

Vs oxt e piad 00 e S
L A W
Month in Yea

%0 90 100 11C 120 130 140 150 160 170
hitps://arxiv.org/abs/2004.03447 m,, [GeV]
(Accepted in EPJC) 4

CMS Polainay 2016 +2017 + 2018 1T (13 TeW)

> 240
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2020.8 Higgs5 5 — KR FHA1EABIIENE !

- - -]
CMS Prelimina 359 fb'(13 TeV) _ 35.9-137 10 (13 TeV)
B 1k cms Preiimi | S
9" 3
E g reliminary WZ" o
5 - my = 125.38 GeV ]
S 10" & -
eP £ :
w a be ue” |
- X P
102} }» § 107 T E
------- SM Higgs boson . % ¥
(M, ] fit {1 L ok, e ¢ 3" generation fermions 4
- B ==& GHup ® ¢ 2™ generation fermions
B2 = 01 N | B P O} 0 wees SM Higgs boson
T 104 3
I SR, SR TOL . R W AT BT B POy
(% e = 1.5p - - —
c o\ hfo A e
.g E ‘\.5:|I‘ A L ' llllll A LA llllll A AL llllll A :
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AR, BEERSALRFERIBSFRENZREFHNAFHE T LINIERE

AfEHE: 2024-01-16 NEXRER: 662
fiifs: RAYIER | RiE: HhSE | B 38

2023 FE AR B FIBNYIEF SN L, BIFENEETE (ATLAS) 1 BEZBFLERE (CMS) FRCIRT HRETKE
FREA—NIREFN—MIAFIENEMEHE. (RRBR) NN ZFHRRPOEAMiGE LT T #iEikE. &8,
ZEEERARNERAEFU “KEBFHEN LHERTREFREA—NZREFN— NN FIEMIEE"  (Evidence fort
he Higgs Boson Decay to a Z Boson and a Photon at the LHC) J@F2024F18 A KR%E (WIBFLHRIRY  (Physical Review
Letters) , Higikl “WIE=H" (Featuredin Physics) 1 “4giB#FE" (Editors' Suggestion) ., JtRAZFWIBERIZA
MERAR. EXFERAANZERET XBIEH. ECMSEFAND, tRAEMEFRELMRE KB ERIEMINEZIR
&, ARWEMEZIRE. HEESHXERATA. 2023598, ARKEBEAREFIEN (LHC) HRIEBKEOTTIEA
BEA.

WDR2FEH BB FNAUNBNFYIEN—EEBRIZM, BILCE, BMZFHRFOLHCBIATLASFCMSSEIE A FH
REBARBFEFENRENEMAN, MNMREFERANFRENHERGNG, Hbh, SREBGFRENZIHEFNAF
W REERIEFEHRT. ATEFETTEFEHRRAMPNIATF, ZHERTIREEREFMENER. BXIBICH
REEILRAEYEZREREZATLIE (Phys. Lett. B789 (2019) 233) %,

BLAERE P AR e FREN KRB FHAFIRNEER
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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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https://www.youtube.com/watch?v=dJEwyPO5PYE
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Production cross sections

Sl 2018.11 ZfBZ TR ECDR,
wr [ 1002 BB F&1E ;

o [ 240-250GeV IEfiH FXHE

sl | e =54 #9100 5 Higgs ;
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HppxriEHLFELL

o SUHEAR, RAILIREI L XiAFEHIggsE R ;

o XKED, IFFEFF,;

° ulL?FEH%TAE EXTERES ;

e*e Pairs

] sl
==

- -
- -
. -

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
4000

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

Iy 1.65% 1.10%
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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

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

Y
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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 97



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
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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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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
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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

103


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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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 LBF

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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HESFE SN A : HiggsHlF3 1%

CMSSELE hHiggs M FER Tk
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Traditional approach

NNPDF approach

HlaxE J S FH: 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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B4t : B 3T HHmE

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

111



Jets in particle physics

Jets are collinear sprays of particles initiated by quark/gluons

raw data from tracker & calorimeter
> reconstruct to particle records (particle-
flow candidates in CMS) to cluster jets

parton ‘\r\/

showering  hadronization ¥
hadronic
decay = stable hadrons

Jet identification (jet tagging): identify the origin of the jet 12



How to design a most performant jet NN?

=> This is a highly physics-ML interdisciplinary subject

( original of the
jet?

7 _\\A\ ...54// >

— {
—
® | )’
j other jet

A\ properties?

\

research objective:
design a most performant jet NN
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Set/graph representations

View input particles as a set/graph: guarantee the permutational invariance of input particles
The edges of graph: enable communication between pairs of particles

CETH 64 Hierarchical trees: Fully connected graph Locally connected graph
ERp cages decay chain i.e, connect each node i.e., connect each node
jet clustering history to all other nodes only to neighbor nodes
k-nearest neighbors
® fixed radius
¢ ® : ZANS
® . static
*Q
°Q
9
0
LX X ) ) g

’ AN
L X >&4 )/ (dynamically) learned

@ .\// \/

° 114



https://indico.cern.ch/event/1051967/contributions/4550543/attachments/2331603/3973494/GNN_HEP_H_Qu.pdf

THE EVOLUTION OF JET TAGGERS

* luputs: O(10) hand-

crafted features

> tracks, SVs, (soft
[eptons)

+ Model: BDTs or
Feedforward NN

" 7

Deep ML

* lnpufts:
-+ O(10-100) particles

- O(1-10) SVs

+ O(~1000) low-level
features wn total

« Model: sequence-based

deep NNs
* 1D CNNs, RNNs, «--

Particle Cloud / GNNs
* lnputs:
- O(10-100) particles
v O1=10) SV
* but viewed as aw

unordered “cloud”

© Model:
- Graph Neural
Networks (<.9.,
ParticleNet)

Transformers
- lnputs:
-+ 0(10-100) particles
-+ O(1-10) $Vs
- Model:

Attention Is All You Need
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https://indico.cern.ch/event/1387465/contributions/6019727/attachments/2925294/5135171/FTAG_ML_20240911_H_Qu.pdf

Experimental impact - small radius jets

> Huge progress seen from 2016 (early Run-2) to 2024 (mid-Run3), in building jet models for b/
c flavour tagging (nearly half of the analyses will use these models)

- ATLAS/CMS “flagship” models all switched to the Transformers

% w/ training dataset size reaching o(100M)

CMS?
EXPERIMENT - CMS simulation Preliminary 13.6 TeV
c I 1 I )
| o T PR AR | L A I L T S E .
OF ATLAS Simulation Preliminary 42500 3 Govants, py > 20 GeV, Inj 24, £a=70%
sob VS =13 TeV GN2 100 ™= c‘;et re]lectn?n" n
 ttjets, &, =70% <2000 . 2 Run ! e o:u- 2 Run 3 ke
c 50F ° 80 1
2 © 23 10°
S a0k Run 3 reco 11500 &> i
i § 60| . X
i & = 1102
£ e DL1d 1000 = 22 5.9 10
N] apF. DL1r o 40r ., -
- DLt - ,
10F 500 20l 32 10
E 18
b 1.0
ot : 0 0 10°
2017 2018 2019 2020 2021 2022 2023 CSWv1 CSVv2 DeepCSV DeepJet PNET  UParT UParT
Year =0.14)
ATL-FTAG-2023-01 / CMS-DP-2024-066

Latest ATLAS tagger for small-R jets:

Tisrisformerbused GN2 Latest CMS tagger for small-R jets:

Unified Particle Transformer (UParT) 116



Experimental impact -large radius jets

-> Similar cases for large-R jet tagging

% more complex tasks! (0(30-100) particles within a large cone size) o " - /""I?\ A 2T
B . . . . 4
% believed to have larger benefits from DNN algorithm improvements J !
more Lorentz-boosted }
ATL-PHYS-PUB-2023-021 T
§_ 75213 Tov, Ani et 0 UFO el I 100 CMS Simuiation Preliminary (13 TeV)
5 10'F Pr>250GeV, 50 < m <200 GeV. Il <2 —ogx 1 B 'H " b5]vs T | FA | ! 3 JINST 15 (2020) P06005
g g (13 TeV)
g’ ‘S pr > 600 GeV, Inl<2.4 - —TT1T 77 3
& % F 90 < mep < 140 GeV § E CMS 3
o 107'F S [ Simulation
§ = Higgs boson vs. QCD multijet
o o 10F gen 3
= o E 1000 <p?" <1500 GeV, N1 <24 3
E’ c [ 00<mg; <140 Gev
- S 102 5 !
oF T T T ] m %, ek -
g 15F g L 3
1.0 : P —— ] -3 ,/‘// i b -3
: ‘ , L " ParticleNet-MD bbvsQCD 10°F i
g el | e T ik e — DeepDoubleBvL ] F .- DeepAKS-MD 7
B 2f i P4 DeepAK8-MD bbvsQCD —BEST
=f;;’ | L — s P iR i A S Td.outlwle-lb .
| . ‘ e gl L v v e R S 2 x 9§ WA
* B &y 3 A Signal efficiency Signal efficiency
Comparing with early
Transformer-based GN2X
tagger: DeepAK8 > ParticleNet: approaches
~x3 ,/ QCD and x2 top x5 ~/ QCD background rejection Another ~x5 -/
improvement achieved 17

background rejection
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Transformer x jet network? Arniv2202031T2

Attention in Transformers

Particle 1 Particle 2 Particle 3

i Particle i
K ‘ (repeat foreach 1...N

0!
. softmax
______________________________________________ =1
=> Transformer (Google, 2017): unifies the - "y i ;;w
architecture designs across the tasks
% initiated in NLP, then extended to 1% I | I Vi [.:I V, - V,
computer vision (started by ViTs) =

-> Benefits:
Z w;V; = new feature for particle i

J

< efficiently learn relations of tokens

% scale well on larger datasets

% - achieve new state-of-the-art Each token (particle) talks to every other token
performance Same prototype across the fields

119



Global tagger

For large-R jets: from specific SM resonance (W/Z/H/top) tagging to generic signature-based tagging

a proof-of-concept “Sophon”: Particle Transformer trained on a wide range of boosted jet signatures (QCD + 2-, 3,

and 4-prong), decay modes, and resonance masses (up to 500 GeV)

TABLE L. Summary of the 188 jet labels in the JETCLASS-II dataset.

Major types

Index range Label names

Resonant jets: 0-14 bb, cc, ss. qq, be, cs, bq. cq, 5q, gg. €€, pp. TTe, ThTy, ThTh
X — 2 prong
Resonant jets: 15-160 bbbb, bbce, bbss, bbqq, bbgg, bbee, bbuy, bbry, e, bbry, Ty, bbryT,. bbb, bbe, bbs, bbg, bbg, bbe, bbu, ccec,
X — 3 or 4 prong cess, €eqq, €cgg, CCee, CCpifl, CCTLTe, CCTY Ty, CCThWTh, ccb, cee. ccs, ceq, ceg, cee, cep, 8585, 5544, 5594,
SS€E, SSUL, SSTYTe, SSThTy, SSTLTh. Ssb, ssc, sss, ssq. ssg, sse, ssjL. qqqq. 9q99. qqee, qqujL, qqM,Te,
99Ty, 99ThTh, 99b. qqc. q9s. 999, 999 99€. qq. 9999. GIEE€, GgHL, GThTe, GIThTu, 9ITH T, ggb,
ggc. 9gs. 999. 999. gge. ggp. bee, cee, see, qee, gee, bup, cpp, spp. qup, gpp, bry,Te. CTLTe, ST, Te,
qTuTes 9ThTes BTH Ty CTWTs STL T 470 Tps 970 Tp s OTU T, CTU T STR T T Ths 970 Ths 999D, 999¢. 999,
bbeq, echs. cebq. cesq. sscq. qqbe, qqbs. qqes. besq. bes, beq, bsq, csq, beev, csev, bgev, cqev, sqev,
qqev, bepv, espv, bquy, cquu., squv. qquu, betev, ester, bqTev, cqTer, sqTev, qqTev, betuv, esTuv,
bqTuv, cqTuv, sqTuv, qqTuv, bemyp, esmyv, bqmuv, cqmuv, sqTuv, qqTav
QCD jets 161-187 bbeess, bbees, bbee, bbess, bbes, bbe, bbss, bbs, bb, beess. bees, bee, bess, bes, be, bss, bs, b, cess, ces,
ce, css, ¢s, ¢, ss, s, others
0.8 0.8 08
jet pr: 1125 GeV, mqy: 92 GeV Jet pr: 629 GeV, meo: 248 GeV Jet pr: 307 GeV, mgo: 89 GeV
0.6 | truth label: X_qq 0.6 | truth tabel: X_¥¥_ssc 0.6 4 truth label: X_YY_bbg
0.4 04 0.4
0.2 02 02
0.0 8 o0 g oo
-02 -0.2 -0.2
Sophon's Saphan's Sophan's
Top-S probs Top-5 probs Top-5 probs
-0.4 a0 e 630 04 %0 a1 e 04 e
o iy Ko
-0.6 K -0.6 * 3 s -06 I
oD 4y xv e oo
-0.8 -0.8 -0.8
-08 -06 -04 -02 00 02 04 06 08 -08 -06 -04 -02 00 02 04 06 08 -08 -06 -04 -02 00 02 04 06 08
an

an an

(a) Pre-training

Sophon model
(main structure)

Nlnlent =128 ”g‘:’

% N, = 188 classes

resonant jets
(2 prongs)

resonant jets -\ Z
(3, 4 prongs) ﬁl’é:'

0000
5560

|| Train new layers D
4 ) >

oo
OLEER
vOdl S8,
O O

Transfer learning

28.

discr. = ———F—
2o+ 22

Constructing
discriminants B

C.Lietal,
arXiv.2405.12972
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Spooky action at a distance! ref

MAY 15, 19358 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. Eixsteix, B. Ponorsky axp N. ROSRN, Tnstitute for Adeanced Study, Princeton, New Jersey

“Can Quantum Mechanical Description of '
Physical Reality Be Considered Complete?” i g

dition for the ealit

fent ¢
ancity is the possibilicy of predicting  of the problem of maki ncerning & system
it with certainty, without disturbing the system. [n  on the basis of measurements made on another system that
um mechanics in the case of two physical quantities  had previously inceracted with it leads to the result that if
cribed by non-commuting operators, the knowledge of (1) is false then (2) is also false. One is thus led to conclude
one precludes the knowledge of the other. Then cither (1) that the description of reality as given by a wave function
the description of reality given by the wave function in s not ¢

s i cminenin < ice s 1964 QM with hidden variables differs from QM

plete
elemen

mdtpendenl of any theory, and the physical P"’i] _‘" [

concepts with which the theory operates. These Ondi =

concepts are intended to correspond with the 15 thur Bell’s Inequality

abjective reality, and by means of these concepts ~ decide

we picture this reality to ourselves. reality Physics Vol. 1, No. 3, pp. 195200, 1964 Physics Publishing Co.  Printed in the United States
In attempting to judge the success of a The

physical theory, we may ask ours be de

tions : (1) “Is the theory correct sidera:

A. Einstein B. Podolski N. Rosen the description given by the theory complete?”  results ON THE EINSTEIN PODOLSKY ROSEN PARADOX*
It is only in the case in which positive answers compr

may be given to both of these questions, that the unnec

concepts of the theory may be said to be satis- with ¢

" . factory. The correctness of the theory is judged  reason

Phys|ca| reahty must be local! - POdOlSky by the degree of agreement between the con- sysiem

clusions of the theory and human experience. probab

This experience, which alone enables us to make  guanti

inferences about reality, in physics takes the reality

EPR P aradox form of experiment and measurement. It is the scems

second question that we wish to consider here, as exhau:

applied to quantum mechanics. physic

J.S. BELL!
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

1. Introduction

‘THE paradox of Einstein, Podolsky and Rosen (1] was advanced as an argument that quantum mechanics
could not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restore to the theory causality and locality [2]. In this note that idea will be formulated

and shown to be i statistical predictions of quantum mechanics. It is
the reauirement of locality, of more preciselv that the resil 'a measurement on one system be unaffected
1928~1990 QM with hidden variables differs from standard QMates the essential dif-

John Stewart Bell ficulty. ‘There have been attempts 3] to show that even without such a separanility o locality require-

d. That particular interpretation has indeed a prossly non-

Upon observation, the cat was found to be alive. Huh? The cat suddenly died. In the 1980s, he was always mentioned local structwe. This is charcHe Shows that von Neumann's proof was bogus.
as a candidate for the Nobel Prize. reproduces exactly the quantum mechanical predictions.

e

1 Light Year ‘ y

Planet A Planet B

Quantum mechanics is nonlocal

However, it still takes 1 light year for A and B to exchange answers.
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https://indico.cern.ch/event/1462807/contributions/6158793/attachments/2953777/5193017/2024-KPS-QEinHEP.pdf

Quantum entanglement tests

As reviewed by C. N. Yang, the first experiment on quantum e
entanglement is the WWu-Shaknov Experiment published in 1950 ‘ INPHYSICS 2022 "0
in which the angular correlation of two Compton scattered photons - = &
arising from e+e— annihilation are measured.

The violation of Bell inequality was demonstrated in 1970s using
entangled photons, confirming the non-locality of our universe.
Alain Aspect, John Clauser and Anton Zeilinger won Nobel Prize in
Physics in 2022 for demonstrating the potential to investigate and
control particles (photons) that are in entangled states

N

Electron (1) 1 Electron (2) ‘ Iﬂ o ﬁ
:Rbsilron Source NNS < ’ :3, OX £/ | > L1

o T . LW | 07 Vi LU

©, - \:;\\‘ / o, = =

/ 7Y Quanta * \ godvi 4

Photon

Photon
Wu-Shaknov Experiment Clauser’s photon entanglement experiment
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Quantum entanglement at high energy

Nature volume 633, pages 542-547 (2024)

LHC experiments at CERN observe
Article

E!’Iahnt um entanglement atthe Observation of quantum entanglement with
Ighest energy yet top quarks at the ATLAS detector

The results open up a new perspective on the complex world of quantum physics

18 SEPTEMBER, 2024 https://doi.org/10.1038/s41586-024-07824-z  The ATLAS Collaboration**
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Accepted: 12 July 2024 Entanglement is a key feature of quantum mechanics'?, with applicationsin

Published online: 18 September 2024 fields suchas metrology, cryptography, quantum information and quantum
computation**. It has been observed ina wide variety of systems and length scales,
ranging from the microscopic’  to the macroscopic'* '*. However, entanglement
remains largely unexplored at the highest accessible energy scales. Here we report the
highest-energy observation of entanglement, in top-antitop quark events produced
atthe Large Hadron Collider, using a proton—proton collision dataset with a centre-of-
mass energy of Vs =13 TeVand an integrated luminosity of 140 inverse femtobarns
(fb) ' recorded with the ATLAS experiment. Spin entanglement is detected from the
measurement of asingle observable D, inferred from the angle between the charged
leptonsin their parent top-and antitop-quark rest frames. The observable is measured
inanarrow interval around the top-antitop quark production threshold, at which the
entanglement detection is expected to be significant. Itis reported ina fiducial phase
space defined with stable particles to minimize the uncertainties that stem from the
limitations of the Monte Carlo event generators and the parton shower modelin
modelling top-quark pair production. The entanglement marker is measured to be
D=-0.537 +0.002 (stat.) + 0.019 (syst.) for 340 GeV < m,; <380 GeV.The observed
resultis more than five standard deviations from a scenario without entanglement
and hence constitutes the first observation of entanglement in a pair of quarks and the
highest-energy observation of entanglement so far.

Open access
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Why QE at high energy?

Understand quantum nature & seek for BSM effects.

Particle scattering/decay of unstable particles provide a natural laboratory
o the momenta of observed particles are essentially commuting observables. Therefore, there is
always some hidden variable theory that can explain the observed momentum data
o However, one can focus on spin correlation emerges in different phase-space region

It is plausible that quantum mechanics undergoes modifications at some
short distance scales to achieve compatibility with gravity. Such modifications
could, in principle, be (only) detected by measuring Bell-type observables
or through quantum process tomography (ref)

offers the potential to uncover new insights into quantum field theory.

https://scipost.orag/10.21468/SciPostPhys.3.5.036

Sci|Pos SciPost Phys. 3, 036 (2017)

Maximal entanglement in high energy physics

Alba Cervera-Lierta®, José I. Latorre2, Juan Rojo® and Luca Rottoli*
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Top quark

* The most massive fundamental particle : m, =~ 173 GeV

* Large width : I,~1 GeV BR(t—Wb)~100% + weak interaction is
= Short lifetime : T = 1/, ~ 10725 ¢ maximally parity-violating
2 — correlations are observable!

v’ decay before hadronisation : ~ 10723 s
— In case of top pair production, tt spins can be measured from decay products

— The effect due to spin correlation has already been measured in several experiments.
CMS 5otb at \I— 7 TeV

I I L = e l llllllll I
C w Bernreuther&Z G.Si +(Data bkg )unfolded
0'5 T Siliem) Syst. uncertaint
C W.Bernreuther & Z-G.Si L ke = ]
(@ p—0 ® p—1 t 0.45 [ (uncorrelated, u =m,) —— MC@NLO parton level |
/=> g v ~+ o4f | :
1 (TG 00000000, "\_9_9_9_9_9_9_9_9_9_9_/ 0000000000, 0999990009 ei
/ S
2/ e
| °
Phys.Rev D81 . Unlike helicity gluons ¢ L - :
0740242010 @ B—0 ®Bp=>1 ¢ s
/ﬂ 0oF Phys. Rev. Lett. 112 (2014) 182001  {
fmfmrmmrm 0000009990, “GOO0000000™>,"0099900000, i b
//"// < & g = = & Fa gl oy T poper s T o p ol v o v 5 ¢ 15
) y 0 0.5 1 1.5 2 25 3
$,,,. (radians) 125

Like helicity gluons


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.074024
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.074024
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.182001

(Quantum) Top quark beyond spin correlations

Eur. Phys. J. Plus (2021) 136 (March 2020) — first analysis of top quark pair
production from the quantum information point of view: “bipartite qubit system”

1 do 1 ) 0 . A
Lo (1o s
o d€21€) 47;2( 1271 " %1 2 P2 " L2 109 £

la.o Tr [C] < — Peres-Horodecki criterion

13.5

3.0

l.s 1 do 1
n f— — = (1 — D COS \,9) a simple observable
12.0 ~ ¢
ocdcosep 2

1.5
1.0

gg spin-singlet . D — Tl' [C] = D = _l a quantum entanglement

5 a0 ‘ ‘ marker!
350 400 450 500 550 600 !3 3

M|GeV]
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Density matrix, Peres-Horodecki criterion ref
|| purestate | mixed states |

» From pure state to mixed state.

wavefunction [¥) f¥d)
) ) “A quantitatively characterization of the degree of the entanglement
density matrix p = lPXy| p= Z i [Pl between the subsystems of a system in a mixed state, is not unique! ”
i
trace of p Tr(p) =1 Tr(p) =1 2 L . . Y
= 20 @ ), =i
trace of p? Tr(p?) =1 Tr(p?) <1 . ;p,pA e sz L
entropy S(p) =0 S(p) = —Tr(p Inp) >0

“Finally, we prove that the weak membership problem
for the convex set of separable normalized bipartite density

matrices is NP-HARD.”
* density matrix for 1 spin T
1 .
"p = 5(12 +ZiBi0'l X 12)
<8, = (o)
— B; 3 parameters — Polarization « For2 X 2 and 2 X 3 system, it is solved by Peres, and Horodeckis 1996

(Peres-Horodecki criterion, concurrence).

« density matrix for 2 spins
"p=1(L+ 2B 0" @ L+ B I, ® 6")) + 3, C;jo' ® o)

=
a N i g t /
VB = (%)
— 6 paramters — Polarizations
-y 0 , ‘ s‘,
v Cij = (a%ol) g B\ o\ | AN
o Asher Peres Ryszard Horodecki Pawet Horodecki Michat Horodecki
-9 parameters — Correlations (1934/01/30-2005/01/01) (1943/09/30-) (1971-) (1973-)
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Top quark Entanglement Discovery

Nature volume 633, pages 542-547 (2024)

Article

top quarks atthe ATLAS detector
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Entanglement is a key feature of quantum mechanics'~, with application
fields such as metrology, cryptography, quantum information and quant
computation*®. It has been observed in a wide variety of systems and len;
ranging from the microscopic®* to the macroscopic****. However, entan
remains largely unexplored at the highest accessible energy scales. Here
highest-energy observation of entanglement, in top-antitop quark even
atthe Large Hadron Collider, using a proton-proton collision dataset wit
mass energy of vs =13 TeV and an integrated luminosity of 140 inverse fer
(fb)'recorded with the ATLAS experiment. Spin entanglement is detecte
measurement of asingle observable D, inferred from the angle between t
leptonsin their parent top-and antitop-quark rest frames. The observabl
inanarrow interval around the top-antitop quark production threshold,
entanglement detection is expected to be significant. Itisreportedina fic
space defined with stable particles to minimize the uncertainties that ste
limitations of the Monte Carlo event generators and the parton shower m

Particle-level D

Observation of quantum entanglement with

D = —3(cos @)

_0.1 ATLAS Preliminary é..
/s =13 TeV, 140 fb™!
-0.2
¢
777777777777 @
-0.3
P e S N P S e
-0.4
[ -==-- Limit (Powheg + Pythia8)
PY B Theory uncertainty
05 —-—  Limit (Powheg + Herwig7)
' ® Data
é @ Powheg + Pythia8 (hvq)
B Powheg + Herwig7 (hvq)
208 340 <m(tt) <380 380 <m(tt) <500 m(tt) > 500

modelling top-quark pair production. The entanglement marker is measurea to oe
D=-0.537+0.002 (stat.)  0.019 (syst.) for 340 GeV < m,; <380 GeV.Theobserved Entan gled state: D<-1/3
resultis more than five standard deviations from a scenario without entanglement

and hence constitutes the first observation of entanglement ina pair of quarksand tl

highest-energy observation of entanglementso far.

Invariant Mass Range [GeV]

(derived from the Peres—Horodecki criterion)
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Top quark Entanglement Discovery

high relative velocity

e SM predicts entangled states:

¢ at the production threshold region in gg fusion production
¢ at the boosted region for central production of the 77 system

M,;[GeV]

gg—)l‘f

Entanglement

J\[,; [GCV]

P 20
™ m
low relative velocity of top quarks Eur. Ph

— time-like separated events

Rep. Prog. Phys. 87 (2024) 117801

Phys. Rev. D 110 (2024) 112016

of top quarks

— space-like

separated events

=

& top2024

£

o

o)

c

5

=

w

138 fb™ (13 TeV)
C Data
- stat, total unc.
- Powheg+P8
__ Sl POWheg+P8+ M e S e ey
Co e Powheg+H7
= MG5+P8
N -~ MiNNLO+P8
2.2(2.4)c 6.7(5.6)c

| Separable states |

m(tt) < 400 GeV

m(tt) > 800 GeV
|cos()| < 0.4
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QE between Triplets: H— VV

For two-triplet system, we can expand the density matrix as
» The polarization density matrix(PDM) can be reconstructed from
8 8 8
the angular distributions of the decay products: pi= é [1®1]+ Z f.[r"e1] + Z g [1®T + Z has [T° ® Tb]
p = [Pzz(Pzz| = |PHP| a=1 a=1 a,b=1

|®) = thjlij) - ZM(Alllz)llplz) 1 do ( 3

2
_+ — R '1‘ . F B F‘
o dQY, dS_ 47r) r[pvive (I'1 ® T'2)]

¥, has three polarization states: +1, 0, -1

H All coefficients - Quantum Tomography

O s
2 Z B No direct spin measurements: inferred by angular
A /\/\-/\/> distributions.

g ol B Both the state before decay & the final state decay

>

haz) = g () = BIOOYH = ), products inherit the SAME quantum information.
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Quantum Tomography

1 do g% #
LW S (_) Trloviv, T1®T2)], g -3 (%(Sin%—msme)e—w

i2¢

odQ; dQ_ 4T

I do 1 [
o dQ,dQy  (47)2

1+ A}y,

—

+ Cr, ML, M, BL, BLQY

1 do B, '
/ a0y = ALy, G=12
1 do B, B
o dQ,dQ, YMI( 1)YLA§[2 (€21)d21dY, = Lzlw L Oy My LaMa-

Integral — events summed

More details in

PRD 107 (2023) 1, 016012
JHEP 10 (2024) 211

PRD 111 (2025) 3, 036008

Notice that the theoretical form of the density matrix

1+ cos? 6 — 2n, cos B

(1 —cos?f)e~

Yffu(glaqbl) T A

% (sin 20 — 21, sin §)e'®

2sin’ 0 -

—%(Sin 20 + 21, sin 0)e~®

mBLY (02, ¢2)

(01, 01)Y7)

12 (02, ¢2)),

\/5

(1 — cos? 0)ei?¢
(sin 20 + 2, sin 0)e'® | |

1+ cos? 6 — 2n cos

imposes strong constraints on the various coefficients:
this assumption can be relaxed though

P

0
0
0
0
0
0
0
0

\ 0

0

0
0
%(»‘2.1 2,—1

3 (1-v243)
0

0
0
0
0

0

§ (V2430 +2)
0
0

0
0
0
0
0
0
0
0
0
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Quantum Tomography in Operation

In two spin-1 massive bosons’ system:

» The z-axis is the direction of the on-shell Z boson’s 3-momentum. Two Lorentz Transformation:

™~

S (ﬁp—cos 02) » Higgs rest frame — determine Z axis

» The X axis is in the production plane: X = g Bp = (0,0,1) | » 7 boson rest framelbobsbialong Zaecior)

» The 5\1 = ZXX — lepton’s polar angles

» |7 is the polarization operator.

» The eigenstates of ] is the basis of the spin space.

laboratory frame Iaboratoey frame Obtaln (91’ (pl) ln Zl reSt fralne’ (92' (»02)

Higes boson e Fane ‘j\‘ f in Z, rest frame. The coefficients can
§=iX% . - /k‘

Al and Cr,m,1,Mm, can be calculated

onshell Z boson

¢l
B T Pz
|
—> 2 axis
]
n
T axis
Zy CM frame

Ii Py — zcosfl)

1
h 3
Higgs CM frame | 1,

Z; CM frame

1
p=3 [13 @13+ ApaThy ® 13 + A p13 © Ty + Crias 1, Tafl @ T;’&ZJ
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Quantum Tomography — Bell Inequality

» The most original form of Bell inequalities
(Clauser-Horne-Shimony-Holt Inequality):
P(A;B,|AB,A) = P(A,|A,2)P(B,|B,2)

Classical local hidden variable theory:

I3 =(0pey) = Tr{pOpgey} < 2

p : Polarization density matrix (PDM)

» More general form (Collins-Gisin-Linden-Massar-Popescu Inequality}

[d/2]—1 2%
Ti= Z (1= 7=7H{+[P(41 = B + ) + P(B1 = As + k +1) + P(Ay = By + k)

+P(Ba= M +k)-[P(A=Bi—k-1)+P(Bi= A2 - k)
+P(Ay=By—k—1)+P(By= A, —k—1)]}

3-dimensional form:

I3 =P(A1 = B))+ P(B) = A + 1)+ P(As = By) + P(B; = A))

—[P(Ay =By — 1)+ P(B) = A3) + P(As = By — 1) + P(Ba = A — 1)].

» The expectation value of the Bell operator can be written as:

2 1 1 9
- L‘—ﬁ (MeT -TeT+ToTh) + 4 (FeTi+ T e T?)

1 P 1 1
—  (TRRTE+TRRTE) - (T2 T2+ T2 @ T2,) + -T2 Tz‘ h.c..
+2‘/§(2® 2+ OT;) 3(1® 1+ 13 —1)'*'4 0 ® 0_*‘ ¢

» Bell inequality expectation value can be calculated:

I3 = 3% (18 +16V3 — V2 (9 — 8\/5) A;,O -8 (3 -+ 2\/5) Ca2,-1+ 602,2'2,_2)
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Quantum Tomography — Entanglement Criteria

Carrc, (afee
Discod

-

[

A B

¢ tasvie] Lorrtlabirn hee,

SUSY2024

The theoretical form of the density matrix imposes
strong constraints and leads to a entanglement criteria

0 0 0 0
0 00 0
0 0 a 0
0 0 0 0
p=| 0 0 0 o0
0 b 0 0
0 00 0
0 0 0 f*
¢ 0 0 0

0
0
0
0
d
0
0
0
0

0 0 ¢
0 o
0 0 0
0 f O
0 0 0 (29)
0 0 0
g 00
0 00
0 0 0

which has eigenvalues a,d, g, £|b|, =|c|, £| f|. Therefore if b # 0, ¢ # 0 or f # 0 the density matrix

is entangled. Note that the reverse is also true: if b = ¢ = f = 0 the state is obviously separable,

as p is diagonal in the separable basis. This represents a noteworthy example beyond a two-qubit
system, where, thanks to an underlying symmetry, the Peres-Horodecki condition for entanglement

is not just sufficient, but also necessary.

When applied this condition to our density matrix (26), it turns out that the ZZ system is

entangled if and only if

Ca19.-1 %0

or

Ca292 -2 #0.
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Prospects@LHC, MuC, CEPC

The numerical analysis shows that with a luminosity of L =300 fb—1 entanglement can
be probed at >3¢ level. For L=3 ab-1 (HL-LHC) entanglement can be probed beyond
the 5a level, while the sensitivity to Bell inequalities violation is at the 4.5¢ level.

At Muon Collider, Quantum entanglement can be probed up to 4o of significance with
lower MZ2 cut or 20 ~ 30 with higher MZ2 cut, using either one of the correlation
coefficients C2,1,2,-1 and C2,2,2,-2. The significance of the violation of Bell
inequality can be obtained up to 20.

3
- 1TeV Vs =1TeV
-+ 3 TeV
¥ IR FOWR: NS SRR SO . N | Mz, (GeV) I3 C21,2,-1 Ca22,-2
: [ ] ' - 0.000 2.563 +0.325 —0.928+£0.216 0.527 +0.164
2.6 flmfts . O . . .
—s—o— - t 10.000 2.596 +0.335 —0.943 +£0.220 0.553 +0.179
—11] ! [ = =
A fofifdd I 141 o b o 20.000 2.6544+0.373 —-0.977 £0.248 0.574 +0.192
] 30.000 2.663 = 0.508 —0.979 £0.334 0.589 == 0.248
N Table 2. Values of the correlation coefficients C5 15 1 and Cs 55 5 as the signal for quantum
3 entanglement and also the expectation value of the Bell operator I3. The expected target luminosity
30"";“"]L“"I;“":,L“"zij“"j(] is 30ab™! and /s = 1 TeV.
M,
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Quantum Collisions: more funs

8 t

e Three-partite entanglement
o 3-body Decay: phys.Rev.Lett 132 (2024) 15, 151602; arXiv:2502.19470 z

o 2to 3 process (ttZ): arxiv:2404.03292 . t

e Quantum Process Tomography (operating initial particles’ flavor and spin)
O  arXiv:2412.01892

PHYSICAL REVIEW A, VOLUME 62, 062314

Three qubits can be entangled in two inequivalent ways

W. Dir, G. Vidal, and J. I. Cirac
Institut fiir Theoretische Physik, Universitat Innsbruck, A-6020 Innsbruck, Austria

CB (AC) CC(AB) (Received 26 May 2000; published 14 November 2000)

F3 PHYSICAL REVIEW A, VOLUME 65, 052112

Four qubits can be entangled in nine different ways

F. Verstraetc:,"2 T; Df:hacnc,2 B. De Moor,” and H. Verschelde'
C ' Department of Mathematical Physics and Astronomy, Ghent University, Krijgslaan 281 (S9), B-9000 Gent, Belgium
A ( B C ) ’Department of Electrical Engineering, Katholieke Universiteit Leuven, Research Group SISTA Kasteelpark Arenberg 10,
B-3001 Leuven, Belgium
(Received 29 November 2001; published 25 April 2002)

concurrence triangle
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Quantum Process Tomography: one further step

e Spin and flavour measurements in collider experiments as a quantum instrument
e Choi matrix, which completely determines input-output transitions, can be both
theoretically computed and experimentally reconstructed
Polarized Beam collisions, or,

ref lepton scattering on polarized target experiments (see next)

Particle Collider = Quantum Computer Reconstruction of Choi matrix
« Reconstruction of the diagonal part:
C. Altomonte, A.Barr [2312.02242] Lo(|+ )+ +)) Ze(|+ )+ -) L+ )=+ Ze(l++)--])
7 2 L Z(+ N+ Te(|+-N+=D) Ze(|+-N-+]) Ze(|+-)N--])
[ g B EEE HE
[ [ b (|- =)=+ (1= =
oy | g% | [ []
qr1] . - . lwlf?‘ - Consider 4 purely polarised beam settings:
al2] .-é- {10} = {l++), [+=) 1=+, =) o = 18 (]
q[3] i
« HENe H Z(li)il) = o = Trol - 2
ca Tre;, >
easlrEBR / Px Reconstruction of spin-density
- . T trix is possible
seleme (o)) > il t & m™
Unitary ale=et(pf™) — t] Quantum State Tomography
| 'l/}> in Evolution Measurements XAhﬂ;y .:DNEva [2003 02280],
Wierzchucka [220913990]

et
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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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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".



Pt and (pseudo-)Rapidity

1. (FE B
y=-In TP n=0 N
2 \E-p
1 p| +PL> 0
— 2] (L B ) B 4
=7 (o n n n (9]
pr =\/pP:+D}

(ARY = (&n)" +(A0)°

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

AR >0.3,0.4,0.5,0.7,0.8 ) 144




H 4st5 Autoencoders

® 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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H4hg: B lsix

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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