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Welcome!

We hope you arrived well in Hamburg !
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The school and who we are

This is the 5th edition of this school, this time organized by myself and
Henriette Ullmann

| ecturers:

Katharina Behr Elisabetta Gallo  Gregor Kasieczka ~ Timo Weigand Alexander
Westphal



Quantum Universe Excellence Cluster

Visit our web page https:.//www.qu.uni-hamburg.de/
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Quantum Universe

Understanding mass and gravity il 4

UPCOMING EVENTS

> WOMEN'S CAREER DAY 2025 - TAKE THE STAGE: PITCH & CONNECT, 9 JULY 2025, 9:30-13:30
> HAMBURG INTERNATIONAL SUMMER SCHOOL — PARTICLES, STRINGS AND COSMOLOGY 2025, 14—25 JULY
> STERNSTUNDENFESTIVAL, 18+19 JULY 2025, HAMBURG OBSERVATORY

About 300 researchers at the University of Hamburg and DESY; our goal:

“understanding of mass and gravity at the interface between quantum physics and
cosmology”



https://www.qu.uni-hamburg.de/

Monday Tuesday Wednesday Thursday Friday

Program at a glance [

Particles Higgs Higgs Beyond SM
2 hours Particles Higgs Machine Learning| Machine Learning| Beyond SM
‘ Exercises 2h Particles Particles Machine Learning Machine Learning Beyond SM ’

Sign each day to get the final Partcles (30h) |
school certificate _ Walking Tour in . .

Extra Reception Hamburg Surprise movie

Poster session

Lectures start sharp at the time :I’C e U
. . . eet the
in the Timetable (e.g. 9:00 in the professor

morning), not |5 minutes later

Fridays it will be in SR IV, ML ex.
in HS6 | , O‘ther\/\/ise a|Wa>/S her‘e _Monday Tuesday Wednesday Thursday Friday

. 2h Strings Strings
Group Picture: Tuesday 22/]uly, o Stings Stinge
just before lunch at 12:30
Exercises 2h Exercises Exercises

Wifi: eduroam and Science

Hotspot available Strings (12 hours)\

Extra DESY Tour SHELL Tour Surprise movie Dinner

For the DESY Tour:
https://indico.desy.de/event/48 | 95/contributions/1 82888/attachments/9/995/1 35064/Information_about_your DESY_ visit.pdf

Timetable: https://indico.desy.de/event/48 | 95/timetable/#all
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Social program
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Farewell dinner the last day: a menu
to choose your main dish will be
made available before

A particular walking Tour in Hamburg Thursday
this week. We will take the bus number 2
all together

The weekend is free, but we are happy to give you tips



Hamburg die schonste Stadt der Welt

Stellingen
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Around Hamburg, for the weekend
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Enjoy the school and Hamburg!




Have you studied particle

physics already!?

A) yes, | followed few courses already

B) | have just limited knowledge

C) | have no knowledge

D) Do not like to say

| will use polls for asking few questions and wake you up
Download the letters https://indico.desy.de/event/48 195/
contributions/ | 82888/attachments/97/995/135384/| etters.pdf



https://indico.desy.de/event/48195/contributions/182888/attachments/97995/135384/Letters.pdf
https://indico.desy.de/event/48195/contributions/182888/attachments/97995/135384/Letters.pdf

Units

Note: | will use natural units most of the times and eV as energy unit:

| eV = 1,60218e-19 Joule

Quantity Natural units  Translation SI units Remark
Energy E MeV, GeV, TeV MeV, GeV, TeV  e.g. LHC: 14 TeV
Momentum p MeV % %
Mass M MeV ﬁ %X E = mc?
Time ¢ MeV 1 -h s AE -At 2 h
1 MeV1=65.10"25
Length | MeV ! -hic m 1 MeV~—! =200 fm
1GeV-1 =02 fm
Velocity B 1 .C = = % <1
Angular momentum L 1 -h ]s




This first lecture

* An historical introduction on particle physics and the Standard Model

Question to you for discussion will be in yellow boxes




Elementary particles

> Scalein 10™"°m:

) > 100,000,000
10"m 10,000
nuclet % ’
10%m proton @) 1,000

(U electron <1
?

Scale in m:
10 atom
10 m

-18
Democritus =10 m
(From Wikipedia)

Today we have a quantum field theory describing elementary particles and their interactions,
very well verified, which is the “Standard Model” (SM)
|4



Quantum Field Theory

Small distances < fm (10-1> m)

Relativistic kinematics f = — <~ |
C
Classical Quantum
> mechanics mechanics
O
O
)
>
Relativistic Quantum
Mechanics Field Theory



The SM of elementary particles

- Matter is composed of 3
generations of leptons and
quarks (and relative anti-
particles) which are fermions

(spin 1/2)

* Forces are mediated by gauge
bosons (spin 1)

* The scalar Higgs boson (spin 0)
s responsible of the mechanism
that generates mass. It was
discovered at the LHC in 2012
and rts mass Is already known
with a precision of ~ | per mille.

Standard Model of Elementary Particles

three generations of matter
(fermions)
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The SM of elementary particles

A success history in the last
century, however still many
questions:

* Why 3 generations, why so
different masses!

* Why asymmetry matter-
antimatter?

* Ordinary matter is only 5% of
the energy content in the
Universe, origin of dark matter
and dark energy!?

* Hierarchy problem

* Origin of neutrino mass!

» Gravitation is not included in the
SM

Standard Model of Elementary Particles

three generations of matter

(fermions)
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Why 3 generations!

A) There is no reason of only 3 generations
B) There are 3 colours for quarks

C) There is experimental evidence from the Z
width measurement

D)I did not understand the question




Scales in the SM

Scale in m:
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from 2015, 13.6 TeV from 2022.




Interactions

Electromagnetic interaction,

Throws Bowling Ball P’,%/ mediated by the phOton

electron /
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Interactions

Strong interaction,
Mediated by the gluon g

Gravitation

LGO Hamford

Frequency (Hz)

What is this Eicture?

0 B

7 o
Time (sec)

Force strong
relative 0. ]-| ~1/137 ~105 | 0-39
strength
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Particle Physics in the 30°s

Life was simple in the 30°s:

* atoms were composed of electrons and nuclei (protons and
neutrons).

* Yukawa postulated a ,,strong" interaction between proton
and neutron mediated by a ,,meson”.

* From the short range of the interaction he calculated a mass
of the meson ~ 300X the mass of the electron.

* In 1937 effectively two groups observed in cosmic rays a
particle matching that mass.

* In 1947 Powell discovered the pion and clarified that there
were two particles with similar mass, the muon — weakly
interacting (,, Who Ordered that?"' - Rabi)— and the pion

Isidor Rabi

Earlier picture
from Powell,
TT->PU decay

n 11 p
'''' < 50 microns
n y 4 :
INnteraction . ‘...b_,j' e
il i



Antimatter (1932)

Discovery of the positron (i.e. antielectron) by Anderson in 1932.

Supported Dirac's equation which admitted positive and negative energy

E=+/ \/(pzc2 + ntfc?)

\ SO * Antiparticles have the same mass as
e particles and opposite charge and quantum

numbers

* Dominance of matter over antimatter is

one of the main questions to answer (i.e.

LHCDb or B-factories experiments)

.0

How did Anderson established that it
was a positive charged particle with the

. -
. -
/
A _



Neutrinos (~1930)

Problem observed in B decays of radioactive nuclei, A -> B + e
If Ais at rest, the two decay particles B and electron are back-to-back and the
electron should be monocromatic

/

Example from

110° ~

tritium decay mZ03ev
E nt - nt + Nt 2 (from KATRIN (AR
- 2m

81074 experiment)
A

1
6101 |-
4108

However a continous spectrum
was observed and Pauli postulated
the existence of a neutral weakly
interacting particle (called later

310 |-
4107t |

2108 |

Intensity (count rate, arbitrary units)

s AE=1.0eV
110~

neutrino by Fermi) a0t | | \

18.598 18.599

e

010°
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Energy [keV] 2 4

n- > p+e‘+v_e



Neutrino’s discovery
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Particle accelerators

Cosmic rays

Primary cosmic rays

"\ cascade

| MontBlanc
(4807 m)

B ’
This cosmic ray image:isa modified versioh of a | picture produced by CERN °,

Accelerators

SLAC, 1967,
Linac
2 miles long

ADA (Frascati,
first et e
collider)




In the '60 there was a “zoo”
of ~100 particle (and anti-
particles) discovered at
accelerators or cosmic rays.

Somehow particle physics
was not attractive and
elegant anymore.

The inturtion and geniality of
few people (i.e. see Gell-
Mann together with Feynman
in the photo) helped putting
“order”.

¢

of particles
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Strange particles

Some of these particle were denominated ,,strange".
In 1947, in cosmic rays, a new neutral particle, heavier than the pion, was discovered:

K° —=nx*+a

* And In the following years many more particles were discovered in cosmic rays
or at accelerators: 0, ®, W,..., /\, 2, ..

* Some of these new particles, like the /\, were produced in a timescale of

| 0-23 sec, typical of the strong interaction, but decayed slowly in p+11, with typical
lifetime of 10-10 sec (,,weak’ interaction). Gell-Mann and Nishijma assigned a new
quantum number; the strangeness, conserved in strong but not in weak
interactions.

28



The Eightfold Way

In 1961 Gell-Mann introduced a classification of mesons and baryons,
to put order in the jungle of particles, according to charge and

strangeness

The Eightfold way s
the basis of the quark
model (Gell-Mann
and Zweig 1964)

0
s=1 I KT
0
s=20 o . T
n
q=1
s =—1 .
K~ K

29



The Eightfold Way

Y 3y
JP=1/2%
dd d
(939) rb 1w 141 p@uu 038)
uds )
(1197) ¥ dds 20 | A° uus X7 (1189)
) (1193) @(1116) Q
-1 0 1 I
(1321) E'sts | Wéi" (1315)

(1236)

Y F=3/2*
A ddd A udd + + und ATY unm
Q@ Q@ T @ Q
X dds 0 uds +
(1385) Q b . uusQE L
1
-1 0 1
E dss uss =9
(1530) -1
(1672) Q’, 558

Gell-Mann predicted the () state (sss) which was effectively found

later in 1964,

What is special about the A++ and Q

R —— *



The quark model

Hadrons are composite particles of quarks:

* up of charge 2/3 and d,s of charge -1/3

* mesons are quark-antiquark states

* baryons are 3-quark states

* Quarks have an additional quantum number (the color), mesons
and hadrons are colorless

Q©

“Three quarks for Muster Mark!”
(Finnegans Wake by James Joyce)

—

¢e (U
© @

G ‘@0

The proton is the lightest baryon and is stable. Which quantum number

is conserved in baryon decays?




The quark model

The meson nonet The baryon decuplet

aq Q S Meson 349 Q S Baryon
ui 0 0 n? vuw 2 0 ATF
ud 1 0 Tt uud 1 0 At
di -1 0 " wid 0 0 Al
dd 0 0 n ddd -1 0 A
us 1 1 'S WS 1 -1 ) Tadd
g 0 1 'S uds 0 -1 B
T .| - K- dds -1 -1 ) M
d 0 1 B Uss 0 =2 g*0
P o . dss -1 -2 g
' 555 -1 -3 Q-

See QCD lectures for confirmation of the quark
parton model
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Are there bound states of 4 or 5

quarks!?

A)No, only 2 or 3 quark bound states exist

B) Recently 4 or even 5 quarks states have been
observed

C) No, but bound states of leptons have been
observed

D) did not understand the question, can you
explain better

33



Recently discovered particles

"\

59 new hadrons at the LHC o23P)
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The quark model

Took a lot of time to be confirmed as quarks
had not been observed “free”.

Few important results in the ”70s”:

- Discovery of bound states with “heavy”
quarks, like the |?psi

- Deep Iinelastic scattering experiments, i.e.
ep scattering and study of the proton
structure, how is a proton made? Can the
theory describe this behavior?

- Development of Quantum
Chromodynamics (QCD), the theory of
strong interactions.

- Discovery of 3-jet events at PETRA/DESY.

Eem=35GeV

22.9.80




(The DESY campus)




Cabibbo angle (1963)

* Measuring the decay rates of 1(ud)->pU (without change of strangeness AS=0 )
and K(us)->pu (with AS=1) it was found that they were different.
* Was weak interaction not universal, dependent on the quark flavour?

Cabibbo hypothesis: Let's suppose a weak eigenstates of quarks d'as a combination of
the mass eigenstates d,s, with mixing given by an angle 6

,({>W<:‘ n—{} W{r

|d > =cos 0. |d>+sin 6, |s>

Then the Experimentally this
Transitions d->u ~ g, 2cos2(6) angle was found to be -
| 3 degrees

Transitions s->u ~ g2 sin 2(0.)



GIM mechanism (1974)

* The Cabibbo angle was explaining very well
decays with AS=0 or AS=1. But there was still a
problem, the very low BR of K mesons in two
Muons.

* Glashow, lliopoulos and Maiani introduced a
4th quark, to explain it, the second diagram
almost cancels the first one

u ¢
(d’ =dcosU, + ssinl, )(s = —dsin¥,. + scos 19‘C)

In summary, the W does not couple directly to
d,s, but to the rotated weak (isospin) eigenstates
d,s

_— - c
T%f“:"‘(l — ¥’} costc

;‘% y* (1 = ¥*)(—sinBc)

22 v

What happens for 3 quarks? Is there an analogy in 38




The )/Psi particle

The success of the Cabibbo+GIM mechanism culminated with the discovery of
charm, i.e. the }/Psi during the November 1974 revolution

G

J/¥(1S) 16(JPCY =0—(1— )

Mass m = 3096.900 + 0.006 MeV

Full width T = 92.0 + 2.8 keV (S = 1.1)
Mee = 5.53 £ 0.10 keV

Mee < 5.4¢V, CL=00%

Scale factor/ p

J/¥(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (87.7 £ 05 )% —
virtualy — hadrons (13.50 + 0.30 )% -
ggg (641 + 10 )% _
Yg (88 £ 11 )% -
et e ( 5.971+ 0.032) % 1548
ete vy ] (88 + 14 )x10-3 1548
ptp~ ( 5.961+ 0.033) % 1545
HTTP://PDG.LBL.GOV Page 2 Created: 6/1/2020 08:28

eRSEDG e e FDGI

The discovery of the J/Psi was a big success for the quark model
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Discovery of th

e J/Psi (1974)

Richter et al. Observation of a resonance

around 3 GeV in scanning the energy in

Ting et al. at the same time in fixed target at
BNL, he called it |

ete- collisions at SPEAR (SLAC)

o | | ! ! | ! = 1O
Ee e~ —=—hadrons Azy N
1000 =
R E
R 1w
® 100 E J \\‘\ %
10 U
- ete” ——,ﬂ’;f Icosal<06 B
100 = E
3 - ]
b 10 g E
: 1 Ten days later at SLAC
e o101 they discovered the
200 [eTem—e e 1cosBl<0.6 next excited state, the
— = = ‘ ‘
s 190 !f ;P o i Psi’ (November
- L: s T+Y_ T j: ' .
. : revolution)
20 | | ] | ] | ! 1

3050 3.090 2100 3010 3120 313C The J/Psi discovery

Ecm. (GeV) established the quark

model




Charmonium

* The J/Psi a bound state of quark-antiquark, JPC= [~

* A testbed for the strong interaction: charm is heavy, spectrum of
excited states similar to positronium bound state - but with binding
force at the ~MeV scale (positronium at the eV scale)

* First states are narrow (I (J/psi)=86 KeV). Psi(3770) is the first state
that can decay in D mesons, so large width- weak decay

0140406-002

4 3.8 - p(®0,)
(04 S 2M,
V(N =-2%54 Fyr ;
3r 3.6 -
)
/ & 534
Short range Speculative C:D,,
potential with potential 2
colour factor describing £32 7
confinement ‘}/Y‘WS)
. : | 1S
What is confinement? (More in the QCD 3.0 4 M{19)
JPC=0~* 17~ 1+- ot 1+t ott
lectures) L=0 0 1 1 11 41
28 L —




Discovery of the 3rd generation

et e — 1t 1

|—> C_V—CV’E

X
- (13)
+ -
HE Vuve / * \
x
X
X

Discovery of the Tau lepton (1975)

In acoplanar electron-muon

candidates J
\6 (.'—
(113)
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Discovery of the 3rd generation

- |~ . .
g20f i | Discovery of the 5th quark with
8.k i | the observation of the Upsilon
isp | =
b (bb) resonance (1977)
1‘ 10F ¢ '|. F"{ |
o ? i ¥y .
e sf o 4t
b + b4y o ““Mq ..,.5..“‘.‘.““'%4.1_ P
YI(IS) ‘ Tl(ZS) |'l°(38)l 1 Y(tllS)
8‘44 946 10.00 10.02 1034 1037 10.54 10.58 10.62

Mace (CeVin)

36 events
’ W oo Discovery of the top quarks at the
Tevatron (1995)
?‘ proton beam Fitted Mass  (GeVic)
¢ Why is the top special?
neutrino ° 3 i 2

Jet 2 (b)

s there a toponium!? 43



Summary of particles

LEPTONS

Standard Model of Elementary Particles

three generations of matter
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GAUGE BOSONS
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Weak interactions

The first theory of beta decay is from Fermi (1933), a contact interaction with coupling
Gg2 which was describing the decay well at low energy. However the theory would fail at

higher energy, predicting a cross section rising infinitely to high /s -> a theory with an
intermediate vector boson was proposed

Fermi's 4 Weak |
contact- electron intermediate
interactions boson electron
proton
proton
/’ antineutrino-el
,/
antineutrino-el W-
M =G.(uTu,)@rIy,) ef)
d " = 2O U,) o (Tly,)
| g\ (MZ )
neutron neutron
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Discovery of neutral currents

P p— e First milestone in weak

I
| neutrino . .
! Interactions
|
+/ |
e
I
|
g |
|

| Shower of
particles due to
bremstrahlung

I
|
I
o\l
I
|
|
|
» &— Collision
point

€— Incoming

neutrino

Gargamelle bubble chamber; 1973 |
A very large heavy liquid (freon) chamber, 4m long, in
2T B field

Font: CERN




Discovery of W and Z (1983)

PHYSICS LETTERS 24 February 1983
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EVENTS WITHOUT JETS

UAT + UA2 Second milestone
Om te*en N weak
N . -
NLEOEY interaction

I GV [ T T T v J

Sﬂf 7
//
+ *// |

L0 GeV
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0 4
v
2 10 R Tvesreld *
N (s
o 0 1
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30

Missing transverse energy, parallel to eleciron

k]
N

4

1 T 1 |UAI+UA2 at
| L { |CERN

dN/dm (events / 4 GeV/c?)
o
1
|

< o~ e 10 EQ WGV N
Events/20eV 3 %
i T I N 1
é 1 1 0 \ 1 1
2 0
" 0 2 3 o Gev 0 20 L0 60 80 100
Transverse electron energy IGeV)
. 4+ - .
Fig. 8. The missing transverse energy component parallel to Invariant mass of |" " pairs

the electron, plotted versus the transverse electron energy for
the final six electron events without jets (5 gondolas, 1 bouchon)
All the events in the gondolas appear well above the threshold
cuts used in the searches.
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Intermediate bosons

Standard Model of Elementary Particles
three generations of matter
(fermions)
I I 11
mass =24 MeV/c? =1.275 GeV/c? =172.44 GeV/c? 0 =125.09 GeV/c*
charg: 2/3 2/3 23 0 0
ol @ c &
P 1/2 g 12 4 1/2 t/ 1 0 H
up charm top l gluon Higgs
-/ - J —
=4.8 MeV/c* =05 MeV/c? =4.18 GeV/c* 0
-1/3 -1/3 -1/3 0
S ¥
1/2 d/ 1/2 g 1/2 b/ 1
down strange bottom l photon
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] -1 -1 0
X D[ @2
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N — st o
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E 12 s, 12 5 112 V} w g
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"_"" neutrino | neutrm neutrino | m W boson %

48

But no mechanism to generate W, Z mass in the SM theory
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* Peter W. Higgs

Tait Institute of Mathematical Physics, Unive.

urgh, Edinburgh, Scotland

F. Englert and R. Brout

Faculté des Sciences, Université Libre deJ
(Received 26 Ju;

It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field® associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents.® In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.

Theories with degenerate vacuum (broken
symmetry) have been the subject of intensive
study since their inception by Nambu.*™® A

Mw.z

glles, Bruxelles, Belgium

those vector mesons which are coupled to cur-
rents that “rotate” the original vacuum are the
ones which acquire mass [see Eq. (6)].

We shall then examine a particular model
based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y,-phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. We shall show in this case
that the pseudovector field acquires mass.

In the last paragraph we sketch a simple
argument which renders these results reason-

W.Z

W.Z

(Received 31 Aug

In a recent note' it was shown that the Gold-
stone theorem,® that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire m H
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

—

about the “vacuum” solution ¢,(x) =0, @,lx) = ¢,

n"{at(_\-.‘ll—m,-oe\“" 0, (2a)
{02=4¢,? V' "(¢s") J(awy) =0, (2v)
MY o M Ay Ve w \ .
:IUI ¢ .,O{d (ay l) ¢ “OA Wl (2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢,{V’'"(¢,*)}''*; Eqs. (2a) and (2¢)
may be transformed, by the introduction of new
variables

-(e@, )=t
n“ ,\“ (“‘0) u“(swl).

G 89 B -0 B =F (3)
W opvovou uv

into the form

w2 2 u

a rRM 20 a e io®s “R¥ a0 (a)
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We are immersed in a field, the Higgs field, of which the H boson is the excitation,
and gives mass to all particle, (electron, quarks, ....we would not exist without the
H boson). Short film at https://www.youtube.com/watchiv=QVMO3 som/c

Font: Hitoshi Murayama
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https://www.youtube.com/watch?v=QVMQ3_somZc

How the Higgs affects us

Particle whose mass is set by

. Has the Higgs-particle
the interaction with the Higgs | Foie of the particle i ;

Impact on everyday life interaction been
experimentally confirmed?

Difisrences in quark massss
(Mg < Maown) contribute to protons
(madeof.two.lp and one down quarks)
Up quark (mp ~2.2 MeV/c?) | Affects the mass of the being lighter than neutions No

Down quatk (Msown ~4.7 MeVic?) | pioton and neutron (madeofonetpu)\dtwodown

Az a result, protons are stable, as
1equirted for the existence of hydiogen.

A different value of the election mass

would modify the energy levels and No

chemical reactions of all known
elements.

Election Atomic radius - 1/me

Many radioactive decays, and the
Radioactive beta fusion eactions that power the sun,
W boson decay involve the W boson. The W mass Yes
1ate - 1/mw* affects the rate of all of thess
reactions.

More in the lectures of Katharina Behr
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4th July 2012 and 2022 at CERN

ATLAS 10 years paper
CMS 10 vears paper
Theory 10 years paper (I advice this!)

|0 years later Auditorium still full

2012, Announcement of the Higgs
discovery by ATLAS and CMS



https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04899-4

A new boson at m ~125 GeV
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a Higgs -> Yy event

CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT
'é Run/Event: 194108 / 564224000
Z

AR

Higgs: only scalar (spin=0) elementary boson known up to now



2013 Nobel prize

"For den teoretiska upptickten av en mekanism som bidrar till forstéelsen av massans ursprung
hos subatomaéra partiklar, och som nyligen, genom upptéickten av den forutsagda fundamentala
partikein, bekréftats av ATLAS- och CMS-experimenten vid CERN:s accelerator LHC.”

“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.”

© Kungl Velenskapsakademien




The SM Lagrangian

Gauge sector (80s-90s)

Interaction of gauge fields
with fermions (80s-90s)

Higgs field interaction with
fermions ( observed

2017-2018 ~ 10%
precision)

Higgs potential (not yet
measured!)

Gauge-Higgs interaction (observed
2012 ~ 5-8% precision)




Particle physics in the Universe
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