What are we?

Where do we come from?

Where are we going?
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: The aim of particle physics: =g
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Gauguin’s Questions 1n the
Language of Particle Physics
__|* What 1s matter made of? i
.| — Why do things weigh? =) A- -
- [P What is the origin of matter? LHC =
.__ | What is the dark matter that fills the Univer '
~ | How does the Universe evolve?
P Why i1s the Universe so big and old? Laclt
-~ What 1s the future of the Universe?
f;;;s w Our JOb 1st07ask and answe}’ - tse questlons‘;__,th

R i i Need phys1es beyond what we know B
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Quarks

Proton

Nucleus &

L J
Electron

Study physics laws of first moments after Big Bang

increasing Symbiosis between Particle Physics,
Astrophysics and Cosmology



The ‘Standard Model’

The matter particles

@ € - neutrino @ electon
@ L - neutrino @ rwon
0 T - neutrino @ tau

Where does
mass . _
come from? & ING'S

U)//( College

k Us t -

. 3 Gravitation electromagnetism  weak nuclear force strong nuclear force




James Clerk Maxwell

» Professor at King’s 1860 — 1865
——+ The first colour photograph

i

|* Unified theory of electricity and

T

v

- | magnetism

~ |» Predicted electromagnetic waves

- |* Identified light as due to these waves Collee

LONDON

|+ Calculated the velocity of light

| One scientific epoch ended and another began

Wlth J ames Clerk Maxwell Albert Emstem
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The First Elementary Particle

* Discovered by J.J. Thomson in 1897

|+ The electron — the basis of the electronic industry

= |* Old-style TV sets used beams of electrons

. 4.5__' a8 v
fob

TR

V3N



Photon: the Particle of Light

* Quantum hypothesis introduced by Planck:
E=hf

- |» Physical reality postulated by Einstein to

exp]aln ph toelectric_effect

o 44

© @

Y/

Cre® @ @ o
O © 0 0

-

—

! t|‘ e W
AP § i‘;\" TS

2 “ “‘.\" ﬁ’r ft& ‘."" ‘1;{“}"-)“ \q
AL U N
8, AR A

Bk T
D v [ ] o
“ e Reason for his Nobel Prize
0 R 0L o ety s i a e 4
s '.‘J‘,'ﬁ‘ ety Y3 X d -l "~ o . .
: X, g ; N AR w1 Wt




From Cosmic Rays to Accelerators |

: \ / ...cosmic-ray ¥
'y \ showers were

A7 'rgfound to
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Experiments at Accelerators

Large accelerators are based on
 same principles as old TV set
= Accelerate and direct particle
B beams using electric and

magnetic fields

Collisions take place inside
large detectors that observe &
and measure the particles
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Strong Nuclear Interactions

Theory modelled after Maxwell | Y \( .
Carried by massless ‘gluon’ " ;

: AN
particles, analogues of photon ¥y

JE, Mary Gaillard, Graham Ross

suggested discovery method in 1976 | B
Radiation of gluon by quark / " § |
Discovered at DESY laboratory in | B _
Hamburg in 1978 [ l‘/; s
Second force particle discovered | i



Weak Interactions :

- Radioactivity due to weak interactions
(B decay)

W boson - carrier of weak interaction

postulated by Yukawa

Discovered at CERN 1n )
1983 by Carlo Rubbia et al |24 “§.




=N
The ‘Standard Model’ of
Particle Physics

Proposed byAbdus Salam,
Glashow and Welnberg

Tested by experlments 4
~at CERN

ALEPH
r DELPHI
r L3

30 - OPAL

| ¥ average measurements,
error bars increased
by factor 10

Perfect agreement between
theory and experiments |
in all laboratories
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Why the Higgs boson?
What can the Higgs boson tell us?

Looking beyond it




The Founders
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Tom Kibble ' Gerry Guralnik 8
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1964

The (G)AEBHGHKMP’tH Mechanism

= _:F BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*
-l ?r' F ‘:
j._"‘_f " F. Englert and R. Brout
— Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P.W. HIGGS
Tuit Instirute of Mathemalical Plysies, Vniverstty of Edinburph, 5S¢ otland

Recelved 27 July 1964

T —— "PHYSICAL REVIEW LETTER

The only one

BROKEN SYMMETRIES AND THE MASSES OF GAU WhO mentioned a

Peter W. Higgs .
Tait Institute of Mathematical Physics, University of Edinburgh, LmaS,SIVC,SCa_laI” bOSOIl
(Received 31 August 1964)

o

SPON TANEOUS BREAKDOWN OF STRONG INTERACTION SYMMETRY AND THE
ABSENCE OF MASSLESS PARTICLES

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,7 C. R. Hagen,{ and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(Received 12 October 1964)

The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass
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Nambu, EB, H, GHK & Higgs

Spontaneous symmetry breaking: massless Nambu-Goldstone |
boson ‘eaten’ by massless gauge boson

'.J :

Accompanied by massive particle S
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Hungry for Higgs

(FLIP TANEDO / QUANTUM DIARIES)




The Nambu-Goldstone Mechanism

Vigl = -

|» Minimum energy at non-zero value:

| i 0 2
s . . —/.l-
Po =< O|¢|O > \/§ ( +v ) V=/ T
:‘53.777. | 1 -
- |* Components of scalar field: ¢@) = 7w+ o(x)e™

~ |o 7 massless. 6 massive: . .
< ’ =20 =2\




Abelian EBH Mechanism

Lagrangian
1 |
L= (Dl’ (j))+ (DNQ) o "(|()|) o IFHI/F‘“V. D,u — (‘*);1. — ‘2.6’44,11

Gauge transformation  ¢/(x) = ¢ p(z) = &) 0) ()

f*l;l<l) "Lu(lf)—k ()'UO( )
-
Choose o(x) = —6(z): &' (x) = n(x)
l LV
Rewrite Lagrangian: ., — o — e A0 = Vi(n) — 7 Fu B
L = |(8, —ieAl)(v+ %HM — FLF" -V
N —IF;WF’“H e AL A + 2[(5)#}1)2 —myH?| +
massive A-?‘?e/d, my ~ ev neutr;/r scalar, mp # 0
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Weinberg:
A Model of
Leptons

+ Electroweak sector of the
| Standard Model

e SUR)xU(1)

| Mixing of Z, photon
“|* Neutral currents

-|* Higgs-lepton couplings
. No quarks
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VoLuME 19, NUMBER 21

PHYSICAL REVIEW LETTERS

20 NOVEMBER 1967

and

¢1E(¢0+¢0T—2h/~f‘ %—«) - Yz, (5)

The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A*=M */2k, and therefore the
field ¢, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and ¢, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,’
so the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace ¢ ev-
erywhere by its vacuum expectation value

@=x(y) ®

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes

-l PR “2)2]

—éAZ(gAu3+g'Bu)2—AGe'e‘e. (7)

We see immediately that the electron mass
is AG,. The charged spin-1 field is

W =2742(4 .44 2 8
u ( ut u) 8)
and has mass
My, =2\g. 9)
The neutral spin-1 fields of definite mass are
=(g2+8"®)"Y%(gA %+g'B ), (10)
0 W
A = r2y=1/2(_ A 3 B ). 11
#(gz+g) (g#+gu) (11)
Their masses are
M, =3\ (g*+g"%) 2, (12)
M, =0, (13)

so A, is to be identified as the photon field.
The interaction between leptons and spin-1
mesons is

ig M igg’ ©
==zy (1 w Cor
avz o7 (Lryg)vW +He @ g Ay

+i(g2 +g12)1/2 [ 3g12_g2

4

2ig )ey e—?yuyseHJy 1 +y5)v] . (14)

We see that the rationalized electric charge |
is

e=gg'/(g*+&")* (15)
and, assuming that Wu couples as usual to had-

rons and muons, the usual coupling constant
of weak interactions is given by

- 2_ 2
GW/fﬁ_-gz/SMW =1/222. (16)
Note that then the e-¢ coupling constant is
- = 91/4 /2 _ X10—6
G, MZ/A 2 MeGW 2.07X107°.

The coupling of ¢, to muons is stronger by a
factor M|, /Mg, but still very weak. Note al-
so that (14) gives g and g’ larger than e, so

by this model have to do with the couplings

of the neutral intermediate meson Zli LIz,
does not couple to hadrons then the best place
to look for effects of Z” is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e-v interaction is

Gy (3¢g°-g")
= W (1 +75)V{nyue + 267“756 }

If g>>e then g>>¢’, and this is just the usual
e-v scattering matrix element times an extra
factor 3. If g=~e then g <g’, and the vector

“Whatever the final laws of nature may be,
there is no reason to suppose that they are 3
designed to make physicists happy.”




What are we?
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The Standard Model Lagrang1an

Loy = £m+£ —I—Lh—i—ﬁ

= Quiv*D.Qr + qriv*Dlqr + Lriv* Dy Ly + lpiv* DR

— = B,,B* — EW“:V WV Experiment: accuracy < %

Lp= (D{Z $)\(D"¢) — V() No direct evidence

Ly = yaQrdqy + yuQr°qx + yrLrgly + until July 4, 2012
D; =9, —igWT*—iY¢B, |,
V(g) = —u’¢° + A"




Masses for SM Gauge Bosons

 Kinetic terms for SU(2) and U(1) gauge bosons:
£=-7 GuG" - _Fw B s
where Grs=0, W _(;?),_,H;i +ige;; ,‘.I.t.'[g'lrf F,, =90,W. -9, I-I-";_ =
» Kinetic term for Higgs field: =
S — —]Dﬂrj)|2 =0, —1go0; U =g ¥ 5
~ |* Expnandine around vacy :
TR 2 = B, B*+ggv? B, W — T ws we) B
~ |* Boson masses: 3""*‘“*’“’ : g
Ped gu gW?2 — ¢'B, 1 — gW?2 +gB, N
,.;'? My + = % Z, = J\/;Q +Jg/2 D oMy = jl_)—v g2+ g2v; A, = I\/.-gjg_:_;/Q s ma=10 i




Higgs Boson Couplings




Parameters of the Standard Model

* (Gauge sector:

I4

— 3 gauge couplings: g3, £, g Unification?
— 1 strong CP-violating phase

* Yukawa interactions:

— 3 charged-lepton masses

()
— 6 quark masses
— 4 CKM angles and phase

| Higgs sector:

— 2 parameters: |, A Mass?

.+ Total: 19 parameters

~ - T [ o - "% T g T
el LA AP i PSR Bl . . - ""‘wJA."""* .




A Phenomenological Profile
of the Higgs Boson

 First attempt at systematic survey
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 Novemnber 1975

A discussion is given of the production, decay and observability of the scalar Higgs
| boson H expected in gauge theories of the weak and electromagnetic interactions such as
= the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of
We should pcrhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higgs boson, unhke the

case with c.harm [3 4] dnd for not bemg sure of its couplu )

bng expenmemal searches for the Hnggs boson, but we do

experiments vulnerable to the Higgs boson should know how it may turn up.




zigtatus of the Standard Model before

the LHC

.

» Perfect agreement with all confirmed accelerator
data

* Consistency with precision electroweak data
(LEP et al) only if there is a Higgs boson

* Agreement seems to require a relatively light
Higgs boson weighing < ~ 180 GeV

~_|» Raises many unanswered questions:

mass? flavour? unification?

o ]




Where are the top and Higgs?

Estimating Masses with Electroweak Data

= >

High-precision electroweak measurements are
sensitive to quantum corrections

) £ ey 9 'y T L) TG
my sin” By, = m7, cos” Oy, sin” Oy, =

(14 Ar)
\2(1}?

Sensitivity to top mass is quadratic: ~ 3Gr 2
L

& \)

st

Sensitivity to Higgs mass 1s logarithmic:
/2Gr , 11 M?Z ._
\, - )F my (— In B 4+..), My >>my
167 3 my

Measurements at LEP et al. gave indications first on

top mass, then on H1ggs Mass 4= 0.0026375 —0.00151a (

Z
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Precision Tests of the Standard Model

Lepton couphngs
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Combining Information from
Previous Direct Searches and Indirect Data

20
18

ony Yy
(AN

Theory uncertainty
—— Fit including theory errors
---- Fit excluding theory errors
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Higgs Production at the
LHC

Vs= 13 TeV

| LHC nggs Cross Section ,.:ﬁ 1 0—3
: Working Group "
(LHXSWG)

g ”Many produetlon modes measurable 1f Mh ~ 125 GeV - X
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Higgs Decay Branching Ratios

* Couplings proportional to masses (?)
a ¢ I - PR T
9000000000

t
t H
: 5107
g QQOQQQQQN
A w.Z o
q @ 102 -
W,z
H \\: '\
g 10-3 Al
50 200 500 1,000
Higgs mass (GeV)

* Important couplings through loops:
—(gluon + gluon — Higgs — vy




What was Expected

H>ZZ*->4l
Rare (3%) H>vy

Ha Tt S/B>>1
Abundant (6%) AM/M ~ 1-2% \S’%}: 1" are (0.2%)

5/B<1 AM/M ~ 1-2%

AM/M ~ 10-20% {(29%\)\

H>gg (8.5%)

H>WW*>212v \
Very Abundant (22%) H->bb

S/B<1 Abundant (58%)
AM/M ~ 30% S/B<<1

What do we know?
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ALICE Prlmord1al cosm1c plasmé ¥ ATLAS nggs and drk mattér .
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CMS nggs and dark mattér i 7" AT LHC Matr—antimate’r difference




The Discovery of the Higgs Boson

Mass Higgsteria



o Events

(c) CERN. All rights reserved.




Higgsdependence Day!




Scientists from around the World

MEMBER STATES

7889

Austria 117

Belgium 120

Bulgaria 96

Czech Republic 244

Denmark 67

Finland 111

France 868

Germany 1342

Greece 237

Hungary 76

Israel 65

Italy 2045

Netherlands 168

Norway 67

Poland 350

Portugal 127

Romania 134

Slovakia 124 =

Spain 447

Sweden 85

Switzerland 228 OBSERVERS 2718

United Kingdom 771 Japan 314
Russia 1187

USA 1217

ASSOCIATE MEMBERS
India 357 745
Lithuania 35
Pakistan 65
Turkey 173
Ukraine 115
ASSOCIATE
MEMBERS IN

THE PRE-STAGE

TO MEMBERSHIP
Cyprus 26
Serbia 57

Slovenia 35

118

Afghanistan
Albania
Algeria
Argentina
Armenia
Australia
Azerbaijan
Bangladesh
Belarus
Benin

oTHERS 1872

1

3
14
27
19
31
10
11
48

1

Bolivia

Bosnia & Herzegovina

Brazil
Burundi
Cameroon
Canada
Chile
China
Colombia
Croatia
Cuba
Ecuador

Egypt

El Salvador
Estonia
Georgia
Ghana
Hong Kong
Iceland
Indonesia
Iran

Iraq

Ireland
Jordan

Kazakhstan 5
Kenya 3
Korea Rep. 185
Kyrgyzstan 1
Latvia 2
Lebanon 23
Luxembourg 2
Madagascar -+
Malaysia 15
Malta 9
Mauritius 1
Mexico 82

Mongolia 2
Montenegro 11
Morocco 20
Myanmar
Nepal

New Zealand
Nigeria

North Korea
Oman

Palestine (O.T.).
Paraguay

Peru

—
NN W= WO -

W

Philippines
Saint Kitts
and Nevis
Saudi Arabia
Senegal
Singapore
South Africa
Sri Lanka
Sudan
Swaziland
Syria
Taiwan

(9,
——_——_——_a R =N =

W

Thailand

T.EY.R.O.M.

Tunisia
Uruguay
Uzbekistan
Venezuela
Viet Nam
Zambia
Zimbabwe




Russian naval shellseused
in the CMS experiment
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Scattering
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0 7 TeV CMS measurement (L < 5.0 fb™)

0 8 TeV CMS measurement (L < 19.6 fb™)
0 13 TeV CMS measurement (L < 137 fb™)
- Theory prediction
4 Z 2 CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pN;j7
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EW,Zyy,Wyy: fiducial with W—lv, Z—ll, I=eu
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Higgs Measurements

MS-HIG-19-01 CMS-HIG-19-001 _—
JHEP 07 (2021) 027 Eﬁcsma my = 125.38 £ 0.14 (total) GeV

gCms 137 10 (13 TeV) cMs 13715 (137eY)

R B B L B L L BRI B L

CMS-PAS-HIG-19-005

Observation independently
in all 5 decay modes

T T T T T
F H-yy,m, =12538 GeV All categories
L S/(S+B) weighted
H ¢ Data
- — S4Bt
yy B component
B3Ry
[Ct2¢

¢+ Data
[ H(125)
[ aq9-ZZ, Zy*
B 9922, Zy*
Bl EW
B Z+X

Events / 2 GeV

([P |

35.9-137 fb” (13 TeV)

H - ZZ* CMS Ndsperio

o . 1o )
Preliminary = o :sf«;

—— +20 (stat ® syst)
Pey= 57%

S/(S+B) weighted events / GeV
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B component subtracted
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ey | 411y

E 160

1
m, (GeV) m, (GeV)

B e bk, S Z - ool 5.4 1b" (7 TeV) + 18.9 b (8 TeV) + 77.2 fb” (13 TeV)

imi it [ Jet i + jets
CMS Preliminary 138 b (13 TeV) — nad = Bl:gj =

T T T = H+ ggH (1 = 0.93) —- Observed 138 fb' (13 TeV, : M ¢ Data
—4— Data syt ggH DF O-jet | -,?q.*.glg .(". . .), T ,(. - ) CMS [ Background

Ctiess [ Minorig cMS N VH; H=2bD I VH,H-bb
I oy — Nonpmnu 5} ] Background uncertainty
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Lo ] Submitted to EPJC PRL 121 (2018) 121801




It Walks and Quacks like a Higgs

E =
o

Ratio to SM

* Do couplings scale ~ mass? With scale = v?

35.9-137 fb' (13 TeV)

lll 1 1 lllllll I 1 lllllll T 1 lllllll

- .. t

= CMS Preliminary WE i?

- 2

. my, = 125.38 GeV

= p-value = 44% L&

i b .- :

- t %7

E i ® Leptons and neutrinos Quarks
T II HIII
E - ¥ Force carriers Higgs boson

particle mass (GeV)




Without Higgs ...

/... there would be no atoms

— massless electrons would escape at the
speed of light

... there would be no heavy nuclei

— Life would be impossible: everything
would be radioactive

... weak interactions would not be weak

B

~ Its existence 1s a big deal! |



Dixit Swedish Academy

"‘ct = o :
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Today we believe that “Beyond any reasonable
doubt, it is a Higgs boson.” [1]

Ehttp://www.nobelprize org/nobel prizes/physics/laureates/2013/ad Pro
2 Vanced phy51csprlze2013 pdf
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Standard Model Particles:
Years from Proposal to Discovery

Electron | |
Photon Lovers of physics

Muon Beyond the SM:
be patient!

Electron neutrino
Muon neutrino
Down

Strange

Up

Charm

Tau

Bottom

Gluon

W boson

Z boson

Top

Tau neutrino

HIGGS BOSON

Source: The Economist




