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Outline
o Monday: symmetry

o Lagrangians
o Lorentz symmetry - scalars, fermions, gauge bosons
o Gauge/local symmetry as dynamical principle - Example: U(1) electromagnetism

0 Tuesday: SM symmetries

o Nuclear decay, Fermi theory and weak interactions: SU(2)
o Dimensional analysis: cross-sections and life-time computations made simple
o Strong interactions: SU(3)

0 Wednesday: chirality of weak interactions

o Chirality of weak interactions
o Pion decay

o0 Thursday: Higgs mechanism

o More about QCD

o Spontaneous symmetry breaking and Higgs mechanism
o Lepton and quark masses, quark mixings

o Neutrino masses

a Friday: quantum effects
o Running couplings
o Asymptotic freedom of QCD
o Anomalies cancelation
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SU(3) QCD
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SU(3) QCD
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SU(3) QCD
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SU(3) QCD

Experiments in the 60’s revealed the internal structure of the neutrons and protons
Gell-Mann and others proposed that they are made of “quarks”

Up quarks (up, charm, top): spin-1/2, Q=2/3
Down quarks (down, strange, bottom): spin-1/2, Q=-1/3

SU(2) weak symmetry that changes neutrino into electron also changes up-quark into down-quark
(to explain neutron decay)
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This experiment counts the number of quarks and gives their electric charges.
Another remarkable feature: at high energy, the quarks behave like muons,
l.e., not sensitive to strong interactions.

Asymptotic freedom of QCD!
(consequence of non-abelian nature of strong interaction - see tomorrow lecture)




SU(3) QCD

Experiments in the 60’s revealed the internal structure of the neutrons and protons
Gell-Mann and others proposed that they are made of “quarks”

Up quarks (up, charm, top): spin-1/2, Q=2/3
Down quarks (down, strange, bottom): spin-1/2, Q=-1/3

SU(2) weak symmetry that changes neutrino into electron also changes up-quark into down-quark
(to explain neutron decay)
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SU(3) QCD

Experiments in the 60’s revealed the internal structure of the neutrons and protons
Gell-Mann and others proposed that they are made of “quarks”

Up quarks (up, charm, top): spin-1/2, Q=2/3
Down quarks (down, strange, bottom): spin-1/2, Q=-1/3

SU(2) weak symmetry that changes neutrino into electron also changes up-quark into down-quark
(to explain neutron decay)

Quarks carry yet another quantum number: “colour”
There are 3 possible colours and Nature is colour-blind, i.e, Lagrangian should remain the same when
the colours of the quarks are changed, i.e., when we perform a rotation in the colour-space of quarks.

U: 3x3 matri tisfyi =1
Qa’ _ Uabe X3 matrix Sa.IS yllng U .U. 3. SU(3)
such that the quark kinetic term is invariant

hadrons (spin-1/2, #hadronic=1): p = uud n = udd
: . o uli+dd I B
mesons (spin-0, #hadronic=0): 7w = T =ud 7w =du

V2

(Each quark carries a baryon number =1/3)

There are (heavier) quarks and hence other baryons and mesons

All the interactions of the SM preserve baryon and lepton numbers

[ — eV, Ve n— pevle (g VI Y 0 — Ay pX e
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Inside Hadrons

One can break matter into pieces to learn what it is made of.
But this is not always possible (not sharp enough knife, not enough energy...).

Fortunately, remember the boiled egg experiment:
https://youtu.be/rlygKQbcgh4

—

A ———

The way the egg is spinning can tell if it is boiled (one piece) or raw (internal
structure with different components moving independently from each others)
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https://youtu.be/r1ygKQbcqh4

Inside Hadrons

One can break matter into pieces to learn what it is made of.
But this is not always possible (not sharp enough knife, not enough energy...).
Fortunately, remember the boiled egg experiment:

(@) (b) (c)

SRt

A~

P

A< r,

A > r,

electron-proton scattering (1960’s) reveals the proton intimate structure
(3 elementary spin-1/2 quarks that exist in 3 colours bounded by strong interactions
that become feeble at large energies — asymptotic freedom).
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The Standard Model: Interactions
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SM Summary

color Chirality ~ hypercharge weak ospin electric charge r effective coupling to Z bogon
@ | o ab l HEEE ¢
SPIN Q@\L SUB) x SUEK x Ull)y | T3 Q=T +Y Qeft MEANING
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= er I I y o -1 sin? Oy L 50(3)
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Are we done?

MeCLER h.c. is not gauge invariant
/ \

Y=1/2 Y=-1

2 — UV IS not gauge invariant
myy W T uW,n i )
A, - UA U+ 5(8MU)U !

Remember May I, 2003:
“Mission accomplished” speech by G.WV. Bush.

That was certainly not the end of the story
and there were (are) still a lot things to do!
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Spontaneous Symmetry Breaking

Short-distance interactions # Long-distance interactions
The masses are emergent due to a non-trivial structure of the vacuum

@ vacuum = a space-entirely.devoid of matter
i Oxford English

mE S o vacuum = a space filled with BEH substance
S _j;"'_f_f_;/j'i/ Physics English

“QM vs QFT_

Ground state of QM double well potential
is a superposition of two states each localised on one minimum,
and this superposition preserves the Z; symmetry of the potential

(courtesy of J. Lykken@Aspen2014)

In QFT, it is more difficult to transition between degenerate vacua
and spontaneous symmetry breaking can occur
(or more correctly, the symmetry is non- I|near|y reallsed in Hilbert space)

— = =

The vacuum of the SM breaks SU(Z)XU(I) to U(I)em
via the dynamics of an elementary scalar field

The Brout-Englert-Higgs Boson
(postulated in 1964 — discovered in 2012)

ey
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https://indico.cern.ch/event/276476/session/1/contribution/0/material/slides/0.pdf

Spontaneous Symmetry

--------------------------------------------------------

Symmetry of the Lagranglan : Symmetry of the Vacuum

SU(2)r x U(1)y U(1)e.m.

Vacuum Expectation Value

Higgs Doublet

:< 9 ) with v =~ 246 GeV

------------------------------

Most general Higgs (renormalisable) potential
V(H) = A (|H|]? —v%/2)"

v2>0 EW symmetry breaking, v2<0 no breaking
Why Nature has decided that v2>0? No dynamics explains it.

7 1 —1 1
vacuum 55U<2><H>:§<91( 1 )*92(1 )*93( 1 >)<H>7§0
invariant

under
U(1)em 5Q<H>:z’9@ED< : 0 )(H)zO Ooep =0y =03 Q=Y +1T3
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Higgs Boson

Before EW symmetry breaking

® 4 massless gauge bosons for SU(2)x(1):4 x 2 = 8 dofs
® Complex scalar doublet: 4 dofs

After EW symmetry breaking

® | massless gauge boson, photon: 2 dofs
® 3 massive gauge bosons,W#* and Z:3 x 3 = 9 dofs
® | real scalar: | dof

0
H = v+h(x)
V2

h(x) describes the Higgs boson
(the fluctuation above the VEV).
The other components of the Higgs doublet H become
the longitudinal polarisations of the W#* and Z



The 2012 Scalar Discovery
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Not the most abundant BEH modes, but the “cleanest” ones
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The 2012 Scalar Discovery
July 4, 2012
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Remaining to be
observed
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The LHC Scalar Harvest

(8M Brout-Englert-Higgs bosons produced so far)

Channel
categories

Br

~8 M evts produced

VBF

q

q
§H
q q

~600 k evts produced

~400 k evts produced

9 ooooo——— 1

9 ooooot—— 1
~80 k evts produced

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5(0.1) pb
A" 0.2 % v v v v
ZZ 3% v v v v
WW 22% v v v v
T 6.3 % v v v v
bb 55% v v v v
Zy and yy* 0.2 % v v v v
up 0.02 % 4 v v v
Invisible 0.1 % v (monojet) v v v

Table courtesy to M. Kado




Fermion Masses

SM is a chiral theory (# QED that is vector-like)

MeCLLER T h.c. is not gauge invariant
/ \

Y=1/2 Y=-1

The SM Lagrangian cannot contain fermion mass term.

Fermion masses are emergent quantities
that originate from interactions with Higgs VEV

T I I Higsgs Boson

Y=1/2 Y=1/2 Y=-1

Higgs couplings proportional to the mass of particles

CG SS5LP2023




The Higgs PR plot

19.7 fo' (8 TeV) + 5.1 fb' (7 TeV)
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Higgs couplings

are proportional S WL 2 = Jvvh My
Prop L e WSy

. to the masses of the particles
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http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009/sqr_m6summary_fit.png

Fermion Masses

In SM, the Yukawa interactions are the only source of the fermion masses
— y () y . —
yijfLinRj = = 7 hsz-ij

;U 2
V2 T2
mass /\ ,\ Higgs-fermion interactions

both matrices are simultaneously diagonalisable

v "% v

no tree-level Flavor Changing Current induced by the Higgs
Once the mass terms are diagonal, the Higgs interactions are diagonal too

Not true anymore if the SM fermions mix with vector-like partners or for non-SM Yukawa

. 2 N
Yij (1+ng‘?2 )fL Hfgr, = yyg <1+ng 20]"2) fr.fr, + <1+3ng 2f2> %} hfL,fR;

Look for SM forbidden Flavour Violating decays h = Ut and h = eT
(look also at t—hc)

® weak indirect constrained by flavour data (L— eY): BR<I0%
o ATLAS and CMS have the sensitivity to set bounds O(|%)
o |LC/CLIC/FCC-ee can certainly do much better

CG SS5LP2023




Fermion Masses: Quark Mixings

In SM, the Yukawa interactions are the only source of the fermion masses

EYU_k — yz]QLH*uR _I_ yq,] QLHdZ

i
I 0 0 Cys 0 s, C,y S5 0 & -
VCKM — O 623 823 O ]‘ O _812 612 O - R
5 :
0 —8, Cy) \ =5, 0 Cys 0 0 1 :

Note: one complex phase — CP violation
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Neutrino Masses

The same construction doesn’t work for neutrinos
since in the SM there are only Left Handed neutrinos

For an uncharged particle, it is possible to write a Majorana mass

another Lorentz-invariant quadratic term in the Lagrangian
(it involves the charge-conjugate spinor, see lecture #3-technical slides)

LMajorana — m?;C w = m (&Lc wL T &Rc /QDR)

can build such a term with LH field only!

In SM, such neutrino Majorana mass can be obtained from dim-5 operator:
E_yy Uy, HT Uy, HT _yyv2
B K €L C. HY €L | HY A YLCVL

masssd/? mass 1mmassd/c mass

c | g Order eV
€esaw. m, =— for yv~1 and A~10!“GeV

Note that such an operator breaks Lepton Number by 2 units



nggs Mechanism

Symmetry of the Lagranglan : : Symmetry of the Vacuum

SU(2)r x U(1)y U(1)e.m.
Higgs Doublet Vacuum Expectation Value
0
H = hT :(L>With v~ 246 GeV
h? V2
¢ +
DyH =0, H — 3 ( H with Wi = —= (W, F W})
_gg/UQ WS,LL
|D H| 49” 2 g’2v2 )( BH

e Gauge boson spectrum

e clectrically charged bosons
Weak mixing angle

_ 3 C g
Zy, =W, —sbB, \/Tg/z

Yy = SWS +cB
2 12
Vot ts

® electrically neutral bosons




The Brout'Englert-Higgs Boson is SPECiaI

The scalar discovery in 2012 has been an important milestone for HEP.
Many of us are still excited about it. Others should be too.

BEH = new forces of different nature than the interactions known so far

® No underlying local symmetry
®* No quantised charges
® Deeply connected to the space-time vacuum structure

E—

e ——— e — e e e e e e e e e ey e e e e e e e e _ e e

S —— e — _ e e — s e —— = e —— e e S ———

The knowledge of the values of the BEH couplings is essential
to understand the deep structure of matter/Universe

—  Jr

mV;/’ mz <> BEH couplings Me, My, Md f;) BEH couplings
lifetime of stars P e G
| (why tsun~ tiife evolution?) size of atoms nuclei stability
| |
| [EWsSB @ t~IO-'Os?<—> BEH self-coupling matter/anti-matter <;> CPV in BEH sector !
: : H
e —
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The Brout=Engiert=Higgs BOoson is Special

LHC will make remarkable
progress

but it won’t be enough
A new collider will be needed!

[ The knowledge of the values of the BEH couplings is essential

; to understand the deep structure of matter/Universe

“ mv;/, mz (7) BEH couplings Me, My, Md (,;) BEH Coup“ngs

H lifetime of stars >/ \< '

l (Why tsun~ tie evolution?) size of atoms nuclei stability

! EWSB @ t~IO-'°s?<—> BEH self-coupling matter/anti-matter <;> CPV in BEH sector
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Technical Details
for Advanced Students




The longitudinal polarisation of massive W, Z

-

~N

a massless particle is never‘a’r rest: always possible to distinguish
(and eliminate!) the longitudinal polarisation

the longitudinal polarisation is physical for a massive spin-1 particle

J

CG SSLP2023

(pictures: courtesy of 6. Giudice)

symmetry breaking: new phase with more degrees of freedom

6 :(|ﬁ| E p
| M’M|ﬁ‘

) polarization vector grows with the energy



mailto:gian.giudice@cern.ch?subject=Massless%20vs.%20massive%20spin-1:%20cartoons
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268

The longitudinal polarisation of massive W, Z

Indeed a massive

. . : _ 2 _ 2
spin 1 particle has with Ky, k' = E° —Zf —(é\fl 0.0
: . e e* = (0,1,0,
3 physical polquzaTlons. 88 2 transverse: { Eé — (0.0.1.0)
: A, =€, etFne" :
e'e, =—-1 k"¢, =0 N longitudinal: € = (£,0,0, &) ~ & +O(55)

(in the R-£ gauge, the time-like polarization ("¢, =1 k"€, = M) is arbitrarily massive and decouple )

in the particle rest-frame, no distinction between L and T polarisations
in a frame where the particle carries a lot of kinetic energy,
the L polarisation “dominates”

CG SSLP2023



The BEH mechanism: “V =Goldstone bosons”

At high energy, the physics of the gauge bosons becomes simple

6
Dt — W) = g* [m\(m? — m%v)2 @ at threshold (m:~ mw)
Z L 64 m%/v m? democratic decay
2 2 2 2 :
_g° 2(my —miy) at high energy (m¢>> mw)
Lt — bWr) = 641 m3 0 W!. dominates the decay
W+
At high energy, the dominant degrees of freedom are W,
~~ why you should be stunned by this result: ~~
dacg/rter we expect: 2
‘ pect:
d (dimensional analysis) F ™ g mmother
motfer
. 3 like
9 instead |’ X M other Means g X 71 the Higgs couplings!
d&aghier

very efficient way to get energy from the mother particle 7 << Tnaive

This is the physics that was understood at LEP

The pending question was then: is there something else!?
That was the job of the LHC

Goldstone equivalence theorem
W, Z % SO(4)/SO(3) | |

R —

CG SS5LP2023




Call for extra degrees of freedom

— NO LOSE THEOREM..

Bad high-energy behaviour for
the scattering of the longitudinal
polarisations

A= Eu(k)éﬁ(l)QQ (277Mp771/0 — NuvTpo — 77,ua771/p) Ep(p)eﬁ (Q)
I I

E4
AME,

A=g’

violations of perturbative unitarity around E ~ M/\/g (actually M/g)

Extra degrees of freedom are needed to have a good description
of the W and Z masses at higher energies

numerically: E ~ 3 TeVO the LHC was sure to discover something!

CG SS5LP2023



Call for extra degrees of freedom

W+ W+ + W+
?/l Zo E

W W W- W
<4

Wt W+

w: w- %ﬁ

E-i‘-o--i ho
W- W- &
W- W
The Higgs boson unitarizes the W scattering
(if its mass is below ~ | TeV)

WL scattering = pion scattering Lgfgﬁ;lyﬁjﬁff‘:;

Goldstone equivalence theorem Cornwall, Levin, Tiktopoulos *73
Lee, Quigg, Thacker 77

CG SSLP2023


http://inspirebeta.net/record/83747
http://inspirebeta.net/record/334983
http://inspirebeta.net/record/89348
http://inspirebeta.net/record/119348

What is the SM Higgs?

A single scalar degree of freedom that couples to the mass of the particles
N — ™ 0°/v parametrises the coset SO(4)/SO(3)

=1

V2 / miy Wi W, + %mZZ“ZM
L=—Tr D, YT DFY

g:g :O (¥

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

h h? h
a2 +117+
‘a’,’b’ and ‘¢’ are arbitrary free couplings

W- W- growth cancelled for
E 1 CL282 a=|

--- A= |5 restoration of perturbative

h v 5y unitarity

w w

.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the Higgs the name of?

A single scalar degree of freedom that couples to the mass of the particles

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

‘a’,'b’ and ‘¢’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = aZ: perturbative unitarity in inelastic channels WW — hh

*
.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cornwall, Levin, Tiktopoulos 73 Contino, Grojean, Moretti, Piccinini, Rattazzi 10

L4
L4
L4
L4
4
L4
L4
4 ,'
’ 0
‘ a
4
L4
L4
4
L4
4
A 3
-
3
-
-
. a
[N A 3
LN A
LN Al
-
-
A3
-
A 3
A3
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http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011

What is the Higgs the name of?

A single scalar degree of freedom that couples to the mass of the particles

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

‘a’,'b’ and ‘¢’ are arbitrary free couplings
For a=1: perturbative unitarity in elastic channels WW — WW

For b = aZ: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ()

*
.
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