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Outline

OMonday

O general introduction, units

OTuesday
O Higgs physics as a door to BSM

OWednesday

O Naturalness: small and large numbers in a quantum world

OThursday

O grand unification, proton decay
O supersymmetry
O extra dimensions

OFriday

O cosmological interplay
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Chrrst ophe 6/‘0(_/8&/7

Ask questions

Your work, as students, is to question all what
you are listening during the lectures...

BSM

PO | FINicH
ANYTHING? NO.

DD | ACCOMPLICEH
ANYTHING? NO.

| SAT AT MY DESK
AND WORKED ALL
WEEK BUT NOTHING

JORGE CHAM © 2014

£

IN SHORT, | DD

WW.PHDCOMICS.COM

CERN, July 2015



The Standard Model: Interactions

Even though EM is way stronger than gravity, it v W -v* 10-40
was unnoticed until ~ 300 years because 1-1=0 :

'
4
3

light
. » e cut ”
atoms
(1875, Magaelt/ molecules
tested with an accuracy of 10
v weak interactions p decay
(1933, lerni ) n S pte 4o [ 10
, Lerme .
+ _ Z + _
tested with an accuracy of 1073 e e 7 Dy T P
. SDwng cnteractiond atomic nuclei

a decay

235 s AT 1 4He

(1971, 7@%/// 1921, Cladiick wid Bieslr ) —
streng
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Gauge Theories: EM & Yang-Mills

R— — _

EM U(1 _y ol | but 0,6 — e (0,9) +7;(M) &
1 ¢ o |

|U 20 if local transformations

EM field and covariant derivative  9,¢ +ieA, ¢ — €' *(0,¢ + ieA, )

the EM field keep track of the phase in
different points of the space-time

Fo = 0,A, — 0,A, +ig[A,, A]
\H

hon-abelian int.
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The Standard Model: Interactions

o . light
0 U(l)y electromaguetic interactiond Ttoms
\ Photon Y molecules

0 SU(2), weak cuteractions b decay
bosons  W?*, ZO { .

O SU(S)C W calenactiond atomic nuclei

a decay
S

205U — %30 Th + 3He

gluons  g°

strength Y

Christophe Grojean BSM 6 CERN, July 2015



The underlying principles of the SM

The beauty of the SM comes from the the identification of
a unique dynamical principle describing the different interactions
that seem so different from each others

at the same time a particular and predictive structure that
still leaves room for a rich variety of phenomena
(long range interaction, spontaneous symmetry breaking, confinement )

gravitation = general relativity= spin-2:

much more rigid theory = unique theory
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The Standard Model

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

[Gargamelle collaboration, 73]
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http://cerncourier.com/cws/article/cern/29168
http://cerncourier.com/cws/article/cern/29168

Gauge Theory as a Dynamical Principle
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The Standard Model and the Mass Problem

mpus N
lllllllll
......
------

the masses of the quarks, leptons and gauge bosons
don't obey the full gauge invariance

Ve
a ( - ) is a doublet of SU(2). but my, << Me

€

a mass term for the gauge field isn't
invariant under gauge transformation

» @neous breaking of gauge sym@ @

Christophe GOJ ean CERN, ffa/y 20\s
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The longitudinal polarization of massive W, Z

(" )

¢ £D
&
A
-la
a massless particle is never a’r rest: always possible to distinguish
(and eliminatel) the longitudinal polarization
\ J
4 )

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

\_ J
(pictures: courtesy of G. Giudice)

symmetry breaking: new phase with more degrees of freedom

6 :(\m E p
| M’M|ﬁ|
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) polarization vector grows with the energy
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The longitudinal polarization of massive W, Z

(" )

(and ehm'M* .

= \

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

\_ J
(pictures: courtesy of 6. Giudice)

symmetry breaking: new phase with more degrees of freedom

6 :(\m E j
| M’M|ﬁ|
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N\
@ it
exs
. “ —
a massive k= (£,0,0,k)
. . : Lo 2 1.2 __ 2
spin 1 particle has with k™ = b Zf _(])Wl 0.0
: . L €, =
3 physical polarizations: B 2 transverse: { i E()’O’ 170%
° 6 —
: - I 2 y Yy Ly
A,=¢,e"" ;
ele, = —1 kMe, =0 B 1 longitudinal: € = (57.0,0, 37) = 57 + O(7 )

(in the R-£ gauge, the time-like polarization (¢"e¢, =1 ke, = M) is arbitrarily massive and decouple )
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The BEH mechanism: "V =Goldstone bosons”

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

4
Dt — W) = g% /mA\(m? — m2,)° @ at threshold (m. ~ mw)
Z 64mms;, m; democratic decay

L(t = bWr) = @ at high energy (m, > mw)
W_ dominates the decay

At high energy, the dominant degrees of freedom are W,

Christophe Grojean BSM 13 CERN, July 2015



The BEH mechanism: "V =Goldstone bosons”

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

~~ why you should be stunned by this result: ~~

dacg/icer we expect: 2
g (dimensional analysis) F ™~ g Mmother
mother
9 instead |’ mrgnother means g o< M like the Higgs

couplings!

dacg/iter very efficient way to suck up energy from the mother particle

Goldstone equivalence theore 7 <X Thaive
w7y » S0(4)/S0B)

LEP already established the BEH mechanism
The pending question was: how is it realized?
Via a fundamental EW doublet? A la technicolor? i
| Ts there a Higgs boson in addition to the 3 Goldstone bosons?

In other words, LEP established a simple description of the electroweak sector for E > mw.
87TmW

g
The goal of the LHC was/is to understand what comes next

This description is valid for mwy < E < 470 =
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Call for extra degrees of freedom

e NO LOSE THEOREM -

Bad high-energy behavior for
the scattering of the longitudinal
polarizations
A = ¢ (k)| (1)g* (20pMvo — NuvTlpe — Nuonvp) €] (P)€] ()

E4
AME,

A=g’

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

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

numerically: E ~ 3 TeV O’rhe LHC was sure to discover something!
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Mw//(g/4m)~500GeV or Mw/(g/4m)~3TeV?

i Lewellyn Smith ‘73
‘:“m | . 5 e Dicus, Mathur ‘73
Cornwall, Levin, Tiktopoulos ’73

\;%X W W’ 4
My
+ +
1
E
A=—g° | ——
7 (MW>
2
impossible to further cancel the amplitude A= g2 (i)
without introducing new degrees of freedom Mw
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What is the SM Higgs?

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

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

v

W W’ growth cancelled for
s A . i g — CL282 a=1

h 2 s —ms restoration of

perturbative unitarity

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the SM Higgs?

W+
W+ W- A

W W w
"
w: w
w: w w
el 1O
w W- ‘%
w- W-

The Higgs boson unitarizes the W scattering
(if its mass is below ~1 TeV)

Lee, Quigg, Thacker 77
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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

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* 3

v \

a,'b' and 'c’ are arbitrary free couplings

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

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

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

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

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* 3

v \

a,'b' and 'c’ are arbitrary free couplings

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

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

For ac=1: perturbative unitarity in inelastic WW — ¢ ¢

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

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* 3

v \

a,'b' and 'c’ are arbitrary free couplings

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

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

For ac=1: perturbative unitarity in inelastic WW — ¢ ¢

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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19.7f0' (8 TeV) + 5.116' (7 TeV)
o | CMS ooooooooooooooooooooooooooooooooooooooooo
[
[ ([ ]

Higgs couplings
are proportional :
: Yo the masses of the particles :

CMS PAS-HIG-14-009

102F (M, &) fit
' £ 68% CL 2
= 95% CL A Ty )\2 gvvh my,
1 2 345 10 20 100 200 U 2V ()

mass (GeV)
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Higgs boson at the LHC

producing a Higgs boson is a rare phenomenon
since its interactions with particles are proportional to masses

and ordinary matter is made of light elementary particles
NB: the proton is not an elementary particle,
its mass doesn't measure its interaction with the Higgs substance

ﬁom electrons
: l

'r

probability ~ 107! }
—

Chris Z‘op/ﬁe Grod'ean

F/“OM Z‘op aarés
T ?’r ‘

-—

h

probability ~ 1 |

but no top quark at our disposal ’
ERER———

BsSM CERN, July 2015



Higgs boson at the LHC

Difficult task

Homer Simpson's principle of life:

77X s OM&Z‘/II‘I)\? ‘5 Ahard o do ) 1S 1C wwoorth a/o/ng 4
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Higgs boson at the LHC

Proton | ———
P

Christophe él‘o‘/‘ean BsM CERN, \Ta/y 2018



Higgs boson at the LHC

'('
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nggs boson aT The LHC
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vduced 10 Higgs bosons

“out of 10 pp collisions i
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SM Higgs @ LHC

The production of a Higgs is wiped out by QCD background

10 ? 0'Higgs

L
1r ©

Higgs

O

I~
=
-

Q
=2
&I

(My=150GeV)

(M;;=500GeV)
| I |

\ Tevatron

/ \\\/\\\\

only 1 out of 100 billions events

are "interesting”

(for comparison, Shakespeare's 43 works
contain only 884,429 words in total)

furthermore many of the
background events furiously look
like signal events

1

Chris fop/ﬁe Grod'ean

0

4
10 s (GeV)
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SM Higgs @ LHC

The production of a Higgs is wiped out by QCD background

only 1 out of 100 billions events
are "interesting”

(for comparison, Shakespeare's 43 works
contain only 884,429 words in total)

furthermore many of the
background events furiously look
like signal events

... like finding the paper you

are looking for in (108 copies of)
John Ellis’ office

Christophe él‘o‘/‘ean BsM 22 CERN, J'é(/y 20Is



Higgs and Flavor

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

3 YijU # Yij ; 7
y’ijqu;Hij — \;i fLiij + \/%hqu;ij

5 &
mass - ~ higgs-fermion interactions
both matrices are simultaneously diagonalizable

no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like par"rners(*zar' for non-SM Yukawa

H[*\ 2 YigV v? \ 7 v? \ Yij , 7
Yij (1+Cij? JL, HRr, = NG 1‘|‘Cij2—fQ Jo, /R, + 1+30ijﬁ ﬁhfLiij

Look for SM forbidden Flavor Violating decays h — pt and t—he

. . Blank Ellis, Isidori ’1
© weak indirect constrained by flavor data (e.g. L= €7y): BR<10% ~ " enburg, Ellis, Isidori "1
Harnik et al ’12

© ATLAS and CMS have the sensitivity to set bounds O(1%) Davidson, Verdier '12
o ILC/CLIC/FCC-ee can certainly do much better CMS-PAS-HIG-2014-005

(*) e.g. Buras, Grojean, Pokorski, Ziegler '11
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Higgs and Flavor

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

— e R ——— e

19.7 b, \s =8 TeV

| CMS-PAS-HIG-2014-005

‘ 1 CMS preliminary
l

by the wa
2§Jexcegs| C: | ;

BAR:

107 10™ 1
\ IYMI
| Off-diagonal Higgs couplings can reveal the origin of flavor

—
<
NN
—
o
w

| The interesting models of flavor (Y. &/ (mim;/v?)) start being probed by the experimental data

C/Zr stophe 6/‘@8&/7 ) ) } ) BsSM 7 - 23 o ) ) Cf(/\/ Ja/y 2015



Higgs Stability
V(h) = —Lu*h® 4+ AR

2 _ 2
vev: v° = p~ /A mass: my = 2\v”

the vacuum is not empty even classically (. — 0)

Higher loops
Small Yukawa:

= 240" — (3¢"% + 99 — 12y) )\ + 29" + 2979 + 39" — 6y +
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Higgs Stability

Small mass (y: dominated RGE)

e T mEEEEEEEEEREEEREERE=2- \
l 3 .41nh &
872 Yo 11 Q !
A A Q) = Ao | 9 QIOQ:
1 1672 J0o 1 Qo '
m—%{ S e e o o Em e o e o o o o o o = =
202
0 Q
v v647r2m%{/3yffu2

A < 0 = potential unbounded from below

Linde ’76, 80
Weinberg '76
Mainiet al ’78,’79
Politzer, Wolfram ’79
Lindner '86

+¢o'

V(h)

New physics should appear before
that point to restore stability
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Higgs Stability

Small mass (y: dominated RGE)

’----------------

\ Linde ’76, ’80
I Weinberg '76
I Mainiet al ’78,’79
|
!

Politzer, Wolfram ’79
Lindner '86
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Buttazzo et al’13
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HEP with a Higgs boson

I# you don ¢ have the ball y You cannot s core

Vi ]

Now with the Higgs boson in their feets,
particle physicists can... play as well as Barga players

Profound change in paradigm:
missing SM particle = tool o explore SM and venture into physics landscape beyond
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