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A timeline of the Nobel Prize
@johnmdudley
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Quantum fields

® [he Basic Building Blocks of the Universe

Operator on the Hilbert
space of particle states

)

Function of spacetime

Particles are ripples (excitations)
of fields tied Into little parcels of
energy due to quantum mechanics.

Quantum + Fields

All electrons in the universe

are identical copies of each

other. They are excitations
4 of a single electron field.



Admir Greljo | The Standard Model

Quantum fields

* Free quantised Dirac field: £ = W (iy 9, — m)W¥

U (x ap. sU°( e~ PT 1 pl % (p)eP?T
( ) 271' \/ﬁ 21:2 P, (p) )
U = PlAY \/P? + m? spin = 1/2
® Particle state e Antiparticle state
T
CLL,S O> bp,s >
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Quantum fields

e | ocal interactions:

S— — — —
— o

@martinmbauer

Decay: The ripple of the ¢ field excites y and yr fields

6



Admir Greljo | The Standard Model

The Standard Model fields




The Standard Model fields

Matter fields
Quarks and Leptons
Fermions / spin-1/2



The Standard Model fields

Force carrier fields
Vector bosons / spin-|



The Standard Model fields

The Higgs field
Scalar boson / spin-0

10
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Fundamental forces

The Standard Model

. y
Y X

40

P

<«
Weak interaction Strong force m
g ®O— «—0

Fpry/Fop = O(10%%)

11
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Elementary Particles of Matter

Quarks

Leptons

©0 98

12
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Elementary Particles of Matter

Long-range (m, = 0) but confining
The charge of the strong force g
e Strong force
Quarks @
Leptons :

Proton

13



Elementary Particles of Matter
g y Long-range (m, = 0)
Strong force  EM

+_

Quarks

Leptons

0098

14 Hydrogen atom
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Elementary Particles of Matter

g y W Z Short-range (my, ; # 0)

Strong force Weak

Quarks @
Leptons 3

/o

—

m/
o2 \ p
| o et A -~
Scientific Reductionism ¥ 2 A“é
- n \ove
(d = uev)

15 Radioactivity
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Quarks

Leptons

Flavour

— T

S® &)Fx

® ®
» @
» ®

——
2

16

® (enerations:
Mysterious property of matter!
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Mass [GeV]

1078

10—10

10712

10—14

Flavour Puzzle

Empinical

D

b
@%@
W e

v B G

17

?

Parameterised in the SM,
but not explained

Analogy:
The periodic table of elements

SM predicts massless
neutrinos!
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The hierarchy of scales?

[GeV]
Quantum Gravity 10

?

®
Gr > Gy

N

Weak scale 10> 4-@gm ®
Strong scale  10° %o

vl Gb8

- New Particles/
. Forces?

Other open problems:

: Charge quantisation
i Dark matter

: Baryon asymmetry
i Inflation

: Strong CP problem
i Dark energy
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

mass  =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % % % 0 0
spin | Y2 y V2 g Ya y 1 ‘ 0 H

up charm top gluon higgs

=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0

oz 0

D || @
bottom photon

=1.7768 GeV/c? =91.19 GeV/c?

-1 0 w

Z

@ || @ |3
tau Z boson 8 2
2 m:

<18.2 MeV/c? =80.39 GeV/c?

O ' @ O 2
o A =1
L] electron muon tau < O
- neutrino neutrino neutrino Os

19



Gauge symmetry



Admir Greljo | The Standard Model

Gauge symmetry

® Example: Electrodynamics has a U(1) gauge (or local) symmetry

21



Admir Greljo | The Standard Model

Gauge symmetry

® Example: Electrodynamics has a U(1) gauge (or local) symmetry

® T[he phase is an arbitrary function over spacetime 6(x)

P(x) — ™ ep(x) Z i =0,P"0" ¢

?

22
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Gauge symmetry

® Example: Electrodynamics has a U(1) gauge (or local) symmetry
® T[he phase is an arbitrary function over spacetime 6(x)

P(x) — ™ ep(x)

e Solution: Introduce a gauge field! Transformation

1
A* (x) — A¥ (x) — —0" 9()6) ® The covariant derivative
g D# = o + igA*

23
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Gauge symmetry

® Example: Electrodynamics has a U(1) gauge (or local) symmetry

® T[he phase is an arbitrary function over spacetime 6(x)

P(x) — ™ ep(x)

® Solution: Introduce a gauge field! Transformation

1
A* (x) — A# (x) — —0" 6’()6) ® The covariant derivative
g D* = 0¥ + igA¥

® [he invariant Lagrangian:

1
Z = (D) (D"¢) - 2 fwt™ = 7(9)
® The field strength tensor:
r,, = dﬂAy — 6VAM

24
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Gauge symmetry

® Example: Electrodynamics has a U(1) gauge (or local) symmetry

® T[he phase is an arbitrary function over spacetime 6(x)

P(x) — ™ ep(x)

® Solution: Introduce a gauge field! Transformation

1
A* (x) — A# (x) — —0" 6’()6) ® The covariant derivative
g D* = 0¥ + igA¥

® [he invariant Lagrangian:

1
Z = (D) (D"¢) - 2 fwt™ = 7(9)
® The field strength tensor:

e The m?A"A is forbidden!
Z FW — 0”Ay — 6VAM

25
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Quantum electrodynamics

e [(1) gauge theory for a Dirac fermion

_ 1 1 _
Logp = V(id — m)¥ — T R — %€ (0, AM)?|— e A, U~ T

Fig. 5.15 The QED vertex: the
solid lines represent the fermions
and the wavy line the photon.

The Nobel Prize in Physics 1965

"for their fundamental work in quantum
electrodynamics, with deep-ploughing
consequences for the physics of elementary
particles"

20
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Quantum electrodynamics

e [(1) gauge theory for a Dirac fermion

. 1 1 .
Loep = V(id —m)¥ — ZFWFW ~ % (0, AM)?|— e A, U~ T

- € =
e [Example: Anomalous magnetic moment @ = g—3S

Dlrac g — 2 Fig. 5.15 The QED vertex: the
solid lines represent the fermions

and the wavy line the photon.

Sin-Itiro Tomonaga Julia Schw nger Richar: dPFey ma

"for their fundamental work in quantum
electrodynamics, with deep-ploughing
consequences for the physics of elementary
particles"

27
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Quantum electrodynamics

e [(1) gauge theory for a Dirac fermion

_ 1 1 _
Logp = V(id — m)¥ — T R — %€ (0, AM)?|— e A, U~ T

e Example: Anomalous magnetic moment [ = g—95

Dlrac g — 2 Fig. 5.15 The QED vertex: the
solid lines represent the fermions

and the wavy line the photon.

Schwinger: (g — 2)/2 =

The Nobel Prize in Physics 1965

i i ive. ~ Foundationarch ive.
Sin-Itiro Tomonaga Julian Schwinger Richard P. Feynman

"for their fundamental work in quantum
electrodynamics, with deep-ploughing
consequences for the physics of elementary
particles"

28
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Quantum electrodynamics

e [(1) gauge theory for a Dirac fermion

_ 1 1 _
Logp = V(id — m)¥ — T R — %€ (0, AM)?|— e A, U~ T

—

e [Example: Anomalous magnetic moment @ = g—3S

Dlrac g — 2 Fig. 5.15 The QED vertex: the
solid lines represent the fermions

and the wavy line the photon.

Schwinger: (g — 2)/2 =

The Nobel Prize in Physics 1965

i i ive. ~ Foundationarch ive.
Sin-Itiro Tomonaga Julian Schwinger Richard P. Feynman

"for their fundamental work in quantum

KinOShita et al ae = 0.001159652181643(764) (5 loops) Phys.Rev.D 91 (2015) electrodynamics, with deep-ploughing
- o consequences for the physics of elementary
Experlment a. = 0.001 159 652 180 73(28) =\

particles"

29 6354 diagrams



Admir Greljo | The Standard Model

Quantum chromodynamics

e SU(3) non-Abelian gauge theory
¢ Quark: Dirac fermion in 3 of SU(3)

- T X Q T X Q 1 a a v
Loop =W PUOA —mp WSS — 2 F PO
+g AL WOANHTL WA ¢ New!

o =1,2,3 the color ﬂ

A=u,d,c,s,t,bthe flavor

a = 1,...,8 Gluons :}{

Fig. 10.1 The vertices with three
and with four non-abelian gauge

20 Fo, = 8,A% — 0, A% + g f**c AV AC
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Quantum chromodynamics

September 2015 . . .
- (Qz) v T decays (V’LO) The Nobel Prize in Physics 2004
5 .

a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

03| o ¢'e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

02}

B);r;ila(;? agl:c\;z ;-(Im[;:srda ré’gvl?fzer Frank Wilczek
"for the discovery of asymptotic freedom
3 in the theory of the strong interaction”
0.1 S iy AR
= QCD 04(M,)=0.1177 £0.0013
1 10 100 1000
Q [GeV]
Confinement < > Asymptotic freedom

— | e = 22 _ 2N
dlogpn  (4m)2” 3T 3 T3

31
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The Standard Model running

SUB) % SU2), X U(1)y

QCD Electroweak

1 1 I ] I 1 1 l D § ] I I 1 y g .J
60 - =]
1 —l\‘
[ O Lo
0
) h S
40 - e 29
R, i g
o, b % R
M T el MSSM..o=f .,
: S 1 Unification of Forces"
20 ,-::=:::::=" e p
[ -1 T e ol ;
- a3 __::3::—
10 o EEmmrT =
Or 1 L L | P 1 L J 1 L 1 l 1 | . l 1 1 1
104 108 1012 1016 1020

a; = g.2/47r



The Electroweak sector



Admir Greljo | The Standard Model

The (Leptonic) Standard Model

The Nobel Prize in Physics 1979

SUQR), x U(l)y

(¢) #0

i / ( 1 ) Phofofrmfhe Nobel PhoffrThe Nobel P‘h from Nob.el
EM Foundation archive. Foundation archive. Foundation archive.
Sheldon Lee Glashow  Abdus Salam Steven Weinberg
"for their contributions to the theory of the unified weak
1 1 — ; - ; and electromagnetic interaction between elementar
v e 1112 T i T i ot g Y
Liin = 4Wa Wapw 4B B + 1Ly DLy, + ZER@ER +(D"9) (D”(b)' particles, including, inter alia, the prediction of the weak
) 9 — neutral current”
(&
—Ly=p* (6'0) + A (¢'0)”  —Lva=Y{LLERé+hec.

() The symmetry is a local

SU(Q)L X U(].)y
(77) There are three fermion generations, each consisting of two different representations:
L (2)-1/0, EL(1)_4, i=1,2,3.

(727) There is a single scalar multiplet:

P(2) 4172
34
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The Higgs field

e How do elementary particles get a mass!

The Higgs
mechanism

® [he Higgs field plays a key role!

® [he Higgs particle is the excitation of the Higgs field.

35
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Spontaneous symmetry breaking
o Complexscalar field: & = 0, oMep — V'

36
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Spontaneous symmetry breaking
o Complexscalar field: & = 0, oMep — V'

e Assume U(l) symmetry: *for the moment GLOBAL

P(x) = e“p(x)

37
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Spontaneous symmetry breaking

» Complex scalar fiels: & = 0, 0p — V'

e Assume U(1) symmetry:
P(x) = e“Px)
® [he potential:

V =-u¢p'¢p+ ")

38
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Spontaneous symmetry breaking

» Complex scalar fiels: & = 0, 0p — V'

e Assume U(1) symmetry:
P(x) = e“Px)
® [he potential:

V =-u¢p'¢p+ ")

- Stability condition: 4 > 0
_ What about p??

39
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Spontaneous symmetry breaking
o Complexscalar field: & = 0, oMep — V'

e Assume U(1) symmetry:
P(x) = e“Px)
® [he potential:

V =-u¢p'¢p+ ")

- Stability condition: 4 > 0
_ What about p??

40

u? >0

o

A




Spontaneous symmetry breaking

» Complex scalar fiels: & = 0, 0p — V'

e Assume U(1) symmetry:
P(x) — ePep(x) u>>0

® [he potential: L
V=i | /

- Stability condition: 4 > 0
_ What about p??

e 55B phenomena:

Theory has a symmetry but predicts multiple
degenerate asymmetrical ground states.,

41
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Spontaneous symmetry breaking

S()

¢ The vacuum expectation value (VEV)

(01410) = (@) = v/I\/2 = ul\/22

R(P)

Expansion around a ground state

Pp(x) = V_I;;%(x) i

42



Admir Greljo | The Standard Model

Spontaneous symmetry breaking

® [xpansion around a ground state

v + h(x) )

P(x) = e
\V/2
h(x) - The Higgs E(x) - the Goldstone
Massive particle Massless particle

V' =—pp"p+ Mp'P)

43
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The Higgs mechanism
e |n the SM, the Higgs mechanism gives masses to:

- +
Weak force carriers: W=, Z

Matter: Quarks and Leptons

44
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o Gauge theories predict massless A (x) with 2 d.of.

* \When 55B happens, the vector field becomes massive (3 d.o.f)!
o The Goldstone boson is the longitudinal polarisation of A, (x).

ne symmetry is gsauged when 68 — 6(x).

nis introduces a vector field Aﬂ(x).

80.4 GeV/c?

+1 n
1

W boson

The Higgs mechanism

91.2 GeV/c?

0

1

Z

Z boson

45

e £(x) - the Goldstone
o Massless particle
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The Higgs mechanism
e Start with

— (D) (D") - ZFMUF”” 400

e And assume 7' (¢) satisfies the SSB condition

46



Admir Greljo | The Standard Model

The Higgs mechanism

e Start with
= (D ¢)T(Dﬂ¢) — ZF/JUF'W 7 (¢)
e And assume 7' (¢) satisfies the SSB condition
+ h o
® [Expand around the minimum:  ¢(x) = v+ Ay oIS

V2

 Fixagauge:0(x) = — E(x)/v

47



The Higgs mechanism

e Start with
= (D ¢)T(Dﬂ¢) — ZF,WF'W 7 (¢)
e And assume 7' (¢) satisfies the SSB condition
+ h x
® [Expand around the minimum:  ¢(x) = v+ Ay oIS

V2

 Fixagauge:0(x) = — E(x)/v

® The gauge boson eats up the Goldstone boson to become massive!

1
DH D' — LD g A

The covariant derivative: D¥ = 0" + igA*

48 [Just a bit more complicated for SU(2) X U(1) — U(1)]



The Higgs mechanism

Weak force carriers

Spontaneous
symmetry breaking

The Goldstone

49
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The Higgs mechanism

Weak force carriers

0 — 0(x)
Spontaneous N Gauge
symmetry breaking symmetry
The Goldstone Massless Vector
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The Higgs mechanism

Weak force carriers

Spontaneous
symmetry breaking

The Goldstone

0 — 0(x)

Gauge
symmetry

Massless Vector

The Higgs
mechanism

Massive Vector

91.2 GeV/c?

Z boson

e 3dof



The Higgs mechanism

Matter: Quarks and Leptons

. o7 ‘T’F

S —S

® The left-handed and the right-handed fields have different U(1)y phases:

QfL 75 HfR ——>  Themass mffoR s forbidden!

52



The Higgs mechanism

Matter: Quarks and Leptons

. o7 ‘T’F

S —S

® The left-handed and the right-handed fields have different U(1)y phases:

QfL 75 QfR — The mass mffoR s forbidden!

o The Higgs field saves the day, 0y + 0, = 0,

LD =y fufz® i; my =y (@)

® The mass « the strength of the interaction with the Higgs field

53
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Flavour Puzzle

Empincal

Mass [GeV]

10-14 54
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*Credit to Professor David | Miller

Analogy Here Is my adaption:

The Higgs field

95
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Top quark, m, = 173 GeV
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Top quark, m, = 173 GeV
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Analogy
Electron, m, = 0.0005 GeV

—
Al

—l

=
=TS

@ ' h -
« ——’- . . 0
A g it
= » B
3 e X
) & 5
- r
0%
'Y_ - L5
= D 5%

Lrag)
—
‘\ " 1” \l
‘1 "Q\-S\

|-
/
o
|
N
&%
7440 ﬁ, B
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< ‘
el ( 5
- vy '_'

&Y

i
- A <
= 5 Nt )
B ‘*-4& A &
~ s * 4
-} o
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Analogy

Flectron, m, = 0.0005 GeV

59
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An excrtation...

60
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The Higgs particle

61
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Me my
Kev OF Vv

Kg Or \ky

107"

1072

1073

0.8

Experiment

| ATLAS Preliminary
s =13 TeV, 36.1 - 139 fb™
m, =125.09 GeV, IyHI <25,p,, =19% -

SM Higgs boson

Z.-4

| | IIIIII}‘

«‘W

= up E
ol m,(m,,) used for quarks a
5':' H | e | E
- . :
. tf R
10~ 1 10 10°

Particle mass [GeV]

62

e [he Standard Model predicts:
the interaction strength & the particle mass

e Confirmed for the weak bosons and 3rd
generation or matter with 10 % precision

Open guestions:

|, Higgs interactions with light generations?
Do Higgs interactions mix generations?
Higgs self-interactions!

s there another Higgs field?

A



The Standard Model

(advanced)



The Standard Model

Table 1: The SM particles

particle spin color QuM mass [v]
W= 1 (1)  #1 29
2 1 (1) 0 Wi
AY 1 (1) 0 0
g 1 (8) 0 0
h 0 (1) 0 V2
€, [, T 1/2 (1) —1 ye,#ﬂ'/\/i
Ve, Vi, Uy 1/2 (1) 0 0
u, c,t 1/2  (3)  +2/3  Yues/V2
d,s,b 1/2 (3) _1/3 yd,s,b/\/§

64



The Standard Model

— The symmetry 1s a local
Gsm = SU3)e x SU(2)p, x U(1)y
— It 1s spontaneously broken by the VEV of a single Higgs scalar,
6(1,2) 4172, ((¢") =v/V2)

Gsm > SUB)e xU(l)gm (Qem =T13+Y)

— There are three fermion generations, each consisting of five representations of Gg\:

Qri(3,2)11/6, Uri(3,1)12/3, Dri(3,1)_1/3, Lri(1,2)_1/2, Eri(1,1)-1

Covariant derivative example:

) ) )
DMQM — (au T §QSGZL)\CL + igWgLTb + EQIBM) QLz'

65



Admir Greljo | The Standard Model

The Standard Model

® £, sansYukawa , - ? ey
go~ 1, gy~ 0.6,gy ~ 0.3, 4, ~ 0.2 2~ . f. r,w/
0 < 1071°-The strong CP problem
it .bh.e.
w : 3 generations of g, U, D,, L, E; "l' e ‘7 su

Accidental symmetry

UB), x UGy x UBp x UGy X UB): 4 . Y it b e

66
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The Standard Model

Yukawas break U(3)° <

6/



The Standard Model

® [he kinetic Lagrangian (flavor and CP conserving)

1 1 1
Lin = —5 G Gapw — W Wi — B By,

—iQLilPQri — iURiJPUp; — iDRr;IPDR; — iL1;IPL1; — iER DER;
—(D"¢)! (D)

68



The Standard Model

® [he kinetic Lagrangian (flavor and CP conserving)

. i 1
‘Ckm — _ZG/ELL GCLMV o ZWI;UJ Wbﬂ’/ B ZBM BMV
—i1QrilDQri — \UR IPUR; — iDR;IDDR; — iL1;IPL1; — iER;IPER;

—(D*¢)Y(D,,¢)

®* [he global symmetry

Golopa (Y95 = 0) = SU(3); x SU(3)7 x U(1)°

69



The Standard Model

® [he kinetic Lagrangian (flavor and CP conserving)

| 1 1
,CIS{}\I/II — —ZGZWGQ'LW — ZW[;UJ Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;

—(D*¢)Y(D,,¢)

®* [he global symmetry

Giatobal (Y = 0) = SU(3), x SU(3); x U(1)°

¢ Reminder:

U : ¢ — e
p'p — pe CeiCgp = T

70



The Standard Model

® [he kinetic Lagrangian (flavor and CP conserving)

1 1 1
LIS{}\I/II — _ZG/;VG@MV — ZWI;MVWIJ,LW o ZB'LWB/LV
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;
—(D*¢) (D)

® The global symmetry

Golopa (Y4 = 0) = SU(3)2 x SU(3); x U(1)°

global
e Reminder: UN) = SUN) x U(1)
Ul) : ¢ — e %9 SU(N) : group of N X N unitary matrices with det = 1

b — PpTe iy = i U'U=1,detU =1

[a



The Standard Model

® [he kinetic Lagrangian (flavor and CP conserving)

1 1

1
SM v 1% v
Liin = —ZGZL Gapw — 4WI;LL W — ZB“ B
—i1QrilDQri — \UR IPUR; — iDR;IDDR; — iL1;IPL1; — iER;IPER;
—(D"¢)! (D)

® The global symmetry

Golopa (Y4 = 0) = SU(3)2 x SU(3); x U(1)°

global
e Reminder: UN) = SUN) x U(1)
Ul) : ¢ — e %9 SU(N) : group of N X N unitary matrices with det = 1
¢T¢ N ¢Te—iaQeiaQ¢ — ¢T¢ UTU= 1 ,detU= 1

U =T a:1,.,N—1
SUN): ¢; = Ujd; i,j:1,...N
72 P~ U Up=¢'¢
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The Standard Model

® Favour and CP violation is in the Yukawa Lagrangian
— Ly = OY"HU + QYHD + LY°HE

® Favour breaking spurions

Y% ~ (37 3, 1)SU(3)2 ; Yd ~ (37 1, 3)SU(B)‘% ;

q

Y~ (3,3)su3):

73



The CKM matrix

— Ly =gV V'"HU 4+ gV'HD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

o After EWSR, the CKM matrix can be rotated

. (YR ur Udl
Ly = (Uar Usz Wr)VY™ | cr —P e | =V | usr

tR tr UpL

74



The CKM matrix

— Ly =gV V'"HU 4+ gV'HD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

o After EWSR, the CKM matrix can be rotated

. (YR ur Udl
Ly = (Uar Usz Wr)VY™ | cr —P e | =V | usr

tR tr UpL

e VIVi=1] = IZZZ ui universality!
e [t only appears in the W interactions, notiny, g,Z, h

No FCNC at tree-level §
They are suppressed In the SM.
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The CKM matrix

— Ly =gV V'"HU 4+ gV'HD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]

o After EWSR, the CKM matrix can be rotated

. (YR ur Udl
Ly = (Uar Usz Wr)VY™ | cr P cr | =V [ ust

tR

e VIV =1 = IZZZ ui universality!

e [t only appears in the W interactions, notiny, g,Z, h

FCCC: J (uL CT. E) VIWT s, | +h.c.

V2

CKM

/6



Admir Greljo | The Standard Model

Recap: The SM interactions

¢ Flavour universal
/ blind
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Admir Greljo | The Standard Model

Recap: The SM interactions

v, 4 g PDG
di % q; D(utp™)/T(ete™) = 1.0009 4 0.0028

> ” I'(rt77)/T(ete”) = 1.0019 % 0.0032
qi ( ) q% ) BR(Z = etp™) < 75x1077

BR(Z —efr7) < 98x107% |
BR(Z = ut77) < 12x107°

¢ Flavour universal
/ blind
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Admir Greljo | The Standard Model

Recap: The SM interactions

Y, 4

g
\
\ .
4 % Qi ‘o
% ( ) q% ) Q/

¢ Flavour universal ¢ Flavour diagonal
/ blind non-universal
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Admir Greljo | The Standard Model

Recap: The SM interactions

CKM matrix V

g W h W
Qi %O% G \\ di u;
% ( ) q% ) Q/ dj (Vij )

Y, 4

¢ Flavour universal ¢ Flavour diagonal ® Flavour changing
/ blind non-universal / violating
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Recap: The SM interactions

Table 2: The SM fermion interactions

interaction fermions force carrier  coupling flavor
Electromagnetic  wu,d, ¥ A e() universal
Strong u, d g Js universal
0 e(T3—s3,Q) :
NC weak all Z P universal
CC weak ud /v W+ gV/g non-universal/universal

Yukawa u,d, t h Yq diagonal
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Admir Greljo | The Standard Model

e The list of open question

Hierarchy problem
Flavour puzzle
Strong CP problem
Charge quantisation

Dark matter
Baryon asymmetry
Neutrino masses
. Inflation
New Physics
Dark energy
Quantum gravity
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Backup



Effective theory

o

P R>a — K
— > QO QiRz Q;]RzRJ
a (R) = R T R3 + R> "
1I/R  a/R? a*/R°
a n
n-multipole contribution is of relative size (E)

At fixed R — large: fewer multipoles needed > Unlversahty

accuraty R — small: more multipoles needed #» Reductionism

R ~ a expansion breaks down: e number of parameters needed

Lectures by Rattazzi, GGl 2020
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Effective quantum field theory

Leg ¢ Luv
| ),u
A
cutoff
Infrared, Ultraviolet,
Long-distance, Short-distance,

Soft Hard
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Matching

Tree-level example

I
¢/q)\¢

Figure 1: Generating higher dimension operators by integrating out fields.
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Matching

Tree-level example

I 0O b
—)
¢/ (I) \¢E<<M¢>,1-2<¢

M2

Figure 1: Generating higher dimension operators by integrating out fields.

OT(@O)@()}H0) = [ 5 et

(Propagator) (27T)4

k* ~ O(E*) <« M?

P VCR Ve [”O(W)]
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MatChing Local interaction:

The Compton wavelength M~ is very small.

Tree-level example

S R N T
——
¢/ @ \¢E<<M¢ 12 ¢

M2

Figure 1: Generating higher dimension operators by integrating out fields.

QT (@B = [ et

(Propagator)

k* ~ O(E*) <« M? \

N O PR
2o el Y\ e M?
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Effective quantum field theory

The cut-off
Example: a theory with just one scalar field ¢ A = 1 — L
T L

Lagrangian is organized in series in inverse powers of A:

close analogy with multipole expansion

L = 0,00"0 — m?e® + Mo
A
+ A—62g06 + %9028ug08“g0
+§ 8+77_6((9 M) + ...
A4 90 A4 MSO (p) +
4 ...
® \4, Xg, 76, ... expected tobe < O(1)

>
A_()

® must assume m? < A? otherwise no long wavelength quanta

89

Lectures by Rattazzi, GGl 2020




Effective quantum field theory

Scattering amplitudes at £ < A

. .
A . A .
-~ . - .
-~ . A .
-~ P hd .
-~ . - .
S
— > + |1 _|_
:! :! E— ’
; AR . . « o o
. hd . -~
. - . -~
. - ’ -~
0 A . -~

A, n,
2 E — 0
= A4 t omgy — M\
I' "
. . 1
. o . :
\\ '\"'"' ‘\ '..\---- “‘ ' P
‘. AN R e NN N 1L’
A2_>_1 — ‘% . + % * - '::‘*\ *
0') - l' ‘\ ’ -~

at low energy only lowest dimension coupling matters

the infinite set of couplings with negative mass dimension is irrelevant !

Lectures by Rattazzi, GGl 2020
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Accidental symmetries in Effective theory

Long Distance Physics: Simplicity & Accidental Symmetries

accidental
®
SO(3)
Ex.: electrostatic potential at large distance
1/R a/R? a’/R®
; R>a 0 3. B ij
g Qo Q1R Q5 RiR;
///// > @(R)—f—l' R3 + R5 +...
—
a SO@3) > SO(2) > &

Lectures by Rattazzi, GGl 2020
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|
|
/, ; 0/\/0 reason, ‘ZU @(}Dect
;‘r§ ! +he breakaiown angbf(me 2001,
=]
) xZ
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:r% - :
.| SMEFT
S
Py

™~
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T
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%/soman (aF [ = the HEP ?am/,. ;
Re ductjonism

Uv S}\Or’t-cjlﬁan@

? /\/IPL ) L:jé ‘H)e u{%mo\_fe gmfe,?

|
l ® 0 & ecl
é i No veasor, To exp

S the  breakaoun ang(im& 200N,

72|

) xZ
= Z .

N 2| T IR

8_)- 7. ----------------------
=7

SM EFT | Theory construction:

cﬁ |. Space-time & gauge invariance + field content,

> 2. Lagrangian(x) = infinite polynomial in fields and derivatives,
o EW

~N
P = Z C@Aéé—dim 06
WET

* IR relevance: dim[0O] < 4

e |rrelevant couplings suppressed by A‘é_dim@
o ((D

PT
::R; LOD%f Aié’fan e 93




<, : The EW hierarchy puzzle

o ¥, = u*H'H sets the EW scale.

1< M]% ?
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<, : The EW hierarchy puzzle

?

o ¥, = u*H'H sets the EW scale.

1< M]%

o (D
7(?T

rt_ _ _@_ T

® Pion mass splitting:
2

e
2 2 2
my —mg = O(1) X ﬂzmﬂ
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<, : The EW hierarchy puzzle

o ¥, = u*H'H sets the EW scale.

1< M]% ?

1 1}
1
H H
1 ] s CT e i I a=y PR P
T WY PLie
L [} [T
' For e LI S N ot N
: - ‘. 1
‘ .---------------------------------------------------------.,‘*-.; ..........
‘l’

e Naturalness: New mass threshold not
) far above the EW scale

m% — mﬁo = 0(1) X v 2mp2 e Supersymmetry!
T

® Pion mass splitting:

96 e Composite Higgs / Extra Dimensions!



<, . Accidental symmetries

FM sansYukawa: U3), x U3)y x UB)p x UB),; x UB)y
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<, . Accidental symmetries

FM sansYukawa: U(3), X U3)y x U3)p X UB),; X UB3)g

— Ly =gV V'"HU 4 gV'HD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]
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<, : Accidental symmetries
FM sansYukawa: U(3), X U3)y x U3)p X UB),; X UB3)g

— Ly =gV V*HU + gY’HD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]

LM U x U, x U, x UQ),

Prediction: No proton decay nor cLFV

Experiment: 7,2 10°* years, BR(u — ey) S 10713, ...

99



<, : Accidental symmetries
FM sansYukawa: U(3), X U3)y x U3)p X UB),; X UB3)g

— Ly =gV V'HU + gY’HD + [V°HE

[U(3)? transformation and a singular value decomposition theorem]

LM U x U, x U, x UQ),

Prediction: No proton decay nor cLFV

Experiment: 7, 2 10°* years, BR(u — ey) 1071, ...

e ALl truncation at the [ZZPMEFT] < 4 — Exact accidental symmetries
NP )4
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<, : Accidental symmetries
FM sansYukawa: U(3), X U3)y x U3)p X UB),; X UB3)g

— Ly =gV V'"HU + gV'HD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]

LM U x U, x U, x UQ),

Prediction: No proton decay nor cLFV

Experiment: 7, 2 10°* years, BR(u — ey) 1071, ...

. A;,}J truncation at the [Z>MEF!] < 4 — Exact accidental symmetries

e Peculiar observed values of Y*%¢ = Approximate accidental symmetries
[Mass hierarchy & CKM alignment] [Quark flavour, CP, LFU, etc]
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<, . Approximate symmetries

Approximate Quark Flavor Conservation:

e WhenV=1=>U(1),,xU1).,,xUQ1),,
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<, . Approximate symmetries

Approximate Quark Flavor Conservation:

e WhenV=1=>U(1),,xU1).,,xUQ1),,

e GIM mechanism:When up or down-quark masses are degenerate,
e. Y x 1 or Y¥ « 1, no quark flavour violation.
— Ly =gV Y"HU + gY’HD + IV°HE
= If Y/ « 1, rotate g — Vg, D — VD, and vice versa
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<, . Approximate symmetries

Approximate Quark Flavor Conservation:

e WhenV=1=>U(1),,xU1).,,xUQ1),,

e GIM mechanism:When up or down-quark masses are degenerate,
e. Y x 1 or Y¥ « 1, no quark flavour violation.
— Ly =gV Y"HU + gY’HD + IV°HE
= If Y/ « 1, rotate g — Vg, D — VD, and vice versa

V spurion appears only in Wj interaction = No tree-level FCNC

Z

7, g \ W
ZL% gi % gi N & % u;
q% ) q% ) Q/
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<, . Approximate symmetries

e Approximate CP

- A i(0i—6")
Jarlskog invariant: Vij — e d sz

L5 @ Vy,dl W
2

J = IIIl(VudVLSV* V*) ~ 3 X 1()_5 +—— The CKM alignment

us ¥ cd
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<, . Approximate symmetries

e Approximate CP

- A i(0i—6")
Jarlskog invariant: Vij — e d sz

L5 @ Vy,dl W
2

J = IIII(VudV;_,SV;,’. *) ~ 3 X 10_5 <+—— The CKM alignment

cd

Example: Electron electric dipole moment

2109.15085 9 -
d
- 12
; me  g°g° v mg m2m? ;
e ~ € - — :
mé, (1672)1 \ my V8
- - -
. % ¢ e J — higher loop suppression

e Chirality flips = The mass hierarchy suppression

SM: d. ~10"* e-cm
Experiment: |d.| < 1.1 x 107% e - cm

106



e Accidental symmetries (exact and approximate) are
broken by the irrelevant couplings / new physics.

® J[esting accidental symmetries is an opportunity
—> Efficient probe of high-energy dynamics.



<5 : Neutrino masses

yM

7
Fs = —LiL;HH
10? @
 Telr
1072 %@
1074 @ @
10710

Large A explains tiny m,,
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<5 : Neutrino masses

yM
¥s =——LLHH
A J

U(l), X U(l)ﬂ X U(1),

2

)
— vM

¢ M,y =Yy —

LFV

Neutrino oscillations
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<5 : Neutrino masses

yM
¥ =——LLHH
A J
U, x U(l), x U(l),
V2
¢ M, ;=Y —
%
LFV cLFV

Neutrino oscillations

B(p — ep)sy ~ 107

Experiment:
BR(u — ey) < 10713

10 Efficient GIM mechanism!



