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In memory of Steven Weinberg

— one of founding fathers of the Standard
Model of Particle Physics
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OUTLINE

@ Brief introduction to (elementary) particle physics
@ The Standard Model

e Some basics of field theory: gauge symmetry, chiral
fermion, Spontaneous symmetry breaking (SSB), gauge
anomaly ...

e Constructions of the SM Lagrangian (fop-down)
e Interactions after SSB

e Successes of the SM

e Unsatisfying issues in the SM

@ Summary & Prospects



What is particle physics

@ Due to Wikipedia: Particle physics is a branch of physics that
studies the nature of the particles that constitute matter and
radiation.

@ It probes the structure of our universe at the shortest scale.
Due fo the uncertainty principle, the short scale corresponds

to high energy. Therefore, particle physics is also called high
energy physics.

@ Core ftopics:
® What are elementary constitutions of matter?
® How do they interact?
® How do they form more complex matter states?


https://en.wikipedia.org/wiki/Particle_physics

The modern view of the subatomic world

Structure within
the Atom

Quark

Size < 10719 m

Electron

Nucleus
Size < 1078 m

Size = 10714 m

Neutron
and
Proton

Size = 10-12 i
Size = 101W0m

It the protons and neutrons in this picture were 10 om acrass,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across,




Four fundamental interactions

Electromagnetism: The source of various forces in a common world ;
inferactions among electro-charged particles mediated by :

Strong interactions: The bound between nucleons; interactions
among quarks and gluons mediated by ;

Weak interactions: 3 decays, nuclear
fusion... mediators are :

Gravity: Interactions among everything
(mediafed by 7), It is all Higgs boson
about space-time and matters due to
Einstein.

photon

weak bosons




Fermions-matter constituents
Standard Model of Elementary Particles
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The Standard Model

— the periodic table of elementary particles

HIGGS BOSON

Discovered in: Mass:

2012 125.7 GeV
Discovered at: Charge: Spin:
CERN 0 0
About:

Discovered in 2012, the Higgs boson was the last missing piece of
the Standard Model puzzle. It is a different kind of force carrier
from the other elementary forces, and it gives mass to quarks as
well as the W and Z bosons. Whether it also gives mass to
neutrings remains to be discoverad.

Higgs bosons:
The last <& for the SM

¢ QuAarRKkS @@ LEPTONS @@ BOSONS (@ HIGGS BOSON symmetrymagazine.org symmetry  (3)ENERGY Sins



SM as a gauge field theory

@ a spontaneously broken SU(3) X SU;(2) X Uy(1)
to describe
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The making of the SM

— Brief History of Particle Physics
(Efforts from theorists and experimentalists)

_ Discovery of CP violation in B decays, success of }

- Discovery of the Higgs particle in 2012

- Find the TeV scale new physics. =New Revolution ?
10



How fo build a gauge theory

@ U(l) case: QED & Maxwell Equations are invariant under local/gauge transformations

Construct the
so that . The gauge invariant Lagrangian density is

@ SU(2) case: Yang-Mills theory (1954°) _
a theory of nucleons & pions with local isospin symmetry g

with

is invariant under transformations

11



Some properties of gauge theories

1. A gauge boson corresponds fo a gauge symmeftry;

2. Gauge symmetry forbidden mass terms for gauge fields! As long as the
gauge symmetry is preserved, the corresponding gauge boson is massless!

3. For U(1) gauge theory, the gauge boson does not have self-interactions;
For non-abelian gauge theory, the gauge bosons can interact with each
other. This very difference between U(1) gauge theories and non-abelian
gauge theories leads fo the asymptotic freedom of non-abelian gauge
theories which is essential for building a gauge theory of strong
interaction/a grand unified theory (GUT).

4. The gauge symmetries can be broken either spontaneously or by quantum
anomalies if we infroduce the chiral fermionic multiplets inconsistently.
Some gauge symmetries of SM are spontaneously broken, and
corresponding gauge bosons become massive. However, SM is free of
various quantum anomalies due to the chiral fermions.

12



Spontaneous symmeitry breaking

@ SSB: In a quantum mechanical system, a symmetry of the action is not a symmetry
of the ground state (in other words, the ground states are degenerate), then the
symmeftry is broken spontaneously.

@ Goldstone Theorem: Every spontaneously broken global continuous symmetry
corresponds to a massless scalar (Nambu-Goldstone boson) in the theory. (1960°)

Eg. Expanding the scalar potential around the minimum (vacuum) ¢,
with being
the mass square matrix. is invariant under linear transformation
, Therefore . Differentiate it again, we get
when (which means vacuum is not invariant under the symmetry
transformation of the potential), has an eigenvalue O, which implies a massless

scalar boson (Goldstone) in the theory.

13



(Anderson)-(Brout-Englert)-Higgs-(Gualinik-
Hagen-Kibble)-(t Hooft) mechanism

Every spontaneously broken local continuous symmetry (gauge symmetry) corresponds
to a massive gauge boson in the theory. (1962°)

Eg. The scalar bosons in previous slide couple to gauge bosons through the minimal
coupling, i.e. through the covariant derivatives

The gauge symmetries are spontaneously broken by the vacuum of the scalar fields
<¢i>VAC = (qﬁo)l, if T4, # 0. There appears the mass term for the gauge bosons

Remarks:

1. The gauge bosons corresponding to unbroken symmetries (7“¢y # 0) remain
massl|ess!
2. The SSB gauge symmetries are not really broken, rather hidden!
3. The massless Goldstones become the longitudinally component of the massive gauge
bosons! Degree of freedom does not change!
1 massless scalar+2 massless spin-1 D.O.F. = O scalar+3 massive spin-1 D.O.F.

14



Chiral fermions

4-component spinor in Weyl representation:

Lorentz transformations:

Mass terms:

e Dirac mass—couplings between left-handed and right-handed 2-component spinors

e Majorana mass — couplings between 2-component spinors with same chirality

15



Chiral anomaly

@ Adler-Bell-Jakiw anomaly: The Noether current corresponding to a
global chiral symmetry of a classical theory of chiral fermions is not
conserved any more quantum mechanically, when chiral fermions couple
to gauge bosons. '

ABJ anomaly equation:

However, this is normal and useful. It leads to

@ Gauge anomaly: If the chiral Noether current is coupled to a gauge
boson, the corresponding gauge symmetry may be broken quantum
mechanically!

@ Gravity anomaly: If the chiral fermions couple to gravity, there will be
new anomaly which breaks the

corresponding gauge symmeiry as well!

16



Gauge anomaly cancelation

All anomalies which break the gauge symmetries should be cancelled!
The gauge groups or/and representations of chiral fermions should be
chosen wisely!

Gauge anomaly cancellation :

® For (pseudo)-real representation: automatically!
@ Group theory:

e Compact semi-simple groups with only pseudo-real or real reprs
(self-conjugate reprs):

e Compact semi-simple groups with non-self-conjugate reprs but
e ONLY and gauge theories can have gauge anomaly!

¢ Global anomaly : For SU(2) chiral gauge theory, the
number of pseudo-real reprs of chiral fermions must be even to
avoid anomaly.

17



Fields in SM

Representations: (SU(3) : Ry, SU(2) : Rz)Hypercharge:Y

Quarks: Qi — (Zl) (3 2)_|_1 I/lR (3 1)_|_2/3, dl (3,1)_1/3 p

l

y-) g (1,2)_1/21 e]i{ = (192)—1 /
£

l

Leptons: Ei - (
e

Note: No right-handed neutrinos I/R

L A v a 24 :
Gauge potential: Gﬂ (A Saledh 4.8 ); WM (a. =208 BM ;3 gauge
couplings: g, g, &';
H+
HO> = (L2),1p

Covariant derivatives: ), = 0, — igSG;‘Tf e [, —18'YB,

Higgs filed: /1 = (

18



Covariant derivatives

-

e e il &
DMQL = (()ﬂ — zgSTG;‘ — lg—W/j’ +i-8 Bﬂ> O,

U

8 Gell-Mann matrices:
DEJ(O—@ m%+- )q,

D,ug = <5ﬂ
D,dr = (9,
D,er = <0M s
DH=(0,+i3

3 Pauli matrices:
o o ,
—,— | = 1€e”
)




SM Lagrangian

gSM = ggauge + gquark 35 gleptons my gHiggs £ gYukawa
__l A A,uy_l a a,uy_l UU

L gange = — 7O GMY — S Wa W — B BHV

L quark = Q11 DO; + i Dug + dyi D .

) Liepion = Eii DE] + exi Deg,
P tiges = (D, H) D'H — V(H, H'),
Procaws = YIO ubH + YiQidl,H + YVELebH + h . c .,

X
2

V(H,H") = — u*H'H + 7 (H'H) =§<HTH— 2) +a

k

Remarks:

1. No mass terms for fermions & gauge bosons!

2. Most of parameters are from Higgs-sector and Yukawa couplings!

20



Gauge anomaly cancellation in SM

Convert the right-handed chiral fermions to left-handed ones

SU(3)-SU(3)-SU(3): Repr. of SU(3) sector IS
real, i

SU(3)-SU(3)-SU(2): ;
SU(3)-SU(2)-SU(2): ;
SU(2)-SU(2)-SU(2): :

SU(2) global anomaly cancellation: 4 SU(2) doublets (3 quark doublets
and 1 lepton doublet) in each generation in SM;

graviton-graviton-SU(3):

graviton-graviton-SU(2):

21



o

Gauge anomaly cancellation: U(1) sector

SU(3)-SU(3)-U(1):

SU(2)-SU(2)-U(1):

U(1)-U(1)-U(1):

graviton-graviton-U(1):

22



SSB in SM

Minimizing the potential > The vacuum expectation value
(VEV) of the Higgs field (due to the freedom given by gauge invariance or in so-
called unitary gauge)

We see that but
This means that the gauge symmetry is spontaneously broken into
where

is exactly the electric charge in unit of an elementary charge. We have

Remark: If we introduce right-handed neutrino which must be SU(2) singlet, it will
have O hyper-charge too. Therefore, the right-handed neutrino must be SM singlet.

23



Gauge bosons after SSB in SM

Introduce: , and
with
where is the Weinberg angle, the covariant derivative becomes
where , and In the unitary gauge, we parameterize

Hence the masses for gauge bosons are

24



Fermions after SSB in SM
@ Mass terms:

Pvirawa = 01V dpeH + Ory up H + E; y,€pH + h.c.

- 3 f v + h(x)
i (dLyddR + Uy g + CrYel R) \/5 + h.c.

Diagonalizing the Yukawa couplings, we can get the Dirac mass terms of fermions

gmass 7 9y Z mfff’ with me = —yfv/\/§ j
¥

@ Couplings between fermions and gauge bosons:
+ — 1H ’ H
5 (Wrs + W+ 2,02 ) + el

current — 8 uv em’
e Charge current:

1 1 Z
]‘_/‘I_/M == —2 <DL}/'MVCKMKL + l/_tL}/'MdL>, ]_'M = MR - <fL}/'MUL + CZL}/'M‘/T ML>I

%4 \/z CKM

e Neutral current:

Ue'= : 2 i (T° — Osin*6y) f

cos @
W f:QLauRadRaELafR

e Electro-magnetic current: J/' = — £y/7 + gﬁyﬂu — gjy”d

25



CKM matrix: source of CP violation in SM

@ Charged current interaction:
CKM matrix describes the mixing among the down-type quarks

@ Kobayashi-Maskawa Theory:# of CPV phases=n(n+1)/2-(2n-1)=(n-1)(n-2)/2,
n=# of generations. 3 generations allow 1 complex phase = CPV

( —i8)
C12C13 512€13 513€
i i5 i5
Vexkm = —3812C23 — C12973513€ C12Cr3 — 812923813€ 323€13
i5 i5
I ) sl = G109937 5 1P S05D IS £93€13

@ The unitarity of CKM matrix can be represented
as a unitary friangle in complex plane.

26
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Small summary of the theoretical
prospects of the SM

Renormalizable theory!

Gauge SSB:

Gauge anomaly free;

ONLY 18 parameters:

3 gauge couplings: : and
9 fermion masses:

4 CKM matrix parameters:
1 Higgs vacuum expectation value (VEV): v; (related to and /77.)

1 Higgs mass: (related to Higgs self-coupling 4 and VEV V)
Global symmetries:

e P and C are maximally violated in weak interactions;

o and T can be violated;

o and global symmetry: SM (before and after SSB) is invariant under
and
= Baryon number and lepton number conservation

28



One page summary of the world

Gauge group SU(3)c x SU(2) x U(1)y

HicGs GAUGE

Pﬂ. I‘ti CI e | MATTER |
v hT
cgntent L) [31 2:' 1/3 L= ( L) I:I.]' 2}-] H = ( ) {.1 2:'1 B (11 1}1]

EL h“

(3, 1]..:;:-: eh (1,1) 2 71 (1,3)0

(3,1) 23 VR (1, 1) | 7 | (8,1)o

: 1 _ -
Lagrangian |, _ ~ GG +...QulbQui+. .. (D,H) (D*H)—p’H' H—%(HTH}%. . YieQ H(ug)e

(Lorentz + gauge +
renormalizable)

0

! 1

SSB SU(2). x U(1)y = U(l)q

B,W3—v,2° and W, W2 W+ W-

Fermions acquire mass through Yukawa couplings to Higgs

I. Schienbein Summer School in Particle and Astroparticle physics
Univ. Grenoble Alpes/LPS5C Grenoble Annecy-le-Vieux, 20-26 July 2017




The SM as an effective field theory

@ Weinbergs “folk theorem”: If one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles, and then calculates
matrix elements with this Lagrangian to any given order of perturbation theory, the
result will simply be the most general possible S-matrix consistent with perturbative
unitarity, analyticity, cluster decomposition, and the assumed symmetry properties.

@ SM effective field theory (SMEFT):

@ d=5 Weinbergs operator: After SSB, neutrinos obtain masses!

Can be obtained from tree-level see-saw

30



Successes of the SM

@ All known particles are involved in the SM;
@ ONLY 18 parameters;
3 known high energy phenomena (except neutrino

oscillations) can be described qualitatively and quantitatively;

e Classifications of hadrons: approximate flavor symmetry in QCD,
chiral symmetry breaking, exotic hadrons (predicted by QCD but
yet not fully understood) ...

e Hard scattering processes such as DIS, Drell-Yan and jets:
Factorization works well thanks to the asymptotic freedom of

QCD ..
e Charge current and neutral current processes;
o violations;
e Neutral meson mixing;
e Decays and asymmetries of decays;
e FCNC processes, lepton universalities ......

31



Experimental tests of the SM

@ Most of tests from accelerator related experiments (collider physics)!
For collider physics, see L.Wus lectures

e The gauge sector: LEP, SLC, Tevatron
Gauge couplings, gauge structures, generations, ...

e The flavor sector: B factories (CLEO/BaBar/Belle/LHCb/Belle-1I)

Decays&CPV =>Determination of CKM matrix-elements: size and
phases

e The EWSB sector (Higgs related): LHC/CEPC/ILC
Discovery of Higgs, gauge couplings, Yukawa couplings, self-
couplings

e The neutrino-mass sector: neutrino factories
Oscillations/CP violation = masses and mixings

@ QCD plays a very essential role in most of above tests!
see C.F. Qiaos lectures

32



The most successful example of the SM

@ Anomalous magnetic moment of leptons

At order of o,

¥ The headstone of Julian Schwinger
@ For electron: at Mt. Auburn Cemetery in Cambridge,
) MA.

@ For muon:

33



Efforts from experimentalists

BNL E821+FNAL muon g-2 experimen’rs
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For the “magic" momentum poage = mfya = 3.00 GeV/ie (1w = 29.3), the second
term vanishes, and the electrie field does not contribute to the spin motion relofive to the
momentum.” If g = 2, then a, = 0 and the spin would follow the momentum, turning at
the cyelotron frequency.




Efforts from theorists
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Large Hadron Collider (LHC)

— Mont Blanc

Heh-heh. I have a
lot of Kinetic energy!

=@ @

energy + energy = lots of energy
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Main channels to produce Higgs@LHC
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c¢) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top

quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(f-g) production in association with a single top quark



Discover Higgs@LHC
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Main production/decay channels of Higgs
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center of
mass energy, /s, for pp collisions [45]. The VBF process is indicated here as ggH. The theoretical
uncertainties are indicated as bands. (Right) The branching ratios for the main decays of the SM
Higgs boson near mpy = 125 GeV [43,44]. The theoretical uncertainties are indicated as bands.
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Main decay channels of Higgs

Table 11.3: The branching ratios and the relative uncertainty [43,44] for
a SM Higgs boson with my = 125 GeV.

Decay channel = Branching ratio  Rel. uncertainty

H — vy 227 % 10~ 2.1%

H—ZZ 2.62 x 1072 +1.5%
H—->W'W- 2.14 x 1071 +1.5%
H— 1t 6.27 x102 +1.6%
H — bb 5.82 x 10! .
H — ce 2.89 x 1072 R
H — Z~ 1.53 x 1073 +5.8%
H—utp 2.18 x 1074 +1.7%
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with each event
weighted by the ratio of signal-to-background in each event category, observed by ATLAS [125]
at Run2. The residuals of the data with respect to the fitted background are displayed in the lower
panel. (Right) The mys distribution from CMS [126] Run 2 data.
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Status of Higgs mass measurements

7 TeV,8 TeV and 13 TeV
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Figure 11.4: Summary of the CMS and ATLAS mass measurements in the 4y and ZZ channels in
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Status of experimental measurements
normalized to the SM predictions
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Figure 11.8: Combined measurements of the products ¢ - BR, normalised to the SM predictions,

for the five main production and five main decay modes. The hatched combinations require more
data for a meaningful confidence interval to be provided.




Various constrains on the unitary triangle
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Figure 12.2: Constraints on the g, 7 plane. The shaded areas have 99% CL.
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Unsatisfying issues of the SM

@ Theoretical side

e Why SU.(3) ®SU,(2) ® Uy(l) ?

Gauge couplings unification? Grand unification theory?

e Why three generations? Whats the origin of the patterns of quark/
lepton masses and mixings? What's the property/origin of the
neutrino masses?

Flavor symmetries/See-saw/String theory?

e Is the Higgs boson discovered at LHC the ONLY guy to be

responsible for the electro-weak symmetry breaking (EWSB)?
Two Higgs doublets model /SUSY/Composite Higgs/Extra Dimension/
Little Higgs/Technicolor/ ...
e Hierarchy problem/Fine tuning problem/Naturalness
e Strong CP problem ...
@ Experimental/observational data (most from astronomy/cosmology)
Dark matter/dark energy/inflation/matter-anti-matter asymmetry
See lectures given by Q.Wang, Y.G.Gong, Z.Z.Xianyu,
B.Q.Ma, B.Zhu, J.J.Cao, Z.H. Zhao etc in this school
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Gauge couplings running in the SM/MSSM

Unification of the Coupling Constants
in the SM and the minimal MSSM
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Within the SM, no gauge coupling unification! SUSY can help!
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Hierarchy problem

@ Radiative quadratic divergence in Higgs self-energy

o If
= Hierarchy problem/fine tuning problem/naturalness problem

e Many solutions: see next slide

e SUSY can help! The signs of the quadratic divergence from bosons
and fermions are opposite! The super symmetry (SUSY) is a

symmetry between bosons and fermions!
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Solutions to HP

Discrete symmetry

Modular invariance

LST/Clockwork

Classicalization

9. Disorder

11. Relaxation

12. NNaturalness

13. Crunching away

14. Conformal symmetry
15. Asymptotic fragility

16. Agravity

17. Lee-Wick Theory

18. Weak gravity conjecture
19. Non-commutative QFT
20. Weak scale from CC
21. AdS magic

22. Self-organized criticality

., T

With apologies for the many omissions...




Summary: SM is good, NP is better?

@ The Standard Model is successful!
@ We are not satisfied!
@ Enjoy the school!

Thank you!
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LHC Luminosity Profile
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Table 11.4: The LHC pp collision centre-of-mass energies and delivered

2017

data samples.

2018

Year

/

X
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O
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%

Year /s (TeV) [ L.dt (fb™')  Period
2010 7 0.04 Run1
2011 £ 6.1 Run 1
2012 8 23.3 Run1
2015 13 4.2 Run 2
2016 13 40.8 Run2
2017 13 50.2 Run 2

13 60.6 Run 2
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