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The gauge symmetries of the Standard
Model

The (Yang-Mills) action EYM \if(ify”D — m)lIJ — EI.FPL,F“” is invariant under
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Abelian U(1) symmetry Non-abelian SU(N)
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More about Matter and Higgs fields

Nature is symmetric under the group of Lorentz transformations, rotations, and
translations which all together form the Poincaré group.

Particles are classified by spin: scalars, fermionic spinors, vector bosons.
They correspond to irreducible representations of the Poincaré group

Spinors are of two types: the fundamental (left-handed) and the anti-

fundamental (right-handed). The chirality of a spin 1/2 field refers to
whether it is in the fundamental or the anti-fundamental and is therefore

a label associated with a representation of the Lorentz group
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helicity is a physical quantity: it is the projection of the spin onto the direction of motion
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—_— —
right-handed left-handed

for a massless particle: chirality= helicity

SU(2)L

(thus we call the fundamental spinors the left-handed spinors and the anti-
fundamental spinors the right-handed spinors)

The Standard model is a chiral theory: the left-handed and right-handed spinors not only
transform differently under the Lorentz group but also under the EW gauge group

SU(2)*U(1)

The left-handed fields are denoted Q=(ur, d.) and L=( V., eL) while the right-handed
fields are denoted u R dpand e R
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Fermi Model

Current-current interaction of 4 fermions

Leeru = _ZﬁGFJ:Jr
Consider just leptonic current

J* =g (ﬂjem_ (ﬂjm hc
r edJr 2 mgr 2

Only left-handed fermions feel charged current weak
Interactions (maximal P violation)
This induces muon decay

r'~Gen, Gr=1.16639 X 10°° GeV/-2

)
M < e
This structure known

Ue . .
since Fermi 5




Fermion Multiplet Structure

e ¥, couplesto W= (cf Fermi theory)

— Put in SU(2) doublets with weak isospin | ;=+1/2
* Y doesn’t couple to W+

— Put in SU(2) singlet with weak isospin [=1,=0



What about fermion masses?

Fermion mass term: Forbidden by
L=m¥VY¥ = m(?L‘PL + ?R‘PR) SU(2)xU(1) gauge
L eft-handed fermions are SU(2) doublets u Invariance
)

Scalar couplingsto fermions:
L, =—I ,Q &d, +hc.
Effective Higgs-fermion coupling
1 — 0
L, =-1 ,— (T, ,d d. + h.c.
d d ﬁ( L L)(V_l_ h) R

Mass term for down quark:

M /2

V

l d




Fermion Masses, 2

e M, from ®=11,0*

o :(_U M2

L=-1 Q®u,+hc
e For 3 generations, o, f=1,2,3 (flavor indices)

(V+h)
J2

L, =—

ab—a,,b ab qa b
3 (12°Trug +12°d2d2 )+ he
a,b




Fermion masses, 3

« Unitary matrices diagonalize mass matrices

a ab,,mb a ab q4mb
u =U"u” d =U;"d/

a ab,,mb a ab q4mb
Ug :Vu Ur dR :Vd dR

— Y ukawa couplings are diagonal in mass basis
— Neutral currents remain flavor diagonal

* Charged current:

+m 1 . mya 1 e mfl = m
J :ﬁuLg d; :ﬁuL g"U,Va) b dl
T CKM matrix




Abelian Higgs Model

Why are the W and Z boson masses non-zero?
U(1) gauge theory with single spin-1gauge field, A,

L-—1F gm
4

F. =0,A,—0.A
U(1) local gauge invariance:
An(X) > A(X) —0,h (X)

Mass term for A would look like:

1 1
L=—=F_F™+=-m°A A"

Mass term violates local gauge invariance
We understand why Ma =0

Gauge invariance is guiding principle
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Abelian Higgs Moddl, 2

e Add complex scalar field, ¢, with charge —e:

1 -
L=~ FuF D, f [ V()

* Where
Dm :am_ieA\n Frm:amAl_@nAn
V() =]+ Qf \2)2

o L isinvariant under local U(1) transformations:

An(X) = A(X)=0,h (X)

f(x) — e (x)
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Abelian Higgs Model, 3

e Casel:pn?>0

— QED with Ma=0 and L=—2F, F™ +[D,f[ -V ()
me=p

— Unique minimum at
(P:O Dm :am_ieAn

. ), V() =l +1 (f[

\H\—/ x>0
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Abelian Higgs Model, 4

e Case2: 1u2<0
V() =—|n?ff["+1 lf

e Minimum energy state at:

Vacuum breaks U(1) symmetry

Aside: What fixessign (u?)?
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Abelian Higgs Moddl, 5

| 1 i % and h are the 2 degrees of
* Rewrite f = 5" (v+h) freedom of the complex
Higgsfield
* L becomes: —
1 e

L=— FnF™ —evAQ"c +

m

;’ AmAn%(amhamm 2nth?)

+%6 co™c +(h, c -interaction)

m

e Theory now has:
— Photon of mass Ma=ev
— Scalar field h with mass-squared —2u2 > 0
— Massless scalar field ¢ (Goldstone Boson)
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Abelian Higgs Model, 6

« What about mixed y-A propagator?
— Remove by gauge transformation
1

A'm = An—aamc

o v field disappears
— We say that it has been eaten to give the photon mass
— y field called Goldstone boson
— Thisis Abelian Higgs Mechanism
— This gauge (unitary) contains only physical particles

2\ ,2
L =—%Frm Fm e;’ A’mA’ﬂ+%(amh8mh)—V(h)




Higgs Mechanism summarized

Spontaneous breaking of a gauge theory

by a non-zero VEV of ascalar field resultsin
the disappearance of a Goldstone boson and its
transformation into the longitudinal component
of a massive gauge boson
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The (adhoc) Higgs Mechanism (a model without dynamics)
EW symmetry breaking is described by the condensation of a scalar field

¢+
= |y 1oz

Higgs boson:
Background excitation

value, Higgs  of the higgs
medium medium

The Higgs selects a vacuum state by developing a non zero background
value. When it does so, it gives mass to SM particles it couples to.

Bt Mot ad
= oo+ Jigta)

Why is 4° negative ?

the puzzle: = we do not know what makes the Higgs condensate.
We ARRANGE the Higgs potential so that the Higgs condensates but this
is just a parametrization that we are unable to explain dynamically,-



The gauge symmetries of the Standard Model

Gauge Group U(l)y  (abelian)

B, = By+duav

¥,

‘B,tﬂ-"' = ﬂth,- — ap-Bj_‘
Dy = (0,+idY B,)v
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The gauge symmetries of the Standard Model

| Gauge Group U(l)y  (abelian)
’ -iY g ay —Er 1
¢ =Ty, Lyym =¥(iv'*Dy —m)¥ — - F,, F*

B:r = HF+ oy
all Standard Model fermions

By = 9uBy — 0, By, carry U(1) charge
Gauge Group SU(2),

— 18T o —19T%®
Wy —e Y U=e W =(u.d) or (V1 .e)
“,.-‘l:" 5 all' 1_1..-3 =3 ﬂr.r”':; I QF{HH-“"}EH’F;-, a=1..... 3 ﬂnly 1Ef'|'-hﬂﬂded f&l‘mmﬂs Chﬂl"‘gi&!d
under it -> chiral interactions

Dy, = (04 i g WET*) vy,

Gauge Group SU(3).

q - e—l Hs T“n"q U — e—i HS T%q"
9=(q1.92.93)

1 r—1 i -1
GuT* - UG, T*U™" + -9,UU all quarks transform under it
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The Lagrangian of the Standard Model

1

] RIFTHY T 1 L =
Lounge = — 7 G, G — JW, W — 2B, B"  describe massless gauge bosons

il e e describe massless fermions and their
Lrenmion = Y, W*Dug+ Y Wry" Dutbr + ) | iry" Dyto interactions with gauge bosons

quarks gy, vn

\ \ Dp.'{,-'lf‘.f{ = [6#- - ":.QIYB,LI] VR

only left-handed all fermions carrying a U(1)y charge
fermions i.e. all Standard Model fermions

: . LN ives mass to EW 1 .. _. oy
E}Iiggﬁ | {D‘ﬁl}j D“ﬂ'ﬂ A I“z('[{r.rl, =i (q:.u[-.) _)9 gﬂuge bGSGnS E.’erzf,.,}? J ,'Ufl-H il
responsible for

Dy® = [f% 1 x% (P W+ W) + '*'gf:s”'}"f ] %BH] ®  : covariant derivative of the Higgs ’elec;‘r:t:r-eak
symme
H charged under SU(2) xU(1)y ¥ i

breaking!
E'I”ulﬁl‘.‘.‘éh - ?I'E'I' J;-Ln"f T 1.&6@ {'F-ﬁ' - }rﬂﬁa} gy + h.e. _+ glvgs mass TD fEf"mIDHS_
SUB) x SU(2), xU(l)y — SU(3) x U(1l)em
8 massless 3 massive gauge bosons 8 massless 1 massless photon ’Y
gluons W* W- Zp gluons

remaining unbroken symmetry
The W and Z bosons interact with the Higgs medium, the y doesn't.
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1

_ T rma papy
Loange = —7 ~G2,G .
SU(3).
Gﬁ" - aﬂcﬁ' = aVG:l = gfﬂﬁcG::G":f W;:r - a W
2, C
Ips three gauge
P2 boson vertex
“h
i, a v, b
o,d p.e
3 7 four gauge
m m boson vertex
ﬂ}. .\P‘z
M, a b no such

interactions
for photon!

1

—We Wakv _ -—Bp,-_,BW

v
SU(2).
— W ~ g™ WEWE,

1
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U(l)y

Bpu - 3;; = 3;,

in mass eigen state basis

cosbw = g/\/g? + ¢*

wr Wy
N
AN
A, A,
wa W
%
A‘.F'l Zp

Z, = “rEmﬁ,“ + By, sin fy

A, = -W?3 ‘\l.l] Ow + B, cos Oy

sinfw = g¢'/\/¢* + ¢

W=
NG <Lz,
kx
Wy
wi Wy
Z, z
W Vg
w!:- Wu_
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- one century to develop it
- tested with impressive precision
FOPCE’,S - accounts for all data in experimental particle physics

SU(3)eeSU(2)xU(1)v

flvor | Finally the Higgs has
been found in 2012,

|oeeror” ™| which is the last

| (f Majorara) | missing piece in the

Standard Model.

(spontaneous) electroweak
symmetry breaking sector
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23



Lots still not understood!

*How to calculate predictions for the hard
questions in QCD?

* What happens at nearby energies to allow the
force couplings to unify at much higher
energy? SUSY?

* What causes the fermions to have the
observed mass pattern?

* What about neutrinos
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Lots still not understood!

*What gives the universe matter excess over
antimatter?

* What particles make up most of the (dark)
mass of the universe?

* Where did the "dark energy” come from?

- What about gravity?
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