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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

= =

— ——
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=(uL, 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

Leerm = _ZﬁGFJ;J 8
Consider just leptonic current

Iept — 1 7/5 — 1 75
J ey/p( 5 je+vﬂyp( 5 j,quhC

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

[~Gim; G,=1.16639 x 10 GeV/?2

1l
u < e
This structure known
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Fermion Multiplet Structure

e ¥, couples to W=*(cf Fermi theory)

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

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



What about fermion masses?

Fermion mass term: Forbidden by
L=mPY¥ =m(¥ ¥, + V¥, ) SU(2)xU(1) gauge
Left-handed fermions are SU(2) doublets u Invariance
Q = (dj
L

Scalar couplings to fermions:
L, =-4,Q,®d; +h.c.

Effective Higgs-fermion coupling

1 - 0
Ld :_/ld \/E(UL’dL)LV_Fh]dR +h.C.

Mass term for down quark:




Fermion Masses, 2

e M, from ®=It,d*

. [ #°
? _[_¢] y) __I\/Iu\/E

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

(v+h)
V2

L, =-
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Fermion masses, 3
« Unitary matrices diagonalize mass matrices

uz =v“=ur”

u’ =uZu™ df=ud™
a _\Jjafmp
dz =V 7dg

— Yukawa couplings are diagonal in mass basis
— Neutral currents remain flavor diagonal

o Charged current:

+u 1 Ta { o
JV =—=Uuy"d/

V2




Abelian Higgs Model

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

- Lepr

F,=0A,-0,A
U(1) local gauge invariance:
A, (X) > A, (X) -0 ,n(x)

Mass term for A would look like:

L=-1F, F"+ImA A
4" 2 "

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

Gauge invariance is guiding principle
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Abelian Higgs Model, 2

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

L = —% F,F“+[D, ¢ ~V(9)

e Where
D, =0,- ieAﬂ FW — QA —8vAﬂ

V)= 2l + Al |

« L is invariant under local U(1) transformations:

A, (X) > A, (x) -0 ,n(X)
p(x) —e " "g(x)
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Abelian Higgs Model, 3

e Casel:u’>0

— QED with Ma=0 and | — 1 FF" +\Dﬂ ¢\2 -V (@)
my=pL 4
— Unique minimum at
(P:O Dﬂ - aﬂ _ieAﬂ
V@) = lof + 2lof |

A>0
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Abelian Higgs Model, 4

e Case2:u?<0
V(g) = |t + Ao f

e Minimum energy state at:

2
Vv
<¢>: _’u_:_

A A2

Vacuum breaks U(1) symmetry

Aside: What fixes sign (u?)?
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Abelian Higgs Model, 5

_ 1 iz v and h are the 2 degrees of
* Rewrite  ¢= ﬁe “(v+h) freedom of the complex
Higgs field

e L becomes:

2,2
L - _% FE® —evAﬂaﬂﬁeTVAﬂA +%(a#haﬂh+2ﬂ2h2)

£ Z

+%a#;(a“;( +(h, x -int eraction)

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

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

AﬂEAﬂ_e_Va’UZ

o v field disappears

— We say that it has been eaten to give the photon mass
— v Tield called Goldstone boson
— This is Abelian Higgs Mechanism

— This gauge (unitary) contains only physical particles

1 SV |
L=, F.F" +TA’Aﬂ+§(6ﬂh8”h)—V(h)
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Higgs Mechanism summarized

Spontaneous breaking of a gauge theory

by a non-zero VEV of a scalar field results in
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

(:‘5+
o= |v wz

Higgs boson:
Background ex?:ngfa'ri on

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.

p A S
V(@) =L-olo+ Jlota)

Why is 4° negative ?

Re(d)

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)
¢ ="V Yy,
B, = B4 d,ay
B, =8,B,—9,B,
Dyp =(0u+igdYBy)v
Gauge Group SU(2).  acts on the two components of a doublet W 7=(u..d) or (Vv el

‘PL — e_i'g Taaaf(pL U = e_i.‘q T TS = g%/2 Pauli matrices

W, =9 W2 — Q,We - ge™*WiWs, a=1,...,3 o= ( ? (11 ) %S “( -01 |l) )"’* - ( (11 -01 )
Dyvr = (Qutig WiT") v,
Gauge Group SU(3). q=(91.92.q3) (the three color degrees of freedom)
g— e s Tl U = g i9sT%" [T“?Tb] — 4 fabere (3x%3) Gell-Man matrices

1 o 1 0 0 —=i @ 1 0o 0
G;“Iﬂ —> UG;iIWUHI + ;aﬂUU“l Ay = ( 1 0 0 ) Ag = ( i 0 Q ) Ag = ( 0 - 1 0 )
5

0 Q 0 0 0 a

G;u=0p-cg_aucﬁ_gsfﬂbccﬂoﬁa a=1,...,8 _[0 0 1) _(0 0 —i) _(u 0 u)
Dug = (Ou+igGiT") q s R

0 a 0 1 ] 0
Ay = 0 0 - Ag = —L-/ - L] 1 L]
vd
)] i 0 Q0 4] 4 1 8



The gauge symmetries of the Standard Model
Gauge Group U(l)y  (abelian)
W=y, Lya = W(iv* Dy — m)¥ — LF,, F»

B, = By4duav
all Standard Model fermions

By, = 8,B, —9,B, carry U(1) charge
Dpw = (a;x T i.q’ 4 B!‘) v
Gauge Group SU(2),

— 39 TCn% ~ —39 T
‘IJL — € ".bL U=€ W =(u,d) or (VL e

only left-handed fermions charged

WS, = WS — QWS - g™ WIWE, a=1,...,3
under it -> chiral interactions

p e
D,y = (()jl+2 q“,aTa) YL
Gauge Group SU(3).
g e i%T) = i8I
S g 1 q=(91.92.93)
G I UG T U™ + EaﬂU u all quarks transform under it

&
G, = 8,68 — Ga . qfabccrb . o=1 8 -> vector-like interactions
o v [Thdt 78 o= gty

D,g= (0, +igG.T"
ud = (9, 9 ) a 19



The Lagrangian of the Standard Model

1 L Rl e l T T il l e =
Loange = =7 G, G — JWL, W — 2B, B"  describe massless gauge bosons
L — — . describe massless fermions and their
Lrermion = D, 10" Dy + 3 i1 Dutpr + 3 iRy Dyvor interactions with gauge bosons
quarks By, i

ot N Dutn =+ Y ] vn

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

2 gives mass 10 EW 1,1, /i 1o gy

Liiges = (D,®)! D& + (2010 — ) (1) gauge bosons  Z

responsible for

N ; Y ;
D,® = [L% Hids (FTWE +TTW) FiSni; o+ '*EBHJ ®  : covariant derivative of the Higgs ’elecfmweak

symmetry
H charged under SU(2) xU(1)y breaking!
Lyulawa = — qu} tp— '!":raq* dr — Yy a$ ug + h.c. e giVE.S mass to fE‘.r‘miD ns
SUBB)x SU2), xU(l)y — SU@3) x U(1)em
8 massless 3 massive gauge bosons 8 massless 1 massless photon f}/
gluons W W- Zs gluons

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

20



1 | , 1 y 21
Egauge - _ZGZVGGH o ZWEVWGM - ZBI-WBH
SU(3). SU(2)L U1y

G%, = 8,G% — 8,G, — gf ™ GhGS

pc
s three gauge
)
o P2 boson vertex
"

four gauge
boson vertex

no such
interactions
for photon!

* _
Wi =

cos Oy

Wi = 0uW5 = B, W — g™ W, Wy,

B;w — auBu - auBu

in mass eigen state basis

Ul - T2
W) FiW?

V2
=g/Vg* + g?
W
NG L A,
k7
wg
Wa Wy
N
Ay A,
I*Vc;’r W. 3
-
A, Z,

Zy = |fl"f,’ cos by + By, sin fyy

A, = —l-l—";f sinw + By, cos

sinfw = g'/\/ g% + g

W
N Lz,
VA
W
wa Wy
N
Z, Z,
W Wy
Wi W,



O—Zg Lgfd/ZJé;t/ ()‘(é‘, we

Forces

SU(3)exSU(2)xU(1)y

HHIIEEGEE

/- )d_r/cfcé /- )gf/ﬂ'@‘
/

- one century to develop it
- tested with impressive precision
- accounts for all data in experimental particle physics

flavour
sector

neutrino mass
sector

(if Majorana)

(spontaneous) electroweak

symmetry breaking sector

Finally the Higgs has
been found in 2012,
which is the last
missing piece in the
Standard Model.
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Lots still not understoodl

*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

24



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?

25
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