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“Periodic table” of elementary particles and forces

Fermions (spin %)

mass (approx.) electric charge
(units of proton charge e)
quarks
up (u) 2 MeV
charm (c) 1.3 GeV +%
top (t) 173 GeV
down (d) 5 MeV
strange (s) 95 MeV -%
bottom (b) 4.2 GeV
charged leptons
electron (e) 0.511 MeV
muon (L) 106 MeV -1
tau (1) 1.8 GeV
neutrinos
Ve
vy 0* 0
v

* Standard Model defined with massless neutrinos, though neutrinos do
have (small) masses. Two possibilities for including neutrino mass into SM
and don’t know which is correct (Dirac or Majorana neutrinos).



“Periodic table” of elementary particles and forces

Bosons (spin 0 or 1)

gauge bosons (s=1)
photon/EM ()

gluon/strong (g)
weak force
Wi

Z

scalar (s=0)
Higgs boson (h)

mass (approx.)

80.4 GeV

91.2 GeV

125 GeV

electric charge

(units of proton charge e)

0



Feynman rules for gauge bosons

photon/EM (Y) Y MW< e _ [e jf""

QED: U(1) gauge theory e



Feynman rules for gauge bosons

photon/EM (Y) Y MW< e _ [e }//"“’

QED: U(1) gauge theory e

gluon/strong force (g) ?A Oy 22<% o Lgs YATA
%J

QCD: SU(3) gauge theory

i,j =1...3 (colors r,g,b)
A =1..8 (8 types of gluons)



Feynman rules for gauge bosons

Weak force (W/2)

w, C)t
+ +
\I\] /\/\/V\/'< W NNAAAL ;e//o(‘—t

% W< DC - any S ‘fermmn
5

e Charged current interaction (W) is flavor-changing for quarks

Converts any up-type quark to any down-type quark
Trivially flavor-conserving for leptons if neutrinos are massless

* Neutral current interaction (Z) is flavor-conserving for quarks and leptons



Feynman rules for gauge bosons

Weak force (W/2)

u,c,t N
o aen e )
ds,b " < ek
5

% W< DC - any S ‘fermmn
5

* W,Z interactions are chiral
Left-handed and right-handed fermions have different gauge couplings

e ¥< —> ((a.vre jﬁbm71> L7 I




Goal: Write down Lagrangian for all known particles and interactions
(except neutrino masses, dark matter, gravity, etc.)

Key ingredients we want:

1. Renormalizability (want predictive theory at all energy scales)
2. Gauge symmetry (abelian and nonabelian)



Goal: Write down Lagrangian for all known particles and interactions
(except neutrino masses, dark matter, gravity, etc.)

Key ingredients we want:
1. Renormalizability (want predictive theory at all energy scales)
2. Gauge symmetry (abelian and nonabelian)

Problem:

 Weak interactions have: (1) massive gauge bosons and (2) chiral
interactions with fermions

* Inconsistent with gauge symmetry and renormalizability

Fix: Higgs mechanism and spontaneous symmetry breaking



Let’s illustrate this with a simplified version of the SM
QED with (1) massive photon and (2) chiral fermion couplings
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Inusual QED: My = O and QL/’%((T’ e



Is the theory gauge invariant?

Gauge transformations:

A=y At Qo) Ye —> é"‘g“ww%,x



Is the theory gauge invariant?

Gauge transformations:

A/Lﬁ A/A"’a/«o((ib Yoo — é—bghﬂo{[r) \}/I-,K

Kinetic terms are gauge invariant since F; N ?ﬂ “)) are invariant
>
Gauge boson mass A A M n =
is not invari —> /\ + 2 o + )
term is not invariant /*A A/,\ 2 /Z\ P o (a( 0(

Fermion mass term is not invariant unless g, = 8r
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Weak interactions: Maybe not a gauge theory?
* W/Z are massive
 SM fermions have both masses and chiral couplings to W,Z

Reasons to want a gauge theory for W,Z:

1. Automatically explains experimental observations for weak interactions:

* No flavor-changing neutral currents (FCNCs)
Z boson (and ) doesn’t change one fermion flavor into another

* Same coupling of the W,Z to e, |, T (universality)
More on this later

2. Renormalizability
* Theory with massive gauge bosons also nonrenormalizable



Let’s argue that a massive gauge theory is not renormalizable

We need to know the propagator for a massive gauge boson



Massive gauge boson propagator

Recall: Feynman propagator for massless photon
. l: Z () (L) 7}(
~L . ECK)E (k)
, (k) = [ olar &, (K)C

— (:sl)l
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Propagator for massive photon: (1) Shift the pole and (2) include new polarization
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Massive gauge boson propagator

Consider gauge boson rest frame

Polarization vectors
()
2/‘ (6) =(6,1,0,0)

Eﬁ:.)(b) _ (o)oll’ o)

S OMOLLD

Now sum over polarization vectors
0]

Z 5/51)(()) E:()[o) - .



Massive gauge boson propagator

Now boost to a new frame with gauge boson momentum k/‘(—_—. ( E« ) 0,0, K )

Y o 6 /33, k/
©o | o © ﬂ = Ek
The Lorentz transformation matrix is A = © o ) © where Ek
[33 oo ¥ Y= m7
Th h
en we have kz/m:" o o KEk /m}‘
- - (@) O (&) o
( () X ) G) é‘ T B
ZENOE( = A 2ENE A = 6 o 6 o
- kEk/ 2 Elz-
r=
f"A © O MA
5a kv
= - /’7/“) + z expressed in Lorentz-covariant form




Massive gauge boson propagator

k. ky
V[k) = A = (/7/41)

Z.
M v }< mA+[ A

Extra k,. kv term introduces extra ultraviolet divergences that are absent in
massless theory (QED)

)



Renormalizability

Recall in QED:
» Ultraviolet divergences appear at one-loop order in the two- and three-point functions

a g o

* Can be absorbed by renormalizing mass, electric charge, wavefunctions

W/

» After this is done, the theory gives finite predictions. No new divergences appear for
higher-point functions, e.g., four-point function (scattering)

R




Renormalizability

Consider scattering at one-loop in our massive gauge theory

Keep only the leading divergent terms. Schematically, we have:

k <
\}/ >, > > v ¢ — = fk//
5%+
L S el L
< <
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Renormalizability

Consider scattering at one-loop in our massive gauge theory

Keep only the leading divergent terms. Schematically, we have:

k <
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Renormalizability

Consider scattering at one-loop in our massive gauge theory

Keep only the leading divergent terms. Schematically, we have:

< -
\P > 7 é . \{/ &,l/ 7 2
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— Ik <

~ g4mylog A
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Requires new counter terms from higher dimensional operators to cancel divergence

j/_oun’f&f ferm ™ \{—; ¥ :P L//



Spontaneous symmetry breaking and Higgs mechanism

Basic idea:
e Start with a Lagrangian that is gauge invariant

* Gauge symmetry is broken spontaneously by the vacuum, not by explicit
terms in the Lagrangian

* Symmetry is no longer manifest in the spectrum of states
Particles can have masses that seem to violate the gauge symmetry

* Parameters of the theory are not all independent, but are correlated due

to the original gauge symmetry
Ultraviolet divergences cancel out and theory is renormalizable



Abelian Higgs model

Complex scalar field ¢ with a U(1) abelian gauge symmetry (scalar QED)

L= (0, )P - V(#) ~ 7 B F™

Scalar potential ‘\](4’? :/442757‘-95 + A (¢'+¢>?—

Covariant derivative D/a. _ 2‘(4_ "jA

What is the vacuum of the theory? Minimize the Hamiltonian

% - [C“mﬁ_ ,%CHL—" V(Sﬁ) 7 JAunge Field terms

_ ~~——

Or‘ m.«re

m\'nim(zeo{ For #:’ <°ﬁ5+. Minimized o ¢ A -9 ]awj,a)



Abelian Higgs model

Vacuum state for value of ¢ that minimizes the potential V(0)

\](45> :/“2757L¢ + A (¢+¢>?_ , 5{1>O reéu}wai b wt

M Can have

elther Sij,\

Tm ¢



Abelian Higgs model

t
Minimize the potential ?i(; = <J4/~2+ LA Cﬁ‘i’) 43 = O
0

/u.?' S0 caSe: l 4, |= o Gauge symmetry remains intact

2
- M vV Gauge symmetry

—
—
—

2N\ 72  isbroken

/u2<0 case : \c\,\:—

Infinite number of degenerate minima, all related by gauge transformation
Free to pick one such that ¢ is real and positive

Scalar field ¢ has acquired a

vacuum expectation value (vev) <Ol C]L ) O> = —\/\-/_:
2



Abelian Higgs model

Physical particles are guantum fluctuations above the vacuum
To find the spectrum, expand the scalar field around its vev (polar form)

¢ €(x)
#z) = (vih(=]) e SEV.

where lq(%) , %‘ (x) are real scalar fields

Again, free to remove the phase of ¢ using a gauge transformation, writing

CF(%) = ‘\I%. (v+ l'\(%» unitary gauge



Abelian Higgs model

Covariant derivative term:

]@c}jzz —7'- | (’Bj*-z-'cg/{/“)(v%) )Z
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| 2
Gauge boson massterm — m A’UV with - GV
2 A A/P VY\A %



Abelian Higgs model

Covariant derivative term:

2, 4]
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Residual real scalar degree of freedom h: the Higgs boson

h
\ . 2
Interactions of the Higgs boson are not l — ‘—g vV '7/“}
free parameters. Fixed by mass and vev. /\ A))

v
4 ma



Abelian Higgs model
Next, consider fermions. How do we get fermion masses for a chiral gauge theory?
Add a fermion term to the Lagrangian: \{/ 3 /9/ 71/

O = Y+ e (g fL+ gaFrIA.
ne massS allowed i'F 3L, #g@



Abelian Higgs model
Next, consider fermions. How do we get fermion masses for a chiral gauge theory?
Add a fermion term to the Lagrangian: \{/ 3 /9/ 71/

O = Y+ e (g fL+ gaFrIA.
ne massS allowed i'F 3L, #g@

But we can construct another term for a gauge invariant Lagrangian

IYL\( GW G = - B\PL\}/R <F + lmC,. ‘35 \(u.l(aw@ Q’U‘f“"‘}



Abelian Higgs model

Expanding around the vev:

IYI&‘(G\W&— = - HWL\)/RCF-‘_L‘C
. Ty (v
= -y b (Yg‘%a%%(a)

. .
RS Sl

\%

We now have a fermion mass ™M \y - vV
P
| h
' — - 4
Higgs boson interaction with fermion ¢y —> L — s\ - L'\FZ—'
is fixed in terms of mass and vev \y~



Abelian Higgs model

Higgs mechanism:

* Generates mass for gauge bosons and chiral fermions in a gauge theory

* Prediction: extra residual degree of freedom (Higgs boson)

* Higgs boson couplings to a particle are fixed by particle’s mass and the vev

Counting degrees of freedom (dof):

Original gauge invariant theory Spontaneously broken theory
1 massless gauge boson (2 pol.) 1 massive gauge boson (3 pol.)

+ 1 complex scalar (2 dof) + 1 real scalar (1 dof)

4 total degrees of freedom 4 total degrees of freedom

Higgs boson mass:

L=ln sl v+ =2 (3h) + ph o

[X

my = —Z/w
Free r avameters



Ultraviolet divergences revisited

Theory with massive gauge bosons led to a divergence for scattering

Y > > = 5 2
A% A% ~ gtmy leg A
v o2 e _

“f
7 7 - mA




Ultraviolet divergences revisited

Theory with massive gauge bosons led to a divergence for scattering

Y > > = 2
PA
A% Aé ~ gtmy log A
v = > 9
MA

Now we have additional diagrams involving the Higgs boson to exactly cancel the
divergences |

¥ - ol ) (e YD
A l\; ~ 99 (_;>'+/ff<) ( VV)AZ k

—
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Ultraviolet divergences revisited

Theory with massive gauge bosons led to a divergence for scattering

Y > > = 2
2
A% Aé ~ gtmy log A
Y = = = 9
7 mA

Now we have additional diagrams involving the Higgs boson to exactly cancel the
divergences

¥ — _a_r’f(_»,)l('?«kr L

Al K ~ 98 ) etk "A K
Y ‘ 2
N S L.
= ‘09.}\, ~ i
Ma Mp

Higgs couplings are 2 > 2
related to masses and vev - '2': d W\\V — ag W\\y




Nonabelian Higgs model

SU(2) gauge theory with a complex scalar doublet field
+ "
1= 0.3) (0" F)- v (@) - LT (B F™)

g Both &, &, are
Compl«'-)( o&ouu‘o\a EE‘-‘ (4&) com,a)le_x Scalar —Fcela\s
3 a_ ac
- - 0
2 3
Three gange Fields A/l , A/A , /\/,\

V"la:-?l'f\'ccs



Nonabelian Higgs model

SU(2) gauge theory with a complex scalar doublet field

1= (0F) 0" F)- v (3) - 47 (5 )

45l o% a
Com plex Houblet EE__,_ (4)2) B b, &b, are

co V"\Fle_)( Scalar —Re_l a\S



Nonabelian Higgs model

Spontaneous symmetry breaking
L \Z
VIg)= i ?%*— 2@°%)

_.l—- —_
i+ /u2<0) mmimum o }fc% V= "é\q’

Can expand the scalar doublet as

& (¥) = eXP(iff: E&(ﬂ/") (vf h(x))

Y2
0 172 ma ki ng o gange-
— v+ h (—x,) +v an S-mea)f'[am -0

Vo bu/u")‘a‘f(j 6&%96



Nonabelian Higgs model

Expanding around the vev:

(D/*?)(DM}) = 5 (3/4”2- T (O VJ(L‘)( /«*LAﬁ -



Nonabelian Higgs model
Expanding around the vev:
+ | ) Aj A.- A; 0
D,.3)(0*%)= 7 (3h) + (O veh){ A +LA A V+h
= A 2 h s g\/ | 2 z .z 3\ /)ﬂ_)‘
2 (30)" 5 L) (W () () ()
We get three degenerate massive gauge bosons, with {V)\ Mo = 3 = _ai-

Almost like the Standard Model
Standard Model has three massive gauge bosons, but ", F m Z

Plus one massless photon WMy = ©



Standard Model Lagrangian

Need to specify the gauge group, the degrees of freedom (fields), and
their guantum numbers

Gauge group: Su'(3>c X SM(Z)LX U(')Y
W \/\/—\/
QCD Electrowedalk
(C= co\o() (L = legf) Y= L\v(e,rckauréb)
Gauge bosons: ?)\UOV‘ %fi W;: B
(A= _.3) (@ =1.3)

Gauge couplings: % S 3 2



Standard Model Lagrangian

Fermions . Quantum numbers ( SU(3), SU(2),, U(1),)

w N
QL-—< L> (3)2'76 k
\_. 2 fbua»f‘ S
%5 <3 H /3)

A | (3 -1/5)

RV _
L. = <e'“> (1,207 %) lepton
e (v, 1 7))

i =1,2,3 labels generation. All fermions with
same quantum numbers come in three copies.

W, H\\gﬂg Scalar
\/\ — ( \-/\1> ( l ) 2 ) I/Z > § Jov—b\t‘l’



Some group theory notation

Abelian gauge symmetry U(1),:
C\)UOLY\ vm hUYV‘L)C"S ave. '|fl u/\i“’S o-]C jacu_jo_ Ccu{),\-/\g g/

S ;

eq. QL has U(DY charge ?

—

6
Quan-)’um num(oeb’s \'nd[c“[—e, re,FFC’,?en‘i'ac—‘HOf‘o]C SU((N>

N = Fondamendald rep.
f(_ > Frvial rep. e AOQSV\(-—\— —l’m»/\Sfovm
e.q. R is in Fundanental ref. 0’)C SM(?>C\
ond SWE L bt L, is in triviak
rep of Su(®)e since lopfons chont



Standard Model Lagrangian

iSt\/l - jﬁ“ﬁ»"-‘ -+ j;g-armlcn - fSCQth Y ‘Z’\{“kauo_



Standard Model Lagrangian

iSt\/l - jﬁ“ﬁ»"-‘ -+ j;g-armlcn - fSCQth Y ‘Z’\{“kauo_

igmy’ —/Tr<§,w 9+ ) - ’I?/va/ﬂu) ti‘ , B
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Standard Model Lagrangian

jgm% &l j}}umlon - fguda_( + ‘Z’\{“l(aua_

= —LT«%/A» g}*)))‘_zjf/ﬁzwuv\/ﬂu)’ﬁ{—@w BM)



Standard Model Lagrangian

iSl‘/l - Iﬁ“‘ﬁﬂ-’ -+ j;g-a_r‘mlan - Igca;ta.( ny iYuka.uo_

V()= & HTH+ A (HH) (p'<o)

Same as nonabelian Higgs model with _EE — H



Electroweak symmetry breaking

Let’s see how masses arise for the W,Z bosons via the Higgs mechanism

q 3 g
Covariant derivative D/H = (2/(&4- L_?%Z 0/6\\/\};’% -11-29‘-?&>H

O

Expand Higgs field around 1) = ( <)
the vev in unitary gauge H ( ~v—+——\h/(—"
2

Plug in and evaluate the \\D H lz
covariant derivative term N

<Q><er \Se For totorial )



Fermion Lagrangian

Let’s write out all the fermion terms explicity

i;Fermion = Z YD ¥



Charged current interactions

L ¢
Interactions with the W bosons are only for left-handed fields Q\, and | L

| - L
Wi = WareWa
}L \1/7_-
7z

o Mi'—iW* -~ o )‘\‘*)
SR TTW = (mzw o /T r\wT o






Neutral current interactions

Interactions with Z and 7y are for all SM fermions

j/\lc:“a‘f(’zg‘(wz';"’ +’(O$)>QL |

' i.g/n?)t/tg _ :(g ( %3'/?)0\;

_‘E.‘-<z()ff;)()3) {g_' 0,5' >LL
—2g (-9'8) ek



Neutral current interactions

Interactions with Z and y are for all SM fermions
ch:-ai(‘zg‘(M—%?*’(oﬁ))Q“ |
(F98)ue - ’é (*’/9%) e
_[L<Z(>ﬁ3&3) ] ))L,,

— 2 (-9'8) ek

Plug in redefined gauge fields and expand
% N
— Cco - Sn 6\1«/ A
\/\I/J_ - SE&w Z“ -

B = - sinBuw Zp.t 35O AL



Neutral current interactions

End result (tutorial exercise):
U
Lye = - gou (Fohe- sApd- Ae)
— ij_,. L% ( S |0 — W> U.

)

44 @('zl. ERY Z)O\L
—I-E\:%('Zl_ ) w)e
+$‘i(‘z“‘7u> j



Neutral current interactions

End result (tutorial exercise):

Even though we started with chiral theory, able to assign
charges such that massless gauge field A is not chiral

ﬁl; bthlorokeh
(L(Z) X U(l) — U(l)EM réemawnns
- Y Jaunge Sjmmc:hy



Neutral current interactions

End result (tutorial exercise):
7 13 =t
Zuc = 350 (350 $Thd- A 2 v

Even though we started with chiral theory, able to assign
charges such that massless gauge field A is not chiral

Electric charge &=9 Sin8w

ficlds EM C'L‘O‘rjﬁ’
ul +%4 e
d* ~/3 &
e " —-e

YL O



