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Abstract

The subject of the course is modern applications of quantum field
theory with emphasis on the quantization of non-Abelian gauge theo-

ries.
[ ]

The following topics are discussed:
Classical gauge transformations.

Quantization for fermionic and bosonic fields and perturbation
theory with path-integrals is developed.

Quantization of non-Abelian gauge-theories. The Fadeev-Popov
method. BRST symmetry.

The quantum effective action and the effective potential.

Classical symmetries of the effective action. Slavnov-Taylor iden-
tities. The Zinn-Justin equation.

Physical interpretation of the effective action.

Spontaneous symmetry breaking. Goldstone theorem. Sponta-
neous symmetry breaking for theories with local gauge invari-
ance.

Power-counting and ultraviolet infinities in field theories. Renor-
malizable Lagrangians.

Renormalization and symmetries of non-Abelian gauge theories.
Renormalization group evolution.

Infrared divergences. Landau equations. Coleman-Norton phys-
ical picture of infrared divergences. Soft and collinear singulari-
ties.
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You have carried a quantization program for simple field theories in the
course of QFT I by means of “canonical quantization” (imposing commuta-
tion and anticommutation relations on fields). Here we will quantize gauge
invariant field theories with an alternative method, using a formalism based
on path integrals.

1 Path integral quantization in Quantum Me-
chanics

As a warm-up we revisit classical mechanics using path integrals. We consider
a quantum mechanical state |¢)) which satisfies the Schrédinger equation:

ihdy ) = H 1) (1)
The solution of this equation

[(ta)) = e RAE) |y (1)), 2)

determines the evolution of this state from an initial moment ¢; to a later
moment t5. The wave function ¢ (z,t) = (x| ¢(t)) is then

b (@, 12) = {al e AT () 3)
The sum of the Hamiltonian eigenstates
H|B) = Es5) (4)

is unitary,

1:%:|B> (8l ()
Inserting it in the rhs of the evolution equation we find
(@, ty) = (a] e A (% |18) (ﬁl) |9 (1))
= e R al 5) ] p(t) (6)
We now insert another unit operator
1= [ ) @) (7)
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obtaining

Vo) = SeHH o] 5) 31 ([ 1) (1) w)

N /d?’xl{zﬂ:@%““”@f! B) (Al x’>}w(fv’,t1)- (8)

In other words, if we know the wave-function at one time, we can determine
it fully at a later time by integrating it,

V(ats) = [0 K2t~ 0y (1), (9)
with a kernel

K(z,2/ty — 1) = Y e #5027 (g B) (8] a) (10)
E

which depends on the Hamiltonian of the system and the elapsed time t5 —t;
during the evolution of the quantum state. This integration kernel is called
the “propagator”. For t, = t; the propagator is a delta function

K(z,2';t; — ty) Ze (x| BY (B| o) = &3(x — o). (11)

Exercise: Prove that the propagator K(x,z';t —1t') satisfies the Schrédinger
equation in the variables x,t for times t > t'.

Exercise: Prove that
0 T
/ dze " = \/ =
—00 a

Exercise: Compute the propagator K(z,x';t —t') for
e a free particle,
e the stmple harmonic oscillator.

The propagator is the amplitude for a particle measured at position |z’)
at time ¢, to propagate to a new position |xr) at time ¢y > t;. We can verify
this easily. Consider a particle measured at a position x’. After time t5 — 1
it will be evolved to a new state

e~ H(t2—t1) |2’} . (12)
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The probability amplitude to be measured at a position x is
<$‘ e—%ﬁ(tz—tl) |$/>
= (a] emi it (Z\ﬁ B!) |2)
= Ze w1 (o] B (B] o)

= K(I,ZE,tQ—tl). (13)

We can attempt to compute the propagator for a transition which takes
a very small time 0t — 0.

K(z,2";0t) = (x|e” wHst |z")
_ ' 2
= <x|1—ﬁH(5t|x)+O(5t>

= (z] (1 - ;I:lét) (/d3p Ip) p‘) 7Y + O ((5152)
= [ {(aln) 6l 2~ 16t Gl HIp) ol ) b+ O (57)
(1)

We now specialize to Hamiltonian operators of the form H = f,(p) + fo(Z).
Then

(x| H |p) = H (x| p), (15)
where H is not an operator anymore and it is simply a number. Recall that
the position and momentum states are related via a Fourier transform,

(ol p) = 2
X = .
p \2mh

For simplicity let us consider one only dimension; the three-dimensional case
is a faithful repetition of the same steps. Then we find for the propagator at
small time intervals:

(16)

/. . dp ip(:c—w') 1 2
K(r,a'iot) = [ 5 oeb (1 hH5t>+O(5t)

= /mexp(;{p(l‘—x')—H&})+(9(6t2). (17)
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An interesting form for the propagator for small time intervals arises when
the Hamiltonian is of the form

H = 2]9; + V(x). (18)

Then,

K(x,2";0t) = /2d7rh exp (7/; {p (x — ') — 2192515 — V(x)5t}> +0 ((5752)

m
dp i ot -2\ 1 (z—2"\ 9
= | 5.5 P (h {_Qm (p - m5t> + (5t§m <5t> — V(x)ét}) +0 ((5t )
o dp it [ 52 1 [(z—a") )
= | 5.5 P (h{_2m+2m< 57 —V(x) —i—(’)(& ) (19)
Finally,
1 iot [1 [z —a"\?
/. ~ - _ —
K(z,2';t) ~ N (1) exp(h {2m< 5 ) V(m)}) , (20)
with

1 dp —idtp? m\/?
— i = 21
N () / o eXp( 2mh ) (2m’h§t> (21

The path integral:

We consider now the transition from an initial position (x;,t;) to a final
position (zy,tr) with propagator:

K(zs,zity — ).
We can take a snapshot at an intermediate time ¢; during this transition:
t, <t < tf

If the particle is measured at a position x; at the moment t;, then the
amplitude for the full transition will be:
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If we don’t perform a measurement of the particle at ¢;, we should add up
together all the amplitudes for the particle to have performed this transition
via any point: We then have:

K(a:f,a:i;tf—ti)z/ Ao K (zg, oty — 0K (z ot — ). (23)

We can decide to take more than one snapshots during the transition from
x; to xy, in times t; < t; <ty < ... <t, <t;. Using again the superposition
principle we must write:
oo
K(xp, mity —t;) = / dry ... de, K(xp, xpyty — t) K(Tn, Tno15tn — tho1) X
—00
K(l’g,l’l,tg—tl)K(l'l,l'“tl —tz) (24)

ty—t;
n+1

We can now consider infinitesimal equally fast tx,1 — tx = 0t = inter-

mediate transitions. Then we obtain

K(zg,zitp —t;) = nlggo/ dey ... de,K(xg, xn; 0t) K (2, £y_1;0t) X

We have discretized and taken the infinite limit, which is the defining proce-
dure of an integration. However, this new integral is rather unusuall: for each
time interval d¢, we consider the transition from a point z; to a new point
xj4+1; then we integrate over all possibilities for the successive points that we
considered. Let us now fix the initial and final points ; and z¢ and think of
all possible paths that a particle may follow in going from z; — x. All the
points which form all the paths are accounted for by the limit of infinitesimal
n — oo transitions of Eq. 25. We interpret the rhs of this equation as an
integral over all paths that a particle may take in going from z; — ;.

We can insert the expressions for the propagator at small time intervals
of Eq. 17 or Eq. 20 into Eq. 25. Notice that in the case Eq. 20 I can use that

Tp — Tp—1

ot
in the limit 6t — 0. Then Eq. 25 becomes:

— T,

. 1 o0
K(zp, misty —t;) = nlgglo N (oD /_OO dry...dx,



) | (26)

h
Equivalently,
K(zgzityp—t) = nh_)rg()@/oo dry...dz,
1
exp (n (L(21())5t + L(wa(ts))5t + . . L(xf(tf))5t}> ,
(27)
where m
L(z) = 5552 —V(x),

is the Lagrangian of the system. We now can have a more concrete picture
about the above integral. We integrate over “all paths” connecting the fixed
points x; and xy.We write, symbolically,

K(zp,xisty —t;) = /i/, /Dx exp <;L /tjf dtL[m(t)]) : (28)

Even shorter, we can write:

?

K(zy,zity —t;) = X//Dxexp <hS[:E]> . (29)

The sum (integral) in the exponential was the action integral evaluated on
each of the paths S[z].
Exercise: Consider a Lagrangian of the form

1 . .
L= if(x)ac2 +g(z)x — V(x).
This is more similar to a quantum mechanics analog of the tr |G, G*] terms
in a non-abelian gauge theory if we identify A, — x and 0,A, — .
a) Compute the Hamiltonian



b) Compute the propagator for a small transition ¢) Write the path-integral
expression for the propagator at large time integrals. Notice that the measure
of the path integration is modified

N

Dx — Dxf(x)
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1.1 An “adventurous” transition

We look now at a more eventful transition amplitude. We first prepare a
particle on an initial position z; at a time ¢; and let it evolve for some time
t — t; according to a Hamiltonian H:

e—%ﬁ(t—ti)

At the time ¢, something abrupt occurs (e.g. an interaction with another
particle which was originally far away) and modifies the particle state. We
will see later how we can describe interactions of particles using path inte-
grals; now, let us consider an “easy” modification of the state where the state
is “mixed up” in a simple way, acting on it with the position operator:

H(t—t;)

Fe ;)
Then we allow the particle to evolve undistracted for a time t; — ¢,

e—%H(tf—t)ine—%ﬁ(t—ti)

ajz) ;

and then we place a detector at x:

(z] e—%H(tf—t)ine—%ﬁ(t—ti) |z:) .

We can compute this matrix-element as a path integral. Before we proceed,
we should use some language which is more convenient to describe “eventful”
transitions. We can write the same transition amplitude as:

{<$f| e—%ﬁtf} {e%ﬁtie_%ﬁt} {G%Htf |£Ef>}
= (g ty[ 2(t) |2 i) - (30)

We have defined states

[, t) = e ) (31)
which refer to a fixed moment ¢ only and do not evolve
. 8 o a it
ihoy |9, t) = tho (6 |1/1>)
i f 0 d ip
_ i .9 g (9 ih
= e (zha |1/1)> +ih <8t6h ) |¥)
= et (H-H)|p)=0. (32)
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We have defined operators which do change with time

N

O(t) = ertQe 111, (33)

As you recognize, this is the “Heisenberg picture” of evolution. For us, it
is convenient to assign a time date on a state which denotes a particle or a
collection of particles at the beginning of an experiment or at the end of it.
However, one could have equally well chosen to work in the probably more
familiar “Schrodinger picture”.

Lets us now compute this “eventful” transition:

following the method we used for the simple transition (g, tf|z;,t;) =

(g e f(tr=ti) |z;), and subdividing the transition in small time intervals.
We will find a similar/related path integral for the new case as well.

<$f,tf‘i’<tj) \xl,tz) = /dIl...d.%j,lde...d;Un

X (g, bl Tnytn) - (T, Eia ] 25, 15)
X, b5 () |21, t5-1)
X <Ij,1,tj,1| Ij,Q,t]‘,2> C <Q31,t1‘ l’ltz> . (34)

The subdivision of time is carefully chosen. We have
L(ty) |z, t5) = <€%mj53€_%mj) (G%Htj \%))
= i (#]ay))
= 2;er |z;)
= x|, t;)
~ (g | 2(t) |21, tia) = x5 (g, 5] @5, t5) (35)

We then obtain for the transition amplitude the same succession of propaga-
tors as for the simple transition multiplied with an additional factor z;:

(gt @) [ ) = /dwl ..dzz; ... dz,

XA(wp,ty| Tnstn) o ATjens tia| 25, t5) (5, 6] 250, t0) - (@1, t | 2, €36)
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Introducing, as before, the exlpicit form for the propagator during a small
time transition

1 . 2
m 2 1 lm [ xp—x,
tn a,tn ~ . e -, _V a tm _tm
D e [h{2<tnﬂ_tn) <x>}< . >]

and taking equal time intervals, we obtain the path integral

. . 1 o
(g 1] (05) oo t) = Y e Lwdml...dxjxj...dxn
- . . ty — 1t
L(z,, x,)0t th 0t = —. 37
X exp (;Zl (o ) wi ] (37)
In compact notation we can write
oyt 2(r) oist)) = [ Daw(r)ersie, (38)

Exercise:

a) Prove that
oty #(r) o) = [ daw (ag byl 0,7) (@, 7] @i ts)

b) Evaluate the above integral explicitly for a free particle
c) Observe the dependence of the result on the intermediate time T

d) You (could) have considered the simpler matriz element (xy, ts| x;,t;)
and written down an analogous integral. Observe how the intermediate

time T drops out from the final expression, when nothing special occurs
then!

We can work further on the form of the new path integral that we have
found. Remember the procedure to compute exponential integrals of the
form

I, = / dra"e o’ withn=1,2,... (39)

after we have worked out the result

I = [ O:O dreo" = \/Z (40)
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We can compute [, with a rather very simple differentiations, after we add
a “source” term on the exponent of the integrand

o0 o0 J J2
I; = / dye "t :/ dxe_“(x_%) to
—00

= [ dweetE = ek (41)
a
To compute the I; it is sufficient to differentiate the last expression with

respect to the source and substitute J = 0.
o0 2
= / drze """,
—0o0

ez 24z
/ da:

d”] 2
J / dxx"e .

Adding a source term to the exponent does not increase the difficulty of the
computation and it allows us to calculate all integrals where the integrand
is multiplied with a polynomial in the integration variable. This is very
suggestive, and we will do the same trick for path integrals such as the
one that we found in Eq. 37. We then add a linear term (source) in the
Lagrangian; this is only a computational trick and eventually we will compute
all interesting physical quantities as in the above example with the source
term set to zero. The simple transition from a state |z;,t;) to a state |z ¢, ty)
in the presence of the source has a probability amplitude:

dIJ

Similarly,

@p il @ity ,}%N& [ dor . dwgel Ze i) (4)

We can then compute

. h 0
(zr tp|&(tr) i, ti) = (g, ty| wisti), (43)
i9J; J1=0
=
Let us now differentiate two times with respect to the source.
AN, (gt | s ts) lim / dz, ... dz...d
- —(x i, b = x xx T
i) o050, " | n—>ooN<5t Lo TR e
l,g=—

weF 2o A (L(zh i)+ Ipr)

14
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We can recognize the rhs as the expectation value for the product of two
position operators Z(t;)(t,) if t, is earlier than t; or z(¢,)z(t;) otherwise.
We then write

s n\* o
op T it ot = (5) 7 wnul oty o @9

7
J1,q=0

~ ~

where we have introduced the notation T(O(t1)O(t3)O(ts) ... O(ty,)) to re-
mind us that we should put the operators in the correct time order once the
sequence of the moments t; is known. For example, if t; <ty <t3<...<t,
we should write

T(O(t)O(t5)O(ts) ... O(t,)) = O(t,) ... O(t3)O(t2)O(ty).

Exercise: Compute (z¢,t7|T (2(t)Z(t,)) |2i, t:) for a free particle.

1.2 Functional differentiation

It is cumbersome to work with path integrals by writing explicitly the inifite
limit of discretized paths. We introduced earlier a more compact notation,

1 i (Y @L(x(t).@ -
(g 5] Ty ts), = N / Dt Jul AEG@ @)+ O] (46)

We can write neatly expressions for the expectation values of operators,

1 ifty x(t),x
(xp,tr| 2(tr) |2, t) = N/Dx 2(th) o Ji] dta®)a()
or
7 (1) 7 1 i (U GtL(a(t) @t
<l'f, tf’ T (l’(tl)l’(lfg)) ’$iati> — N/Dx $(t1) $<t2) oh j;l (x(t),&(t))

by defining a functional derivative. We consider an integral F[f] over a func-
tion f(t) (for example a path-line). We define a functional derivative by
changing slightly the function f(y):

SF[f(y)] Ff(y) + ey —t)] - Ff )]

5P e e

(47)
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For example, consider the derivative of the action integral in the presence of
a source with respect to the source:

6 [dy{L (x(y),3(y)) + J(y)z(y)} /
a(

dyo(t —y)z(y)
). (48)

5J(1)

Practically, we need the chain rule and to remember that

df(x)
6f(y)

The expectation values of time-ordered operators can then be written as

=d(x —y).

(or 1T @ttt o) = () s Gl ),

END OF WEEK 1
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1.3 Vacuum to vacuum transitions

Field theory allows us to compute transitions between states with different
particle content. Interestingly, we can build particle states acting with cre-
ation (or field) operators on the ground state which contains no particles
(vacuum). All transition amplitudes can be described as expectation values
of operators in the vacuum:

(0,87 T(...) [0,L,) .

We can compute expectation values of operators in the vacuum with path
integrals. First, we try a direct approach

(0,7 T(...)10,t;) :/dxdx' 0,tf] x,t) (x, t| T(...) |2", ") (&', '] 0,¢;) . (50)

This formula is complicated. It requires that we know the wave function of
the vacuum and that we are able to convolute it with the result for a path
integral. There is a rather simpler way with less integrations.

Consider a Hamiltonian H with eigenstates |n),

H|n) = E, |n) (in the Scrhédinger picture)

and a general state

V) =2 caln).

Taking a “Heisenberg photograph” of the state in the very past (t — 00), we

find: )
[, —t) = (D > enln). (51)

Now, we play a mathematical game; we give a very small imaginary part to
the Hamiltonian
H — H(1 —ie), (e = 0),

which has the same energy eigenstates as the physical Hamiltonian. The
general state in the very past with the modified Hamiltonian is

[, —t) = DTN e, |n)

= Y cpe Bty (52)
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For a very long time ¢ in the past the exponential e~¢F»! vanishes; it vanishes

faster for larger energy eigenvalues. For the vacuum, (Ey = 0), there is no
such suppression.

00
‘¢’ —t> _ e—t(i-i-e)Eo (CO ‘O) + Z 6—(i+e)(En—Eo)tCn ’n>>

n=1

~ e 9o 10) = ¢4 |0, —t) . (53)

This is a very convenient. An arbitrary Heisenberg state in the very past with
the slighlty complex Hamiltonian is, essentially, the vacuum state in the very
past. Higher energy eigenstates do not contribute to the superposition since
the small imaginary part forces them to decay as we take the time —¢ further
back in the past.

The same happens for a general Heisenberg state (1, t| in the future.

(.t = 3 e (n] e

~ CS <0’ efiEot(lfz'e)

~ i (0,t], t— +oo. (54)

Vacuum-to-vacuum transition over very long times can therefore be re-
placed by transitions over arbitrary states on equally long times

OATC )0, ~1) = — @A T( )W, —1)

(Wt T ) 1)
Wiy ey e )

as long as we set H — H(1 —ie) in the right hand side. We can choose as
states two position states; one in the very past and one in the very future.
Then we immediately write the expectation values of operators in the vacuum
state as a path integral

<l’2, t| T( . ) |.171, —t>
(z2] 0) (O] 1)

0,4 T(...)]0, ) (56)

The wave function of the vacuum still appears in this expression, but only as
a prefactor. We will see that the overall normalization of the path integral

is not important for the physics questions that we are interested in.
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1.4 The simple harmonic oscillator

An instructive example is the simple harmonic oscillator, with a Hamiltonian

2

N,
H—2m+2mwx. (57)

For vacuum-to-vacuum transitions over large times we modify H — H - (1 —
i€). For the path integral expression we need the Lagrangian:

L = pi— H(1—ie)
2

1
= mi?— %(1 — i€) + Fmw’a(1 - ie)

1 1
= gl +ie)i® - Jmw?(l —ie)a’, (58)

The ie prescription of the Hamiltonian results to giving a small positive
imaginary part to the mass m and a small negative imaginary part to the
combination mw?

m — m(1 + ie),

mw? — mw?(1 — ie).
We will now compute a so called “generating functional integral”

Wl = /Dx eifdt(L-‘rJ(t)x(t))’

_ /Da: eifdt[%m(lJrie)r'Qf%mwz(17ie)12+J(t)m(t)]’ (59)

which also includes a source term in the action. Functional differentiation
with respect to the source J will permit as to compute a large variety of
vacuum-to-vacuum transitions including interactions or perturbations.

Things become easier if we perform a Fourier transformation of all quan-
tities which depend on time:

() = /_Zcéfe—mt;z(m, (60)
I(t) = /O:nge_iEtj(E). (61)
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The action integral in the exponent of the generating functional becomes
/dt { (1 +ie)i? — ;m(l —ide)w?r® + J(t)x (t)}
- / dEdE’dtge*“f EHE) s [ —mBE/(1 + ie) — mw?*(1 — ie)| #(E)&(E')
+J(E)E(E') + #(E).J(E')}

/4E 2w+ ie <E2+w )]f(E)f(_E)
+J(E);z(—E) +#(B)J(—E)}
/ 45 — W’ +ie| #(E)i(~E) + J(E)i(~E) + #(E)J(-E)}
dE J(E) 22 4 id 4 /()
R ST

j E)J(—FE
m[E? —w? + i€
In the above we redefined (E? + w?)e — e. We can also define
J(E)
m[E? —w? + i€
The second term of the rhs corresponds to the Fourier transform of the
solution of the Euler-Lagrange equations; i.e. it corresponds to the classical
path. We can verify it easily. The classical equation of motion for the

harmonic oscillator with a source term and a small negative imaginary part
for the frequency is

y(E) = &(E) + (64)

m [d;f;l + (w2 —ie) xdl — ), (65)

and taking the Fourier transform
Tel = /OO C;f Py,
we obtain
m |[E? - w? + ie| #a(E) = —J(E)
J(E)

~ ;zd(E):—m[Ez_wsz. (66)
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Then the path integral over paths x(t), under a shift

z(t) = za(t) +y(t), (67)
becomes
Wi = ot e / Dyei [ EiEm[E - idi-B) (g

The dependece of the path integral on the source terms becomes a simple
prefactor. It is easy to see that the new path integral corresponds to the
harmonic oscillator Hamiltonian with no sources. We can therefore write the
above expression as,

i [dE JE)=DJ(-E)

(wp,+tl @i, —t), = e 27 R (g oty ) (69)
where ¢ — co. Performing the inverse Fourier transformations, we have:

« dF —J(E)J(—E)
/—oo 21 B2 — w2 + e
_ /oo dE — (dte () (dt'e I (t'))

—00 27T E2 — CL)2 -+ iE
- / dtdt' J(H)G(t — t')J (1), (70)
with .
too dE e
Gt—t)= —/ —_—— 71
( ) —oo 27 B2 — w2 + e (1)
We then write:
<l‘f, t| z;, _t>J _ eéfdtdtlj(t)G(t—t/)J(t/) <$f, —I—t| z, —t> . (72)

We can now differentiate this expression with respect to the sources as many
times as we need. We then obtain:

1 5"' i U / /
tTa(t,) ... &t Lt = [ = L[ dtdt' J(£)G(t—t')J(t')
oo HH T2 - 2(E0) i, 1) (w 5T (th) .00 (tn) "
X (xy, +t| x;, —t). (73)

Taking the limit of ie — 0 will select the ground state on both sides of the
equation as asymptotic states (the normalization factors are also the same on
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both sides of the equation). We therefore have for the vacuum expectation
value of time ordered position operators:

(0,t| T2 (ty) ... 2(t1) [0, —t) _ ( 1 s e;‘fdtdt'J(t)G(t—t')J(t’)>

(0,t 0, —t) i 6J(t1) ... 00 (L)
(74)

Exercise:

a) Show that
0,t| Tz(ty,) ... 2(t1)]0,—t) =0,

forn odd.

b) Compute (0,t| TZ(t2)Z(t1) |0, —t) and (0,t| Tx(ty) ... 2(t1) |0, —t) in terms
of G(t —t').

c) Find a general expression for (0,t| TZ(ts,) ... 2(t1) |0, —t) in terms of
G(t—t).

We now compute the propagator G(ty,t5) explicitly.

dE' e—i(tz—tl)E

Glhi—ta) = == | St
dE e—i(tg—tl)E
~ ) 2n (E—w+ie) (B +w—ie)
dE e~ lt2mt)E 1 1
_ _[4Ee [ _ (. (75)
27 2w EF4+w—ie FEF—w+ic

We can compute this integral using the residue theorem. If {5, > t; we can
close the contour of integration on the lower complex half plane where the
exponential vanishes at infinity. If ¢; < 5 we can only close the contour on
the upper complex half-plane. For both cases, we obtain:

Gt —ta) = 5 eIl (76)
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2 Path integrals and scalar fields

In this Chapter, we wil apply the quantization formalism of path integrals in
field theory. Earlier, for Quantum Mechanics, we found that the canonical
quantization procedure for a particle gives rise to an equivalent path integral
formulation.

[#(t), ()] = i ~ / Da(t)el S 4L, (77)

In quantum field theory, the canonical quantization procedure postulates
commutation relations to scalar fields

[¢(f’ t)? W(ga t)] = i(sg(f - g) (78>

The role of the position is now played by the field ¢(x) and the role of the
time-coordinate (parameterizing paths) is played by the space-time coordi-
nates.

We will not attempt to derive a path integral formulation starting with
canonical quantization. Instead we will define quantum field theory in terms
of path integrals from the beginning, relying on the analogies observed be-
tween Eq. 77 and Eq. 78. We will test the equivalence of the two approaches
in some cases by verifying that vacuum expectation values or equivalently
Feynman rules are the same for both the path integral formalism and the
canonical quantization formalism of QFT I.

In analogy to quantum mechanics, we postulate a generating functional
for fields

A [J] _ N/D¢eifd4z(£+J¢+is¢2) (79>

where

L= / PEL,

and the ie¢? is in order to dissipate the contributions from expectation val-
ues in between states other than the vacuum. (Recall that in the harmonic
oscillator the H — H (1 —i€) substitution yielded equivalent Green’s function
with adding a quadratic imaginary part in the potential) We start with the
Lagrangian for a free real scalar field. We will see that the results are as
simple as in the case of the harmonic oscillator in quantum mechanics. The
Lagrangian density is

L= (0,00 — m*¢?) . (80)

DO | —
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The action integral in the exponent is:
S = /d4 { 0,60") — m¢)+ie¢2+J¢}
= [t {5 [0 (60"9) — 6% — m?e?] + ie? + Jo)
— —/d4 { [0+ m? —ic] ¢ J¢} (81)
The path integral for this action
— N / D',

is a straightforward generalization in four dimensions of the path-integral of
the simple harmonic oscillator. We can then compute it repeating faithfully
the steps of the previous lecture. An important step in this computation is
to shift the field by the solution of the classical equations of motion.

¢ — (b + ¢classical
We then find a path integral free of source terms:
A o3 [ dedty (@) AF () (y) o

N/D¢e—%fd4x¢(62+m2—ie)¢. (82)

with the propagator

d4k e—ik~(w—y)
Arley) = _/ Qr)4 k2 — m? + e’ (83)

Exercise:
a) Write the Euler-Lagrange equations for the free real scalar field.

b) Evaluate the generating path integral for the free real scalar field working
in Fourier space and following the analogous derivation of the simple
harmonic oscillator.

c) Find the Fourier representation of the propagator.
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d) Integrate the Fourier representation of the propagator over the energy
using the Cauchy theorem. Pay attention to the conditions on the time
variable in order to be able to use a closed contour of integration.

The path integral for the free scalar field is no more difficult than for the
harmonic oscillator. We can act with functional derivatives with respect to
the sources on the above expressions. We then derive expressions which, in
analogy to Quantum Mechanics, are, likely, vacuum expectation values of
field operators. From here, we can easily develop a method for performing
perturbative calculations and derive Feynman rules. Before doing so, we will
develop some additional mathematical tools.

2.1 Functional Integration
We start with the familiar integral

/ dze " = z, a>0. (84)
—00 a
We then obtain
o) . n 2 ’ﬂ'%
/ dey .. depe~Ximast = T2 5 (85)
—00 (ay...a,)?
We can define
A = diag(ay,aq,...,a,), (86)
o' = (21, ,10). (87)

We then rewrite the above integral as

o0 dZL‘Z' —aTAz 1
| ( ﬁ) T (et )

Let us now peform a transformation

r; = R;y;, or 1z = Ry. (89)
The integral can be written as
i 1

[ (02 )ty emromame = b "
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We define the matrix
B = RTAR. (91)

We can easily verify that B is symmetric.
B" = (R'AR)" = R"A" (R")' = R"AR = B.
The determinant of B is then
detB = det(RT AR) = (detA)(detR)*.

We then find

n

L. (H j%) = (detlB)%’ 62

where B is any real, positive definite (positive eigen-values), symmetric ma-
trix.
We can add a linear term (source) in the exponent.

n

The minimum (classical field) of the exponent (action) is at

yo=B'J. (94)

Substituting
Y ="%Yo + &€,

we find

dy; > o3y Byty"J

[RamE

[e.9]

I
{

.::13

T
N

da; > o~ 32T Bat+5JTB7LI

5

N (detB) (95)

[N

[ I

Let us finaly take the limit n — co. The exponent in the rhs is originally a
double sum over the two indices of the n x n matrix B. In the infinite limit,
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sums turn into integrals and the inverse matrix turns into an integration
kernel which is the inverse of an operator. We can then write:

R 1 [drad*yJ(z)Al(z—y)J(y)
[ Doe Jatltsierse- o] A FHIDCTY )

~

detA

A may be even a differential operator which has an inverse. For zero sources,
we obtain the identity

1

\/ det A 7

which we can consider as the definition of the determinant of a differential
operator.

Applying the above to the generating functional for a free real scalar field
we find:

/ Dope—3 [ o@A@) _ (97)

Z[J] = N/Dqﬁefd4x{—%¢i[a2+m2_ie]¢+u¢}

o5 [ dediy I (@) Ap(z—y)J(y)
— N (98)
Vet [i (92 + m2 — ie)]

The generating fuctional should have a normalization such that for zero
sources it describes a vacuum to vacuum transition; the corresponding prob-
ability is unity in a free field theory and the corresponding amplitude can
also be taken to be unity:

Z[0] = (0, 4+00| 0, —c0) = 1.
This fixes the normalization to be

N = \Jdet [i (92 + m? — ie)].

To conclude, we must identify the
Ap(a) = — (0% +m? —ic) ', (99)
or, more precisely,
—(0* + m® — ie) Ap(x) = 6*(x) (100)
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Writing the Fourier transform of it

d4k —ik-z A
Ap(z) = / i® AR (101)
and substituting in Eq. 100 we find
d4/{3 e—ik-x
Arlr) = / (2m)* k2 —m? +ie (102)

What is the physical meaning of Ap(x — y)? It is a transition amplitude
for a particle generated at a point = to propagate to a point y if y° > 2° or
from y to x if 2° > ¢°, i.e. the propagator for a free particle. Indeed:

52 Z[J]

~5i@ei(p)|, = (ool Te()o() |0, —o0) = .. = Ap(z —y). (103)

J=0

This result for the propagator agrees with the canonical quantization formal-
ism. Exercise: Prove the above using canonical quantization. You will need
the Fourier integral of the propagator after you inegrate out the energy.

It is useful to know one more technical definition. We can define the
determinant of a Hermitian operator via path integration over complex fields.
Consider

T /OO dxdye_a(x2+y2)

a
= / drdye~ @) @t) (104)
We define
z+2* z—z*
:L' = g
2 YT Ty
We obtain
dezdz* .« 1
TeRE = 105
271 € a ( )

Following the same steps as before, we can write the determinant of a Her-
mitian operator as:

[ Dopgre St @iee :

= A (106)
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2.2 Path integrals and interacting fields

The only computation needed for a free scalar field in the path integral for-
malism is the evaluation of the propagator Ar. The generating functional
requires this propagator as a kernel and it yields Green’s functions by tak-
ing functional derivatives with respect to the sources. It is extremely dif-
ficult or even impossible problem to compute exactly the path integral for
a Lagrangian with interacting fields. However, the formalism can be easily
adapted in order to enable the use of perturbation theory.
Let us consider a real scalar field which can interact with itself,

L=Ly+Lr, (107)
where ]
Lo=—5() (0% +m? — i) ¢(a), (108)
and \
Lr=—5 (z)*. (109)

Vacuum expectation values of operators will then be given via functional
derivatives of

2] = N [ Doet| #rta@en, (110)

We fix the normalizing the amplitude for a vacuum to vacuum transition over
infinitely long times to the unity !:

Z[0] = 1.

We then write:

B fp¢eifd4{ﬁo+¢(x)J(x)+LI}

Z[J] f,D(beifd4{Lo++£I}

(111)
We consider the case with A < 1. We separate the action into a part cor-
responding to the free scalar particle with source terms and the interaction

part
S =S,+ S, (112)

'We have assumed that if necessary a constant is subtracted from the Hamiltonian,
so that the ground energy is zero; in canonical quantization this can be achieved with a
normal ordering of the operators.
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with

So = /d4£0 + ¢(2)J(2), (113)
and
S; = / d'zL;. (114)
We can perform a perturbative expansion in lambda,
iSo+iS ZSI iS
/ DepeoT1 / Do Z e

/P asz[ dei Jl
i [ifd4y <:1| (iéj(y))4>}n/lp¢ei50. (115)

n!

n=0

In the last step we used the fact that we can produce integrals with poly-
nomials on ¢ multiplying the exponential of the action in a path integral
by acting with functional derivatives. The result that we have derived is an
“all-orders” result. We can “undo” the expansion and cast the sum back into
an exponential. We obtain for the generating functional

ifd4x£1(%%(w)) ngb@iSO
zfd :L‘EI(

Z[]] = (116)

@) J Dpeo

J=0

We can use the result for the generating path integral for the free fiels, which
we computed earlier.

ZlJ] = N/queifd%(urj(z)‘b(m))
- 6;‘fd%d‘*yJ(w)AF(way)J(y), (117)

The generating fucntional for the interacting theory is related to the gener-
ating functional for the free theory via,

eifd‘lxﬁI(%gle))Zo[J]

Z[)] = (118)

€ifd4x£](%5‘]iz))z[)[<]]
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2.3 Perturbation theory for —\¢*/4! interactions
Let us consider the numerator of the generating functional Z[J],
NumlJ] = &J@4Gsm) z,00]
7/)\ (54 i 4 . 74
— 1— 2 4 7fd zd*yJ(z)A(x—y)J (y) O )\2 )
( 41 /dzaj(zyl) “ TOW)

(119)

We introduce a Feynman diagram notation by defining:

— E/d4xJ(x)A(x—y),

and

X = /d4xd4yJ(:L’)A(z —y)J(y).

With this notation, we write:

54
dJ ()4

Numl[J] = <1 — Z\/d4z > 2 X 1 O(\).  (120)

We need to differentiate the exponential four times. It is easy to see that

5J(2) z z Z

and

We find,

g XX (121)



5265 i
8 “ . _ 5 XX 122
el LN P e

z

and so on. We can then compute the generating function, and you will find
that:

Z[J]:N“mm:@—wmilxﬂ DeéM%—O(AZ).

Num|0] 4!
(123)
Notice that in the above expression, all diagrams are connected to a source.
This is due to the normalization of Z[0] = 1. The denominator, after ex-

panding in A, removes all vacuum graphs. We can now compute Green’s
functions using this expression. It is useful to cast the generating functional
as an exponential. We can write,

Z[J) = WU, (124)
with

WlJ| = ;M + ij&x — i\' >< + O(\?). (125)

Interestingly, only W[J]| generates Green’s functions which contribute to the
S-matrix. We find:

16Z[J] _sw
i 5J( ) o 5J(I1) o - <0| T¢($1) |0> )
1 62Z[J] 1 SW] N N
i2 (5J(a:1)(5J(x2) i 6J(21)0 (22) J—0 + 01 To(z1) [0) 0] Té(2) [0)
1 §$Z[J] 1 SW[J]
300 (21)0J (22)0 ] (23) | ,_y 120 (21)8] (22)d] (3) | ,_
+ (0] T'¢(21)d(2) |0) (O] (:cz) 0)
+ (0] Tp(z1)p(x3) [0) (O] T'é(x3) [0)
+ (0] T (x3)p(x2) |0) (O] T'd(21) [0)
—2(0] T'¢(z1) |0) (O] T'é(x2) |0) (O] T'd(x3) |0) ,
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and so on. The diagrams which contribute to a scattering are the ones where
all derivatives act on a single W. The remaining terms produce disconnected
diagrams where subsets of particles scatter independently.
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2.4 Fermionic path integrals

sExercise We have discussed the path integral for scalar fields. Bosons, in
canonical quantization, have a non-zero commutator. In the path integral
language this gave rise to integrals over exponentials with commuting func-
tions, and not operators, at the exponent. For fermions, the spin-statistics
cannot be accounted for by using our known commuting functions in the
exponent of the path integral. We can formulate path integration over anti-
commuting functions (complex-numbers) which can describe fermions. We
will use Grassmann numbers, which are defined to obey:

{Ci, Cj} = CiCj + CiCi = 0. (126)

This defintion means that any function constructed out of Grassmann vari-
ables is at most linear in any of them, since:

2 _
c; = 0.

Exercise: The product of two Grassmann variables a = cico commutes wth a
Grassmann variable c3 and normal numbers x:

la,c3] =0 la,z] = 0.

Let us consider a concrete example of a function of two Grassmann variables
1, Co. Its general form is:

f(c1,62) = ap + arcq + agca + aracica, (127)

where the coefficients ag, a1, as, a2 are normal commuting numbers. We will
now develop our calculus for functions of Grassmann variables. We start by
defining the derivative:

=4y (128)

However, rearrangements of the Grassmann variables give rise to minus signs.
For example, we can decide to write the ¢y variable at the left of any other
Grassmann variable. The derivative with respect to ¢ is then

o f 0"
. — Do (ap + ajc1 + asca + ajpcics)
2 2
aL
= e (ap + ar1c1 + ascy — ar2ca¢y)
2
= Qa9 — Q12C7. (129>
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This is defined to be a “left” derivative (as the superscript denotes). We
could have defined a “right” derivative, where we always anti-commute a
Grassmann variable to the right of any other variable before we differentiate
with it. In our example, we have:

8R
ac;f = Qg + a12C1. (130>
Exercise: Prove that
0
and 5 5
—  _— \L_n. 132
{6} -0 (15

We will always use left derivatives, unless it is explicilty stated otherwise.
Our next step is to define an integration over Grassmann variables ¢;. We
only require to know two integrals

and

since quadratic and higher terms in ¢ vanish.
We require that Grassmann integrals are translation invariant:

/dclf(cl to) = /dclf(cl). (133)

This yields that
/ de1=0. (134)

We require that the remaining integral,

/dcc:a:.

is an arbitrary (but fixed) commuting number x. We can always divide the
integration measure by z. It is then convenient to define:

/dcc: 1. (135)
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We should be careful in integrating multiple variables, since

/d010201 = — /d010102 = —C9.

We can make a striking observation: “differentiation and integration are
identical operations”.

/dCQf = /dC2 (ap + arcy + ages + agacics)

= /dcz (ag + a1c1 + ascy — a1acacy)

= Qg — ai;2¢;

of
= o (136)

Exercise: Show that linear combinations of Grassmann variables are also
Grassmann variables We must also investigate how we can perform a change
of variables in integrals over Grassmann variables. We consider with the
integral

/d01d02 coodepfer,coy e cn),

and perform a transformation (which is always linear)
c; = M;;b;. (137)
We shall have
/ derdes . . . denf(c;) = (Jacobian) / dbidbs ... dbof (Myby).  (138)
What is the Jacobian? In the case of a double integral, we have:
/ derdescres = (Jacobian) / dbydby (Myby + Mysbs) (Marby + Masby)
— (Jacobian) / dbydby (Myy Masbiby + MioMayboby)
— (Jacobian) / dbydbobyby (Miy My — Mys M)

— (Jacobian)det(M) / dbydbobyby
1
det(M)

(139)

~ Jacobian =
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Exercise: Prove that the same results holds for multiple integrals of arbitrary
dimensions.

If we recall that Grassmann integration is in reality differentiation, it is not
surprising that the Jacobian of the transformation on Grassmann variables is
the inverse of what emerges in integrations of normal commuting variables.
Exercise: Consider the complex linear combinations

y_cl—i-iCQ g_cl—iCQ
V2 V2

of two real Grassmann variables ¢y, cy. Show that:
{y, 91 =0

/dC1d02f(Clv CQ) = i/dydﬂf (y—i_\/;’ y\/__22y>

Exercise: For two complex Grassmann variables

After we have defined integration over Grassmann variables we can study
multiple exponential integrals which, in analogy with the bosonic case, could
be used to define a fermionic path-integral. Let us consider two independent
vectors of Grassmann variables 27 = (21, z3) and y* = (y1, y2). We have

xTy = I1Y1 + Tayo, (140)

and

2
(ﬂny) = (191 + zoye)(T191 + T2y2)
= T1Y1%2Y2 + T2Y2Z1Y1

= Qxlylxzyg. (141)
We can easily see that
(z"y)" =0, n>2 (142)

Therefore, using a Taylor expansion, we have

/ daydyydzydype™ Y = / dridyidzadys [1 — (z1y1 + Xay2) + T1Y122Ys]
- 1. (143)
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We can now perform linear transformations on both x and y.
r— M2/,
y— Ny
We find,
1= [ dedye™"" = det (M) det(N)" [ dodye 4"

— det(MTN)~! / drdye™™ ™M™y, (144)
Defining A = MT N, we obtain that
/dxdye"”TAy = det(A). (145)

Exercise: Prove the above for x1 = (11,29, 23) and y* = (y1,y2,y3). Gen-
eralize to arbitrasy dimensionality
Recall that for normal commuting variables we have

1
detA

/dxdee*rTA"” ~ (146)

Let us now define a path integral over Grassmann variables by consider-
ing an infinite number of them and taking the continuous limit. This path
integral will quantize the field ¥ as in the scalar field case. It will differ
however from the Green’s functions of the bosonic field. Let us consider the
Lagrangian of a free Dirac fermion.

£ = —m)o. (147)

We cab write a generating functional
Zola,a) = N / DyDipet | 'alerav-+ia] (148)
In this path integral the integration variables ¢, and the sources a,a are
all independent Grassmann functions. The constant N is fixed as usual by

requiring that
Zy[0,0] = (0] 0) = 1.
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Everything works in an analogous way as in the case of the path integral
for the scalar field. For a theory without interactions, we can “complete the
square” and compute the generating functional explicitly if we shift he fields
1,1 by a constant corresponding to their classical value which minimizes the
action. We need the inverse of the Dirac wave operator,

—(ig —m1)S(z —y) = 6* (v —y) 1. (149)

As for the scalar field and the harmonic oscillator we can write a Fourier
representation,

Ak KH+m
L =

Exercise: Write the Euler-Lagrange equations for the action with sources a, a.
Solve these equations in Fourier space. The values of 1,1 which minimize
the action are now given by

Va = [ d'yS(z —y)aly),

Yo = / d'ya(y)S(z —y),

and the change of variables

¢:¢cl+7]7 @:icl—kfh

yields
Zo[CL, C_L] _ eifd‘lxd‘ly&(x)S(zfy)a(y). (151>
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We obtain expectation values of time-ordered products of field operators
from the generating functional via

(0, 00| T ts(2) .. By(y) .10, 00y = .. 2O i O

Cida(x) T day(y)

.. .Zo[a,C_L],

(152)
where the indices 7, j are spinor indices. Exercise: Calculate the expectation
values

o (0, 400| Tthi(1)1h;(2) [0, —o0)
o (0, +00| T;(1)1h; (w2)tr(x3)hi(4) |0, —00)

and compare them with your results from canonical quantization. We can
also develop a perturbative expansion repeating faithfully the steps we per-
formed in the ¢* scalar field theory. It is not hard to convince ourselves
that a completely analogous formula should be valid here for the generating
functional when an interaction term L; is present in the Lagrangian:

ei f d*zL; (z%(z),%

) [ _] 6’?00) ’) Zo [a7 C_L]
a,al = — ;
¢ =1 (i@ ) 710, g

a=a=0

(153)

Besides the main similarities in the appearance of the formulae there
are also very important differences which are encoded in the Grassmann
algebra of the functions which we integrate upon. What is very important to
remember, is the fact that functional derivatives anticommute, generalizing
the result that we found for the derivatives of discrete Grassmann variables:

{6?@ 55<y>} - {mfx)’ &jy)} - {5((;)55@} =00

We should also remember that these derivatives are left (by convention)
derivatives, and the order in which sources appear in the integrand mat-
ters indeed.

Exercise: Consider a theory with a fermion a real scalar and a Yukawa in-
teraction M. Calculate the fermion and scalar propagators through O(A\?).
Derive the Feynman diagrams contributing to the scattering of four fermions.
Derive the Feynman diagrams contributing to the scattering of two fermions
and two scalars. *

2This exercise is very important for checking your understanding of the material covered
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3 Non-abelian gauge theories

3.1 Gauge invariance

We will introduce a new principle which is found in realistic quantum field
theories, i.e. theories such as QED, QCD and the Standard Model. These
theories describe nature to the experimentally accessible accuracy. Their
Lagrangian is invariant under local gauge transformations. We start with
the familiar case of Quantum Electrodynamics. You have already seen the
Lagrangian in the course of QFT I. Here we will construct it by imposing
invariance under local U(1) transformations. We consider a free fermion field:

L= ¢(x) (i —m) () (155)
and define a transformation:
(@) = ¥/(x) = expligh) (). (156)

We first consider a global gauge transformation (% = O). The free La-

grangian is clearly invariant under the gauge transformation of Eq. 156.
However, under a local gauge transformation,

U(x) = exp (igh(x)) , (157)
the Lagrangian is no longer invariant.
VY = P+ e [Je’ | . (158)

We cannot make any local gauge transformation which leaves invariant
the Lagrangian of a single field. The problem was that

I — 9P + something else .

We will modify the derivative so that it transforms more conveniently. We
will look for a new derivative which, under a local gauge transformation
transforms as:

Py — Ulz) Dy (159)

We add to the normal derivative a new function (field):

D, =0, —igA,(z). (160)

so far. Please spend as much time as needed until you get it right.
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We need:
D,ip(x) = Dyy' = U(x) Dyt
~ (0 —igAL) (U)e) = Ux) (9, — igAp)
~ U@)0,¢ + [0,U(2)] ¢ — ig AU (x)y = U(x)3,1p — ig AU (x)d
w»AL:AW—?FV@@U@) (161)

The covariant derivative transforms as:
D, — D, = 0, —igA,
= 0,—1g (Au — ;U‘lﬁuU>
= 0, —1igA, — U1 (0,0)
= 0, —igA,+U (9,U7")
— U(2) (9 — igA,) U™ (@) (162)

Therefore:
D, — D, =U(x)D, U} (x) (163)

We can now replace the free Lagrangian of the spin-1/2 field with a new
Lagrangian which is also gauge invariant.

L=y[ip)—m]y
— YU U [ip — m] U U
O [ip —m] .

If A, is a physical field, we need to introduce a kinetic term in the La-
grangian for it. We will insist on constructing a fully gauge invariant La-
grangian. To this purpose, we can use the covariant derivative as a building
block. Consider the gauge transformation of the product of two covariant
derivatives:

D,D, - D, D, =UD,U'UD,U"
=UD,D,U".
This is not a gauge invariant object. Now look at the commutator:
[Dy, D)) = D}, D]
=UI[D,,D,U! (164)
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This is gauge invariant. To convince ourselves we write the commutator
explicitly:

[Dy, Dy} = (0 — 1gA,) (0, —igAy) — [ > V]
9,0, —ig (0,A,) —igA,0, —igAd, + (ig)* A A, — [u > V]
= —ig[0,A, —0,A,. (165)
Inserting Eq. 165 into Eq. 164, we find that the commutator of covariant

derivatives (in the abelian case) is gauge invariant. We have also found that
it is proportional to the field strength tensor of the gauge (photon) field:

F,, = ; [D,.D,] = 0,4, — 9,4, (166)

We now have invariant terms for a Lagrangian with an “electron” and a
“photon” field. The Lagrangian for QED reads

L= —m)p— iFWFW. (167)

Exercise: Find the Noether current and conserved charge due to the invari-
ance under the U(1) gauge transformation of the QED Lagrangian.
Exercise: Think of at least five more operators that one can add to the QED
Lagrangian without spoiling gauge invariance. Thesre is an infinite number
of them. Which of them do not have mass dimension four? As we shall see,
operators of higher dimension spoil renormalizability

3.2 Non-abelian (global) SU(N) transformations

We can think of more complicated transformations than a simple phase on
a complex field. Let’s consider as an example a collection of N scalar fields.
A simple Lagrangian for them could be:

A
L= (0u0:) (0°67) = m* (:0]) — ] (n0)",  i=1..N,  (168)

where we have used Einstein’s double index summation. The Lagrangian is
symmetric unde transformations of the ¢; fields. Let us transform

o = ¢ = Vi;05, (169)
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where once again a summation convention is assumed (this will always be
the case unless explicitly stated otherwise). The following term is invariant:

O; i — &7y = V05 Virdw
= ViiViudon = 00, (170)
if
ViiVik = 1. (171)
This is a unitary U(N) transformation under which our example Lagrangian
is invariant. The Lagrangian is also invariant under a stricter SU (V) trans-
formation. We can write

V= eu,

such that
U'u =1 and detU = 1. (172)

Exercise: Think of a concrete example for a unitary 2 X 2 matriz V where
this can be done. The N x N matrices U represent the group of special
unitary transformations SU(N).

It is sufficient to study small SU (V) transformations. Due to them form-
ing a group, large transformation can be obtained by repeating (infinitely)
many small ones. We write:

Ui' - 5ij - i9“T;} + 0(92), (173)

where we choose 6% to be real parameters. The N x N matrices T are
generators of SU(N) matrices. They are N? — 1: An arbitrary N x N
complex matrix has 2N? real elements. For a unitary matrix Ul = U1,
only N? elements are independent. The specialty condition detU = 1 adds
one more constraint, leaving N? — 1 independent elements. Remember the
dimensionality of the indices concerning the generators.

T?. -

4y

a=1...(N*~1)andi,j=1...N.

They will be needed in various situations.
Exercise SO(N) group: N x N matrices with

Rij R0 = 0.
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Find the number of generators.
Exercise The symplectic group Sp(2N) can be defined as 2N x 2N matrices
S with
SiiSki0j1 = Nik,
where,
i = —Mji and  7n*=-1.
Find the number of generators.
The SU(N) generators are hermitian:
Ul =1
o (L4ig(T)1'07) (1—igT"0") = 1+ O(6?)
~ T =170 (174)

and traceless:

detU =1~ log (detU) =0

Tr(logU) =0

Trlog(1—1i0°T*) =0

Tr(i0*T*) =0

~ Tr(T*) =0 (175)

{ ¢

We can choose a normalization condition for the SU(N) generators. By
convention, we choose:

Tr (T°T") = T4T), = Oab (176)

i gt 2
A very basic property of the generators is that they satisfy a Lie algebra:
e, 7| = ifeeTe, (177)

where f®¢ are the structure constants of the algebra.

Exercise: Prove Eq. 177 by considering a transformation U'"U*U'U, with
U,U" independent SU(N) transformations.

From Eq. 177, we can derive

[Ta’ Tb] — ifaded ~s [Ta, Tb} T¢ — ifadedTC
o foe = 2Ty ([T, 7] T°). (178)

Exercise: Prove that the structure constants are fully antisymmetric and real
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3.3 Local non-abelian gauge symmetries

We now consider N fields ¢; (scalar or spinor). We are interested in La-
grangians which are invariant under a local SU(N) transformation:

¢i(x) = ¢i(x) = Usj(x)¢;(x). (179)

As in QED, the building block for the construction of a gauge invariant
Lagrangian will be a covariant derivative:

D, =0, —igA,, (180)
such that
D, — DI, =UD"U", with UT = U1 (181)

For a scalar field ¢ we have
(D" )(D"¢') = (D,ug') (D" o)

Similarly, the kinetic term with the same covariant derivative for a fermion
field is invariant. There are many similarities with QED, however there are
also many important differences. Let’s start by pointing out that the gauge
field A, is an N x N matrix.

We can easily find the transformation for the gauge field:

D, — D!, =U(x)D,U'(x)
~ (0, —igAy,) = U (9, —igA,) U'
~ Oy —igA, =0, + U (9,U") — UigA,U?

~ A= U(2)AU () + ;U(x) (8,U"(2)) (182)

This formula is analogous to the gauge transformation of the photon in QED.
However, here the gauge field A, and the gauge transformation U are complex
N x N matrices rather than complex numbers.

We now compute the corresponding commutator:

[Dy, D) = (0 — 19A,) (0, —igAy) — [p 4 V]
9,0, —ig (0,A,) —igA,0, —igA,d, + (ig)* A A, — [u < V]
—ig{0,A, — 0, A, —ig[Au, Al}. (183)
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The commutator term was absent in the case of QED.
The gauge field strength:

G = - p [D D, =0,A, —0,A, —ig[A,, A,
is no longer gauge invariant:
G — G, =U(2)GuU' ().

However, the trace

Tr(G,,G")
— Tr(UG,UUGHUT)
— r(UTUG utugr)
— Tr(G,,G")

is gauge invariant.
We can expand the gauge field in the basis of generators:

A= AT,
Equivalently,
Al =2Tr(A,T7)
We also have
G =G T
with
G, =2Tr(GLTY).
It is
G, =2Tr(G,T")
= 2Tr(0,AT" - 0,A,T" —ig[A,, A T°)
= 0,A, —0,A], + gfabcAZAf,.

(184)

(185)

(186)
(187)

(188)

(189)

A concrete example is the Lagrangian for QCD which is invariant under

SU(3) gauge transformations.
1 (s 1 cuv e
= (i) —ml)y — ZGM G-
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Exercise: Expand all terms in the QCD Lagrangian using the explicit expres-
sions in terms of the gauge field for the covariant derivative and the gauge
field strength. Sketch the interactions (the precise Feynman rules will be de-
rived in forthcoming lectures)

Exercise: Write a gauge invariant Lagrangian under SU(N) transformations
for a scalar field. This case appears in supersymmetric theories for the scalar
partners of quarks. Sketch the interactions.

Adjoint representation:
By expanding the commutators we can prove that

[z, 7] 7] + [[1*, 7°] , 7] + [[T°, 7%, T*] = 0. (191)
From this we derive a relation for the structure constants:
~s {faded’ TC:| + {fbchd’ Ta} + {fcade’ Tb:| =0
~s fabdfdce + fbcdfdae + fcadfdbe =0 (192>

We define the matrices )
Tb = qfobe, (193)

Then the above relation can be written as
|70, T¢| = i friTe. (194)

Therefore, the matrices T furnish a representation of the same Lie algebra.
This is called the adjoint representation.

We can now consider fields 1, which transform in the adjoint represen-
tation. An example is the gluino, the supersymmetric partner of the gluon,
which transforms in the adjoint.

Vg — P, = Us®yP, with U = e~ Ty and a,bc=1...(N*—1).

(195)
Or, for small transformations,
Yo — ¢¢/1 =y — iebﬁ’c%
ol = by — i (i)
~ = o + [0, (196)
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We can find a covariant derivative for the transformations of the adjoint
representation in a complete analogy as for the “fundamental” representation:

D,u,lvba = a;ﬂ/Ja - ZgAzjzfcwc
= Outha + 9" A (197)

Now consider a general member of the represenation v = 1, T*. The covari-
ant derivative acts on it like:

DMU = (au¢a + gfabcAch> T
= Oup —ig [T, T°| AL, (198)
or equivalently
Db =0 —iglA,y], =91 A= AT (199)

Exercise: Take an element & = £*T'* of the Lie algebra, transforming in
the adjoint representation, and a field x transforming in the fundamental
representation. Prove the Leibniz rule for the covariant derivative:

D, (€x) = (Dug) X+¢ (DHX) . (200)

Euler-Lagrange equations/ conserved currents:
We consider the variation of the gauge field

A, — A, + 64,

and
OA, — OA,+ 0 (8,,Au) )

The corresponding variation of the gauge field strength is

G, = 6 (8,4, — 8, A, —ig[A,, A))
= 0,04, — 8,64, —ig[6A,, A)] —ig[A,, 0A,)]
~ G = D, (6A,) — D, (6A,). (201)

We can now look at the variation of this term in the QCD action
5 / d*2Tr (G0 G)
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. / d*2Tr (Gu 0G")

— 2 [d'aTr (6" D, (6A,) ~ Dy (5A,)))

_y / d'2Tr (G* D, (64,))  antisymmetry

= 4 [d' D, [T (G (5A)] = Tr [D, (G*)SA} (202)

The first trace is gauge invariant. We can then find a gauge transformation
for the gluon field so that D, — UD, U f = Oy, and drop the surface term.
So, we have:

5 [ bt [AGMVGW] =2 [dTr D, (@) 54 (203)
2
The fermionic term in the Lagrangian varies as:
5 [dtwh (D —m) v =3 [ d'wd (g + gh) v
= g [ dwbopy =g [ ey g A; =

= 2 [ d' (b Tgu;) Tr (04, T

= —2¢Tr[J,0A"], (204)
with
Jy = Jl‘jT“, (205)
and B
ij = —gYyHT"Y. (206)

Combining the variation of both fermionic and gauge boson terms in the
Lagrangian of Eq. 190 we derive the Euler-Lagrange equation:

D,G" = J". (207)
We can act with a second covariant derivative on the above equation:
D,D,G" = D,J" (208)
The lhs is:
D,D,G" =D, (0,G" —ig[A,, G"])
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= 0,0,G"
—ig [0, Ay, G
—ig [A, 0,G"] —ig[Ay, 0,G"]
—9° [Ay [A, G™]] (209)
Using that G* = —G"* and
[A,[B,Cl) + [B,[C, Al + [C,[A, B]] = 0

you can prove that

iz

D,D,G" = _729 (G, GM] = 0 (210)
Therefore:
D,J" =0. (211)

The fermionic current is thus no longer (as in QED) a conserved current. It
is rather covariantly conserved!
Exercise: In an abelian gauge theory, consider the dual tensor

[V 1 vpo
I = S E,.
Show that )
F*™E,, = 0,K", (212)

with
KV =" A F,,

Exercise: In a non-abelian gauge theory, consider the dual tensor

v 1 vpo
G = 56“ P7G e
Show that )
G"G,, = GMK“, (213)
with 5
Kt = eMTr |Gy Ay + gAUAMA,,
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4 Quantization of non-abelian gauge theories

We now have a sufficient formalism to quantize a non-abelian gauge theory.
The classical Yang-Mills Lagrangian is,

1 aurv a
Lyn = _ZG # GW. (214)
with
GZV = 0,4 — 8,,AZ + gf“bCAZAf,. (215)

Proceeding in analogy with the quantization of the scalar field theory, we
write the following path integral:

ZI = N / DAet | el A+ A (216)

We would like to develop a perturbation theory program. Remember what
4
we required in the —)\% case. We could try to repeat the same steps here:

- find the propagator of the free-field by inverting the differential oper-
ator in the quadratic part of the Lagrangian. This would give us an
expression for the path integral when all interactions are switched off
(9=0)

Zo[JH] = N'e ] d*ed v @) Avar(a—u) T (@), (217)

- derive the perturbative expansion from
[ 42 Lint l.%
2] ~ e (wa<z>)zoug]. (218)
The free-field action (g = 0) is
1 4 a a va vV opa
Spree = =5 / d'z (9,48 — 9,A2) (DA™ — &” A™)
1 4 a va a va
- -3 / d'z [(9,A2) (0" A7) — (9,A3) (9" A4™)]
1 4 a va a va a va a va
= -3 / d'x 0, (AL0" A™*) — AL, 0" A — 0, (AZ0"A™) + AL, 0" A™]
_ 1 4 ap sab 2 vb
- —i/d r AW [0Pg,, + 0,00] A™. (219)
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We now need to find the inverse of the operator
=0 g + 0w ] 6.

However, it turns out that there is none! This operator has zero eigenvalues,
and its determinant is zero. In particular we obtain zero when it acts on any
function that can be written as a total derivative:

~0 g, + 0u00| 9 M) = —0°0,A(x) + —0*D,A(x) = 0. (220)

Our naive attempt to establish a perturbation expansion in g using a path
integral formalism has failed at the first step. However, there is a property of
the theory, gauge invariance, which we have not yet used and we can exploit
it to remove the zero-modes of the operator in the free part of the Lagrangian.

Let us start by defining a d-functional, in analogy to a d-function, which
we will need in a while. The integral over a d-function is

/dfé(f) ~1.

We can change variables, f = f(w), and we obtain

of
/dw%é(f(w)) ~1.

The multidimensional generalization of this equation is:

dfi
1:/dw1...dw1det (ai)5(f1<w1,...,wn))...5(fn(w1,...,wn)).

We can take the limit n — oo which yields a functional integral over w(x),
where z is the continuous variable corresponding to the index 7 =1...n. We
define the infinte product of delta functions as a delta functional. We write:

[ pwdet (220 150w

dw(y)
= r}i—{go/dwl ... dwdet (;f) I fi(wy, ..., wp)) ... 0(fu(w, ... wy))
= 1 : (221)

Notice the emergence of a functional determinant, due to changing variables
in the measure of a functional integral.
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We now return to the gauge-theory; the action is of course invariant under
gauge transformations

A, = AL = U(2) AU () + ;U(I) (9,07 (). (222)

with A, = A{T. The transformation matrices U are determined by as many
independent parameters as the generators of the Lie group,

Ulz) = e " @T" =1 — i (2)T* + O(6%). (223)

The integration [DAJ in the path integral formalism does not discriminate
among the fields which are connected via a gauge transformation.

Consider all the fields AZ(i”depe”de”t) which cannot be connected via a
gauge transformation. We never know them explicitly, but we can impose
that they satisfy gauge-fixing conditions of the form

Fl(AZ) = 07

which remove the superfluous degrees of freedom. For example, a very com-
mon choice is a Lorentz gauge fixing condition,

0,A" = 0.
Of course, we are allowed to choose other conditions to fix the gauge,
FQ(AZ) = 0,

The gauge fields A#(2) and A#(1) satisfying the two different gauge condi-
tions are related via gauge transformations; for each of the solutions of the
second gauge-fixing condition there is a unique set of gauge transofrmation
parametetes #* which maps it to a solution of the first gauge-fixing condition.
Therefore, if we consider all infinite possibilities for gauge-fixing conditions,
we enumerate all infinite members of the Lie algebra parameters 6¢.

Let us now go back to the path integral for the gauge theory without
sources:

Z =N / DAt el (4] (224)

This integrates over all fields including the ones related by gauge transfor-
mations. In other words, had we thought of all possible gauge fixings, it
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integrates over all these possibilities. We can write:
7 = N [Dage] el q
- N / DAzet [ Ao [Exaai] / DFS[Fe(A™)], (225)
where
FO(APY) = 0~ A% = A%(0").
Different gauge fixings F'* correspond to different group parameters, so we
may change variables F'* — 6% in the second functional integration.

Z = N / DA;eif d*z[Lym(Ah))] / DO° det (W) S[F* (A (0%))]

= N / Do’ / DAzt #alen(a)] gop <5F “(AZ)>

e SF* (A (6"))]

Fa (A (9b))=0

(226)

Now there is a crucial observation to be made. No term in the inner functional
integral depends on #°. Let us justify this statement. We have,

1= / DF4§ [Fo(A™)]
1
7 det (L)

- / DOPS(FI(A™(8Y))  (227)

56°

Fa(Aan(g))=0
The rhs is gauge invariant. We have
U=e""" 0,7 =1nU ~s 0, = 2Tr(T*InU).

iTbob

Under a gauge transformation U’ = e we have

0" — 0° = 0" + 0", (228)

and

56
DO° = Do" °) = Do,
0 9det<50a> 0

A gauge transformation only reshuffles the elements of the Lie algebra; we
can compute the measure over all possible Lie algebra elements in any gauge.
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Therefore:

b a a b

ot () — [ Dors(re(am(eh)
56° Fa(Aar(9b))=0

- / DOS(F*(A™(4°)))

1
(229)
OF®

det (69F ) Fa(Aa,u(ec)):O

This determinant is therefore just a gauge-invariant number. The exponential
of the Yang-Mills action is of course gauge invariant:

o [ d'alvn(AL) _ i [ dialya(AL(6%)

Finally, the gauge-boson fields are also members of the Lie algebra and only
get reshuffled by gauge transformations. The measure DA}, can be evaluated
at any gauge.

DAY = DA%(6). (230)
Exercise: Consider a gauge transformation Ay — AZ'. Prove that DA}, =
DAZ/. You only need to consider an infinitesimal gauge transformation.
We then compute all terms in the inner path inegral at the specific-gauge
chosen by the delta-functional.

- L OFe (A
7 = N/D@b/DAZezfd 2[Lxa(AD)] et <( “)>

o S[Fe (A%

Fa(Aan(b))=0
S (A5 (0%))

(6"))]

_ N/Deb/DAz(eb)eifd4x[£yM(Ag(6b))] det <5eb> 5[Fa(Aau(9b))]

= N ( / D9b> / DAt d e [Ev(AD] et (W) S[F(A™)]

In the last line we noticed that the gauge-fixed field variable A%(6°) is a
dummy integration variable. The path integration over all possible gauge
transformations (corresponding to all possible gauge fixings) is an overall
normalization factor. This is an infinite integration over the measure of
infinite Lie algebra parameters. However, this is not a problem if we want to
compute physical quantities, since the overall normalization will cancel. We
therefore end up with the gauge-fixed path integral

Z =N ( / D9b> / DAt [ d e B 4D)] et (W) S[Fe(A™)]. (232)
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It is very important to notice that (up to an irrelevant infinite normalization)
this path integral does not depend on the gauge-fixing condition F'(A*") that
we may choose!

This new-path integral in Eq. 232 integrates over fields which cannot
be related via gauge transformations; it should therefore be fine to derive
Green’s functions for fields which are physically distinct. However, the new
expression has two features, the gauge-fixing delta-functional and the deter-
minant, which were absent in our formulation of perturbation theory. It is
therefore unclear at first sight how to establish a calculable perturbative ex-
pansion with the mathematics that we now. Two very clever tricks will come
to our rescue.

Without loss of generality we write

FUHAM) = G (A™) — w(x). (233)

We are allowed to multiply the path-integral with an overall constant without
any physical consequences. We then multiply with the factor,

C= / Dute [ #o 2= (234)

We can do this because Z[J#

a

| in Eq. 232 does not depend on w(x). We have

. 4w (x)w?(x . 4 w (5 a a
7~ (/Dwae—zfd g @ (@) %5 ( )> /DAZezfd :E[ﬁYM(Aa)] det ( g ( )) 5[ga(Aa,u) _

50°

. 4 u 5ga Aa .
— a 'Lfd x[ﬁyM(Aa)] a —Zfd o/ ran
[P det (=) [ P “olgn(a) -
- 4 w 1 af Aapy)2 6 a Aa
— /DAZGZfd x[ﬁyM(Aa)*ﬁ(g (Aary) ] det (m)

With this trick, we remove the delta-function from the integrand add modify
the exponent of the path-integral. This also yields a well-defined propagator
for the gauge boson field. If we choose for example the gauge-fixing condition

GU(A™) = 0,A™,
the free-part (¢ = 0) of the action in the exponent becomes:

Sfree = _; /d4anu5ab [_azg,uy + (1 - i.) aual/‘| Aby. (236>
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Now, the new differential operator has an inverse:

d*k e i k. k
Aab — ab/ L — 1 nhy . 9
o =0 (2m)* k2 + ie [g” ( g)kz + ie] (237)

Exercise: Find the inverse of the operator:

[(—02 + M?) g + (1 - ;) auay.]

This will be the case of a massive gauge-boson such as W, Z.
Exercise: Find the gauge boson propagator in an axial gauge

G(A) =n, A",
where n is a light-like vector n? = 0.

We now need to deal with the determinant in the integrand of the path
integral. Here we will use a result that we found from infinite integration
over Grassmann variables. We proved earlier that:

/dxl o dapdyy . dye Y = det(A). (238)

where A is an n X n matrix and x,y are Grassmann variables. We can take
the limit of n — co. We then obtain express a functional determinant as a
fermionic path integrals over two independent Grassmann functions x and y:

igdet(A) = / DyDaet [ ' m1diz2uz) (oA —a2)e () (239)

The Fadeev-Popov idea was to introduce two new fields with odd spin-
statistics (Grassmann variables in the path-integral), a ghost and an anti-
ghost, and write the determinant as functional integral over an exponential.
We write,

. w1 real Aapy)2 5g“(Aa)
a i [ d*x|Lym(AY) (G*(A*H)) . 1z
Z ~ /DANG f [ YM 2¢ ] det <7’g 59b
- / DAYD Dyftet | el =ge (@ (7]

. _ 6G4 (A7 (69))
67, f d4zld4x2n“(x1) (g#) T]b(mQ)

x (240)
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We need not to worry about computing precisely the overall normalization
of the path-integral. This will drop out when we require that vacuum to
vacuum transitions have a unit amplitude. The factor —zg is convenient, in
order to later combine easierly all terms under a common exponential.

Let us consider a local gauge transformation

U(z) = e 1,
under which a gauge-field transforms as
Au(0) = U(2) AU (2) + ~U(2) (9,01 () , (241)
where, as usual, A, = A{T“. For a small transformation, we obtain
AR(0) = AR — ; {8"6“1’ — gf“bcA“’c} 6. (242)

We recognize in the above expression the covariant derivative in the adjoint
representation:

D = 0,0% — gf "™ AS, (243)
SO we can write: {
AR(0) = AR — ED“’“be. (244)
We then have,
oA (0(x)) _ 10 (D"*(2)0%(x)) _ 1 b ysin
) g 500 (y) = gD "(y)d(z —y). (245)
We can now compute the functional derivative
0G(AM(0(x))) /}# 0G (A" (0(x))) 6(A™(0(=2)))
66°(y) 0(A%<(0(2)))  66°(y)
_ 4 5G( (ZL')) v,c o
- —/d 714%( ) D"?(2)6(z — y)
6G (A" (x))

B v,ch
sy 0

We can then write the following expression for the path integral:
7~ [DagDr D o]

G2 (A% (o
zfd4x1d4m277 (x1)<—&;§7@2>1))D5b($2)>77b($2)

xe (247)
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This is valid for any arbitrary gauge fixing condition G*(Af).

It will be instructive and practical (this is what we need to do when we
compute elements of the S-matrix) to choose a gauge. A common choice is
the Lorentz gauge:

G (A7) = 9,A", (248)

where

50, Al (1)
d Ave (Ig)

Therefore, in the Lorentz gauge, the path integral is (up to a normalization):

= 0,gL6%°6 (21 — w2) = 0,06 (x1 — x2). (249)

7 — /DAZDﬁaDnaeifd4:v[—%GZVG“’””—Q%(8,“4‘“‘)2—ﬁ“(m)@uD“*abnb(x)]' (250)
After a partial integration, we obtain:
7 — /DAZDﬁaDnaeifd4$[*iGzyG“’“”*%(C%Aa#)%r(auﬁa)l)“;abnb]‘ (251)

In this last expression, we have exponentiated all terms which arose from
gauge-fixing. The argument of the exponential is a new action, modified by
a gauge-fixing term and contributions from the ghost fields.

Notice that the form of the quadratic term in the ghost fields is the same
as for a complex scalar field. However, the variables 1,7 in the path-integral
are anti-commuting Grassmann variables. Therefore, the ghost field is a
scalar field with the “wrong” spin-statistics.

We also observe that for an abelian gauge theory f%¢ = 0 we have
Dzb = 09, and there is no interaction term for the ghost field and the
gauge-boson. In this case, the ghost field is a free field and we can integrate
out its contribution to the path integral (changing the irrelevant overall nor-
malization). This is why in QED you never needed to introduce it.

Exercise: Find the expression of the path-integral for an SU(N) Yang-
Mills theory in an axial gauge

G(A) = n, A",

where n is a light-like vector n® = 0.
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4.1 Perturbative QCD

After gauge-fixing and the Fadeev-Popov method, we can formulate a path
integral for QCD, where the path-integral action is:

S = / d'zL,
with
L = Lyang-—mirLs + Lrermion + LeAUGE-FIXING + LFADEEV-POPOV -

The classical Yang-Mills Lagrangian is:

1
Qe Gawu7

LyANG-MILLS = AT

and
a a a abc Ab pc
G, = 0,A, — 0,AT, + gf " A AL
The gauge fixing and the Fadeev-Popov terms, in the Lorentz gauge, are:
1 2
- mAQ
LGAUGE-FIXING = 2% (8 Au) :
Lrapeev-porov = (9"7") Dzb ’,

and the fermion term:
Lrermion = ¥’ (W” fo — mo¥ ) .
The covariant derivtives in the adjoint and fundamental representation are
Dﬁb ~ 0, g — g fabe Ae

and
D}} = 0,0 —igTAj,
accordingly.
We would like to compute Green’s function using perturbation theory.
If we switch off the coupling, g = 0, then we are left with terms which are
quadratic in the fields, and we can compute the corresponding path integral
for the free action. We define,

L= »Cfree + Einteractinw (252>
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with

Liree = L],_q-
Explicitly,
1 a a a,v vV AaQ, 1 a v AQ
Liree = —7 (9,45 — 0, A3) (9" A™ — ¥ A"H) — o (07 43) (07 A3)
+(0.1") (9"11°)
+¢" ("0, — m) )’ (253)

It is convenient to use integration by parts and cast the free Lagrangian in a
“standard form”:

~

—; (Field,) O (Field) + d, (. ..)

or, for terms with independent fields (appearing separately in the measure
of the path-integral),

— (Field4) O (Fieldg) 4 9, (.. .) .

We have
1 a 7ab,uv
ACf'r'ee = _§AMK bt All;
_ﬁaKabnb
—@EiAU@Dj
3, (.., (254)
with (9% = 9,0)
Kab“ul/ — 5ab [_gﬂya2 + <1 — i:) a“ay‘| , (255)
Kab — 5&1)827 (256)

An essential step in order to compute the generating functional for the free
path-integral is to find the inverse of the above operators, i.e. objects which
diagonilize them in all indices. We define:

Kje(z) DY (z — y) = 0grd™(z —y),
K*(z)D*(z — y) = 66" (z — ),
A*(2) S (2 — y) = 696W (z — y). (258)
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Exercise: Solve these equations. The solutions are given next in the text
and it 1s easy to verify whether they are correct or not by insertibg them
above. Howewver, it will be instructive to think how to find them if nobody told
you the answer!

We find that
d*k e kT k. k
ab _ gab v
Dyutz) =0 / (2m) " k2 + e [g"” —0-9ETx (259)
. . d4/€ e—z‘k~x
DP(z) =6 b/ ey —(-1) (260)
. . d*k etk
i(z) = oY / 1 . 261
The generating functional for the free-Lagrangian is
Zo [y, g, Ty, Jnda| = / DYDYDyDiDA,, exp (Z / d*z
[ 2AaKab ,uZ/Ab aKab b wZA'L]wj
HIGMAS + TGt Ty + T+ ﬁ“J;;D
(262)

where we have included independent sources for all fermion, anti-fermion,
ghost, anti-ghost, and gauge fields. We should keep in mind that only the
source Jy3" for the gauge field is a bosonic (commuting) variable; all other
sources are Grassmann variables. We can now “complete squares” by shifting

the fields as,

At () = A% (@) + [ d'yDit(x —y) I3 (y) (263)
W) = (@) + [ diyD™ @~ y)Ti(y) (264)
(@) = 7*(2) + [ T ) D (@~ y) (265)
V@) = (@) + [ dyST (@ - ) T) (266)
Pa) = d@) + [ dyTiw) s @ —y), (267)
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We then obtain (with an undetermiend overall constant factor),
Zo T Ty T Ty Ja| = N [ dtedty| 2 ge ) et Jh
o [Jis Jgs s I Ja] = Nesp (1 [ diad'y |75 (@) Db (= ) T3 ()
FID @~ )30 + T~ )70 (268)
We will now deal with the interaction Lagrangian; this is defined as

Einteractz’on =L - Lfree- (269)

We find

Einteraction = qu)iTvi(;‘Aawj
—q (auﬁa) fabcAa,unb
—2g f" e AP A (9,45 — 0,A%)

2
—ngabcfadeAZAiAd’uAe’y. (27())

The generating functional for the full theory can be obtained perturbatively,
expanding in g,

Z | Jgs Ty Ty Ty I

) ) ) 0 )
. . 4 4 , s . s L 00
- NeXp{Z/d Zﬁznteructwn( Z(SJA7Z5J¢7 25J1Z725Jn7 Z(SJn>}

Zo [y g Jys T I (271)

where we must replace in the interaction Lagrangian the field variables with
functional derivatives with respect to their corresponding sources.
Exercise:

e Compute Z [J¢, 5> Ins I, JA] through O(g?) in the expansion around
g=0.

o Compute the generating functional of connected diagrams
W [y g Ty, Ty Ja| = —ilog Z [y, g, Ty, Jo, Ja]

through the same order.
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o Compute the gauge-boson propagator through the same order

(0, +00| TA™*(2) A" (0) |0, —00)

e Transform this expression in momentum space
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5 BRST symmetry

We recall here the path-integral for a non-abelian gauge theory with a fermion

field,
7~ /DAZD@/;tiiDﬁaDnaeifd43€[ﬁYMJrEfermion*i(ga(A“a)FJrﬁaAa]’
(272)

where we have defined,
0G* (A% (x
aote) = = [y (G ) 273)

It is convenient to linearize the action in the gauge-fixing term. If we intro-
duce (yet) another (bosonic) field, w®, we can re-write,

. a2 agsa
/’Dwaeifd‘lx(%wawa—i-w“g’l) — /Dwaezgfd4z [(wa+%) _ggg }

dix -G%g?

= N/ "% (274)

We will denote,
Ecl = EYM + £fermiom (275>

the classical Lagrangian which satisfies local gauge-invariance. The path-
integral, up to a normalization, is equal to

7 = /DAZDWDWD??“DT]“DU}%"Id4x[£c’+’7aM+waga+%wawa] ) (276)

If we want to go back to the original form of Z we simply need to integrate
out the field w®. The exponent is not gauge invariant, except the term with
the classical Lagrangian L.

We find a closely related symmetry which is called Becchi-Rouet-Stora;
Tyutin or, shorter, BRST symmetry which leaves invariant not only the clas-
sical Lagrangian but also the sum gauge-fixing and Fadeev-Popov terms.
The BRST symmetry transformations are gauge transformations of a special
form for the gauge boson Af, and fermion ¢ fields which enter the classical
Lagrangian L. the gauge boson Af, and fermion ¢. The gauge parameter
is made out of the ghost field and a Grassmann variable. Specifically, the
fermion transforms as:

St = —iT* (011°) 0. (277)
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This is equivalent to classical gauge transformation with the replacement
0% (x) — on°.

where both 7 and the ghost field n® are Grassmann variables. Of course, their
product is a bosonic variable as expected by a classical gauge transformation.
We take the parameter 6 to be global

0,0 = 0.
For the gauge boson, we require that the BRST transformations is also a
gauge transformation with gauge parameter 6n®:
5pAn — — O pabyp (278)
0 — g " n-

Similarly, the anti-fermion field transforms as:
ot = PiT™ (6n“) .

Notice that the Grassmann variable entering here is 7, so that we perform
the same gauge-transformation on all classical fields 1, 1), A

Before we present the trasnformations for the remaining fields, we state
a characteristic property of the transformation: Two successive BRST
transformations on an arbitrary function of fields leave the function
invariant (nilpotent transformation).

502591F(A7¢71/_177],77) = 0. (279)

If we insist on this property, we obtain:

0 = dg, (d0,?)
= 8y, (—iT*01n")
= —z'Ta91 [((59277a)'17b + na(592¢)]
= —iT", [(59277“)@0 +n° (—@'T%”%)}
_ _Z-Tael [(592?7(1) o Z-na92anb} w (280)

Equivalently,
Tc(502 770 — inTcanQT]C
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~ tr(TT€)60,n° = —ibatr (TTT)n n* beware of Grassmann!

gac . ' wrsbrc nbnc o T]CT]b
~ 759277 = —ibstr (T T°T ) — 5
~ 0g,n° = —ibstr (T“ {Tb, TCD nbnc
~ g = [ (T T n'n", (281)

Therefore we require the ghost field to transform as:

0
507,](1 — §fabcnbnc‘ (282)
Two successive transformations on the gauge field produce,

0
T 0m" — gfn" Ag)

_ _i; [(9“ (592?711) . gfabc (59277b> AZ . gfabcnb (592142)}

= _9; {ng (80,m") + ; f“bcnbengﬂnd} =...=0 (283)
Exercise: Fill the dots... Prove the above statement using the anti-commutation
of Grassmann variables and the Jacobi identity for the structure constants

For the remaining two independent fields in the action of the path in-
tegral, we have no unabiguous guidance in order to construct their BRST
transformations. We will make two very simple choices. We perform no
transformation on the auxiliary bosonic field,

59w“ =0.

For the anti-ghost we require that under a a BRST transformation it gets

shifted by a a constant.

1
Soif® = ~Ou".
g

This choice as we will see guarantees BRST invariance of the quantum action.
Notice that
591692ﬁa = (591 592w“ = 0.

Let us now compactify the notation. We consider any field F' from
{A,,¥,¢,n,17,w}. We will introduce the short-hand notation:

(SQF = Q(SF)
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We have pulled an explicit prefactor of the BRST transformation parame-
ter, and the notation sF' denotes the remainder of the expression after we
transformed the field F'. For example, we write

dgtp = —igT*On™ ) ~ sp = —igT*n".

Notice that if the field F' is a bosonic field then sF' is Grassmannian and vice
versa. If we perform two consecutive BRST transformations, we have:

591592F = 91928217.

Nilpotency means that:
s°F =0, (284)

Nilpotency is a property valid for a product of two variables as well. Per-
forming a BRST transformation on the product of two fields we have:

(591<F1F2) - (591F1)F2 + F1(591F2)
91(8F1)F2 + Flel(SFg)
01 [(SFl)FQ + Fl(SFQ)] s (285)

where the minus sign arises if Fj is a Grassmann variable. We have used here
that the field F' and sF' have always opposite spin-statistics. If we perform
a double BRST transformation on the product F;F5 we then find,

39,00, (F1F) = 0169, [(sF1)Fy £+ Fi(sFy)]

91 [(SFl)QQ(SFQ) + HQ(SFl)(SFQ)]

8192 [:F(SF1>(SF2) + (SF1)<SF2)]

0. (286)

We can continue in the same spirit. We find that:
00,00, (F1Fy ... F,) = 0. (287)
In fact every functional of these fields satisfies,
39,00, G|(F1, Fy, ..., F,)] = 0.

We will return to this shortly.
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We should investigate the effect of a BRST transforamtion on the gauge
fixing term G® in the Lagrangian. G* is a function of the gauge field and we
should use the chain-rule.

50G (A%(z)) = / d'ys Ab 59Ab()

_ 1 /d4 5Ab ab ()

_ Opa 288
. (288)

Let us now consider the variation:

oo (o4 )| = oo (004 §ur) 7000

= f] (naA“ +w*G* + 6w“w“> . (289)

2

In other words, the non-classical part of the Lagrangian is already a total
variation under a BRST-transformation. Due to the property of nilpotency,
such terms remain invariant under a BRST-transformation.

0o [ﬁcl + A+ w'G + gwawa] (60Ler) + gog (s [ <Q“ + gw )D =0
(290)

We remind here that the classical-part of the Lagrangian is BRST-invariant
due to its gauge-invariance.
Exercise: Prove that the Jacobian of a BRST transformation is unit. This
completes a proof that the full path-integral is BRST-invariant.

The BRST symmetry provides us with the asymptotic states of the S-
matrix. Let us compute the S-matrix element

{al B),

in a two different gauges, G; and G,, where the two gauge fixing conditions
differ by little: )
Go = G1 +6G.

We require that the initial |5) and final (o states are physical and thus the
same in both gauges:

(alg, ={alg, . [Blg, =1B)g, -
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The matrix-element is computed through the path integral Z, which has
an apparent but fake dependence on the gauge. A difference due to the
different gauge-fixing conditions shows up due to the change of the action in
the exponent of the path-integral. We will have:

SZ = Zg2 — Zgl = /DA '_eifd4£Cl+95K|gl _ /DA ] .eifd4£cl+gsK\g2

Since we have considered infinitesimally different gauge-fixing conditions, we
have that: . 3
07 = Zg,igsoK.

Demanding that this difference has no physical consequences leads to a selec-
tion criterion for physical states. Promoting 0K into an operator, we would
like that it yields a zero expectation value when inserted in a matrix-element
for the transition in between physical states:

0= (a| 0K |B).

We can construct an operator () which is the generator of the BRST trans-
formations for canonical fields.

So(Field) = i [0Q, Field),

where a commutator for a field with even spin and an anti-commutator for a
field with odd spin are understood with the + subscript: [A, B] . = AB+BA.
We can write:

0 = s(s Field) = Q. [Q, Fz’eld];h = |Q Field| .
For the above to be satisfied for every field we need:
Q*=0.
Using the BRST generator we write:
(o 0K |8) = (a] |Q,0K ] |8) = (o] QK |8) + (a| KQ|B) .

The matrix-element is the same in all gauges if the above vanishes; this
provides us with a condition for physical fields. Computations of matrix-
elements in different gauges yield the same result if the physical external
states annihilate the generator of BRST transformations:

(al@=QI8) =0. (291)
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We have discovered a new symmetry transformation which leaves the
gauge-fixed path-integral of a non-abelian gauge theory invariant. The BRST
transformation is very important for the renormalization of the theory since
it constrains the UV divergencesof S-matrix elements.

5.1 Application to the free electromagnetic field

If we trun off the coupling constant g non-abelian gauge theories reduce to
the free QED Lagrangian. Also, the in and out states of the S-matrix are
constructed from the requirement that asymptotic states at times very far
in the future and the past are states of the interaction-free Lagrangian. It
is therefore very useful to study how BRST symmetry can be used to select
physical states in the case of the free electromagnetic field. The generating
functional for QED in the Lorentz gauge takes the form:

7z = /DAuDﬁDan exp {i/d% [ﬁcl + ng + wd, A" + (8M77)(3“77)] } ;
(292)

We recover a form which is non-linear in the gauge-fixing condition if we
integrate the bosonic field w:

(0, A")°
2

The classical Euler-Lagrange equation of motion for the auxiliary field w is

7 = / DA, DiiDyj exp {i / diz lﬁd— +(auﬁ)(a“n)]},(293)

1
§

Notice that we can obtain the part-integral with the field integrated out in
Eq. 293 by substituting in the path-integral of Eq. 292 the equation of motion
of Eq. 294.

The BRST transformations with the w field set to its classical value (or
integrated out) are:

w =

0, A" (294)

0gm =0, dgn = —iaMAM, 0g Al = —Qa’*n. (295)
98 g
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We now write the quantum fields as a superposition of plane waves:

A3k A ,
o — 0 ik-x * _—ik-x
At (x) /(270320”C z/\:e/\ [a,\e +a\e } (296)
— dBk ik-x *x —ik-x
d3k ik-x * _—ik-x
n(l’) = /(27r)?’2¢<j]€ [CG +ce ] s (298)

where the operators b, b* and ¢, ¢* are not necessarily Hermitian conjugates
and €y are polarization vectors. We take them to satisfy the normalization

€N EN = g)\)\’. (299)

Substituting these equations into the BRST transformations of Eq. 295, we
obtain (exercise):

[Q,ax] = —(k-e\)c (300)
[Q.a}] = (k-e)c (301)
{Q:b = EZ(EA‘I{?)GA, (302)
{Q. 07} = 2;(@%)@;, (303)
{Q,c} = 0. (304)
{Qc} = 0. (305)

(306)

A state is physical if it annihilates the BRST operator:
@Q [phys) = 0.

Let us consider a state

|A, phys) = o} [phys),

which has in adddition a photon with polarization €,. Acting with the BRST
generator on it, we obtain:

@ |A phys) = Qa} |phys)
(@, a}] [phys)
= (k-e€))c"|phys), (307)
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which is zero if k- €, = 0. We conclude that a photon state is physical if the
polarization vector is transverse to the momentum, in agreement with our
expectations.

Now, we consider a state

b* [phys)
which also contains an anti-ghost field. Acting on it with the BRST generator
we obtain

Q0" [phys) = {Q,b"} [phys)
1 *
= 2D (k-e)ajlphys), (308)
&5
The polarizations which are transverse to the momentum yield a zero con-
tribution to the sum. However, a polarization vector €;; will survive. We

thus have that the BRST generator transforms an anti-ghost state into a
photon-state with a longitutidal polarization.

Qb" |phys) = € - k |||, phys) . (309)
Reading this equation in the opposite direction,
||, phys) ~ Qb [phys) (310)

a state with a longitutidal photon is a “BRST exact” state, meaning that
it can be written as the BRST generator acting on a different state. While
such a state satisfies the physical condition

Q|ll, phys) ~ Q" [phys) = 0,
it does not contribute to the S-matrix. Indeed,
(phys'| ||, phys) ~ (phys'| Q" |phys) = 0. (311)
Similarly, we find that a state with a ghost is unphysical
(312)

Suggested further reading:
“A Brst Primer”
D. Nemeschansky, C. R. Preitschopf and M. Weinstein.
10.1016,/0003-4916(88)90233-3
Annals Phys. 183, 226 (1988).
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6 Quantum effective action and the effective
potential

We have started to collect essential tools for the renormalization of gauge
field theories by proving the existence of the BRST symmetry. In the fol-
lowing lectures we will convince ourselves that gauge theories, such as QCD,
are renormalizable. It turns out that for renormalization we need to worry
only about one-particle-irreducible (1PI) Feynman diagrams. If these are
rendered finite, then the full S-matrix elements will possess no other ultra-
violet singularities. In this Section, we wll introduce a new functional, the
quantum effective action, which generates only 1PI graphs. The quantum ef-
fective action is also a very important tool in order to define the ground state
of the quantum field theory, and to study symmetry breaking via quantum
effects.
We have worked with the generating functional
Z[J] = / D! (S [ dai@o(@).

I

Green’s functions are obtained via:

OITete) - o) [0 = z’lfLZ[lj] 6J(:c15)n.Z..[?J(xn)

=0
We found that if we require only connected graphs to be generated, which

are relevant for computing S-matrix elements, we should use the generating
functional W[Z], with

Z[J) = eV WJ] = —ilog Z]J].
Then,

(O] Té(z1) - - d(20) |0) conpeTED = Z-n1—1 §J(xf;W[g}](xn)

=0

An important Green’s function is the one-point function

oWl

©lo10) (1) = T35

)
J=0

which we typically find it to vanish for physical fields that can create asymp-
totic states. However, there are situations that a field (external field) fills
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the vacuum (0] ¢|0) () # 0. Such a field cannot be in the final or initial
state of a scattering process, but it can be a background where scattering of
other fields takes place. For example, the Higgs field may have such a role.
The field vacuum expectation value does not have to vanish either when the
corresponding source term in the functional is not set to zero. In the presence
of sources, we have

SW[J]

(9, = 101610, () = 7.5

The above equation defines a relation between the source J(x) and the vac-
uum expectation of the corresponding field. We can then trade source func-
tions in the path-integral and in functional derivatives with the corresponding
vev’s (vacuum expectation values).

(¢); = function(J), J = function™' ((¢) ).

Considering it as differential equation, we solve

Wi = [ d'w(9); (@)J(x) + T [(6),] (313)

where the last term is a constant of integration and does not depend on the
source J(x). This constant of integration is the quantum effective action

Plo)] = W] = [ d'aJ(@) (6) (@) (314

and it is a functional of field vacuum expecation values with very interesting
properties. From the above we find the simple equation,

SLEAL - ) (315)

Recall the role of the classical action S[¢|. The equations of motion for
the classical field are found by requiring that the action takes a minimal value

65[¢]

— = 0.
5¢ $=¢classical

At the quantum level, fields are promoted into operators. The analogue of
the classical fields in quantum field theory is the expectation value of the field
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operator in the state, usually ground state, of the system. In the absence of
sources, the quantum effective action yields the equations of motion for the
average values of quantum fields:

L _ (316)

0 (p)o ()

6.1 The quantum effective action as a generating func-
tional

We may take a next step and promote the quantum effective action to gen-
erate new Green’s functions. We use it in the exponent of a path integral:

eWrle.J] — /D (o) eé’{r[<¢>]+fd4xJ(x)(¢>>(x)}‘ (317)

We can establish perturbation theory using this path integral. It is possible
to derive propagators by identifying the quadratic terms in the action and
inverting the corresponding operator. We will not do this explicitly here; we
are rather interested in counting powers of the arbitrary constant g.

Every propagator in a graph (since it is produced by inversion), will con-
tribute a single power of g. Vertices are derived from the non-quadratic terms
in the Lagrangian without any inversion. Thus, each vertex will contribute
a power 1/g to a Feynman graph. For a graph with N; propagators and Ny
vertices the overall power of the coupling is:

gNI_NV.

All connected graphs generated by Wr 3 with N propagators and Ny wvertices
have L = 1 4+ Ny — Ny loops. It only takes trying a few examples out in
order to convince ourselves about the above statement. Otherwise, assign Ny
unconstrained momenta for each propagator. Each vertex will provide one
constraint, of which one combination is an overall delta function stating that
the sum of momenta of incoming an outgoing particles is zero. Ny — Ny + 1
momenta are left unconstrained and they are thus loop momenta. The power
of g for a graph is therefore determined exclusively from the number of loops
that it posseses:

gLfl.

3they are connected because Wr is the logarithm of a path integral
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We can then perform an expansion:

o0

Wrelg, J] =Y g* Wit 1J). (318)

L=0

Of course, we can still be interested in the case with ¢ = 1. What the above
expression tells us,

Wr[l, J] = i WP, (319)

is that the generating functional Wr[1, J] can be decomposed as a sum of
independent generating functionals WISL)[J] corresponding to different loop
orders. The functionals WIEL) are independent in the sense that shifts in the
measure do not mix them; symmetries of the full action should therefore be
symmetries of each one of the loop contributions sepearately.

Let us explore the possibility of a very small parameter g. We can expand
the exponent in the path integral around the value:

_ wi 2N ()
(9) = (), +m, th 500), (@) J ().

We have for the exponent of the path integral:

Do) + [d'ad () = Tlo),]+ [d'ed (o), +

fomo [

The linear term in 7 vanishes. We therefore have,

i) + [ det (0) = {Tl6),) + [ ' (6),} + O6P) = WLT + 0.
(321)
We then have,

G W) W) / Dyei JO07). (322)
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The path integral over n can be computed perturbatively. The factor é can
be eliminated by redefining n = 1'¢"/2. Then we are left with a “canonically”
normalized quadratic part. The important observation to make is that this
perturbative expansion will start at order O(g°) the earliest. After taking
the logarithm of both sides of the above equation, and by comparing the i
coefficients, we find that:

W [J] = W2L). (323)

In other words, the full generating functional of connected graphs W[.J] can
be obtained by a generating function where we have replaced the classical
action with the quantum effective action:

—ilog / Delso+ [ dzi@s@)] _ / D! [T+ [ T @)o(@)] (324)
TREE ’

and keeping only the tree-contributions (denoted with the subscript in
the integral symbol).

This is a remarkable result; it states that it is possible to re-organize
the perturbative expansion, which gives rise to both tree and loop graphs,
into a new expansion where only tree-graphs appear. Of course, W[J] and
WF(O)[J] are equal. The corresponding perturbative expansions are therefore
equivalent; the apparent lack of loops in the expansion from the path integral
wth the effective action WF(O)[J] should be explained by a re-writing of the
usual expansion from W[J] with modified vertices and propagators. These
new exotic vertices and propagators should be “dressed” to account for all
loop effects that we have encountered in the path integral of the classical
action.

The above result is of great importance for renormalization. “Trees” do
not have any ultraviolet divergences. Therefore, we only need to establish
a renormalization procedure which renders finite the “dressed” propagators
and vertices of the quantum effective action.

Let us take the “tree-only” statement seriously, and write down all pos-
sible graphs that we might have for two-, three-, and four-point functions.
This will be sufficient to establish a pattern for the Green’s functions derived
from the effective action. Actually, we can only have a very small number of
tree-graphs for small number of external legs.

We can figure out the propagators and vertices of the tree diagrams of
Fig 1 by comparing with the usual Feynman diagrams which we obtain by
expanding W[J]. The two-point function in Fig 1 must be equivalent to the
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Figure 1: Possible tree-graphs for two-, three-, and four-point functions. This
very small number of connected graphs, which arises from the perturbative
expansion of the path integral Wr[J] with the effective action I'[(¢)], should
contain in the propagators and vertices all loop effects found in the usual
path integral W[J].

full propagator, computed at all orders in perturbation theory from W|[J]:

— = - ( this is the full propagator )

@
N o (325)
where we sum all possible Feynman diagrams with two external legs. We can

write the sum of all graphs contributing to the full propagator as a geometric
series of one-particle-irreducible two-point loop Feynman diagrams.

_ G+@+{>§}+...(SQ6)
One-particle irreducible diagrams are these which cannot be separated into

two diagrams after we cut one of the propagators. Knowledge of the 1PI
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propagator graphs is sufficient to determine the full propagator. Let us work,
as an example, with a scalar field theory. We denote, in Fourier-space,

— pz_imQ (—i@?) pQ_img-

From Eq. 325 we find,

—_— B [ ] i
p2_m2n:0 p2_m2 p2_m2_2(p2>'

Indeed, the full propagator is then computed using only 1PI graphs.

We proceed to compare the three-point Green’s functions of Fig. 1 with
the result of the full perturbative expansion from W[J]. We now that the
propagators connected to the triple-vertex are full propagators.

Y-y

The triple vertex must then be only the sum of all 1PI three-point functions.

Three-point graphs which are one-particle reducible, always contribute a two-
point subgraph to the full propagators of the external legs and an 1PI 3-point
subgraph to the vertex.
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We can now convince ourselves easily that the four point vertex in Fig. 1
contains all one-particle irreducible four point functions.

.« o °
LU S -
' s »ﬁ}tC;\ %Q$<j

The same of course holds for higher multiplicities. Our conclusion is that we
can always rearrange the sum of graphs in the perturbative exansion, derived
via W[J] and containing both loops and trees, to an equivalent “tree-level
graphs only” expansion where the propagator is the full “¢two-point” function
and the vertices are all one-particle irreducible graphs with the same number
of external legs as in the vertex.

The important statement is that W[J] = Wlﬁo) [J] and that all Green’s
functions can be obtained automatically from the tree-level expansion of a
generating functional with the effective action replacing the classical action.
Let us verify that the two, three, and four point functions are derivable from
the effective action I'[.J].

We first introduce the short notation

(@) () = ¢, J(z) =y
We start from the equation,

or

56, =
Differentiating with a source, we obtain:
0 or
S — ) = ——
(@ —y)=—3 7, 50
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o / . 09 _OT
0Jy 0900,

_ [T 52W
- / 06500 | 100,67,

1 62T
1 000,

is the inverse of the full two-point function

From the above we see that

1 02w
Az — x2) = (0] To(21)d(2) [0) = 0000,

Before we compute the three-point function we need two tricks.

- Chain rule:
) B 4 0p, 0
5L /dzdjx 56,
52W[J] )
d* d* Az — )
/ 5000, 6b, / A —2)5
- Differentiation of an inverse matrix
1=MM!
B oMM ) oM oM 1
~ 0= = M My
OM~1 LOM
o - MM
We have:
‘@‘K_ 1 W]
? 420J,,000,0
) W
/ Iy 5% LMM&JJ
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— 4 -
_ /d y1A<$1 y1>5¢y1 Z’5¢$25¢$3

52F -1 53F (521—‘
= [ d'ydyad ys Az —
/ yid yod ys A1 — y1) L(ggbm(s(ﬁw] i5¢y1¢y25¢y3[

4, g4 4 o°T

/d y1d yad ys A1 — y1) A(w2 — y2) A(x3 y3>i5¢y15¢y25¢y3
Now we may compare the graph on the lhs and the rhs of this equation.
We have explicitly found that the full three-point function is the convolution
of propagators, one for each external leg, and the third derivative of the
effective action. From our earlier discussion we now that after we factor out
full propagators for the external legs, the remainder is the sum of one-particle
irreducible three-point diagrams.

Exercise: Prove that

54T
7:5¢y1 6¢y2 5¢y3 5¢y4
1s the sum of 1PI 4-point functions.

In summary, we can deduce from the Quantum Effective Action all phys-
ical predictions in a quantum field theory.

e The second derivative of I'[(¢)] is the inverse propagator. The zeros of
the inverse propagator yield the mass values of the physical particles
in the theory.

e Higher derivatives of the effective action are 1PI Green’s function. Con-
necting them with full propagators to from trees we can derive akk
connected amplitudes which are required for S-matrix element compu-
tations.

Additionally, solving the equation
or
6 ()

yields the values of vevs where the effective action is minimal. This will
serve to define the true ground-state of the theory. The location of the
minimum will also reveal whether any symmetries of the Lagrangian are
broken spontaneously.
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6.2 The effective potential

We have just observed that by differentiating the effective action functional
with respect to the field vevs, we generate one-particle-irreducible Feynman
diagrams. All functional derivatives of I'[(¢)] are therefore represnted in
terms of Feynman diagrams; if we could compute all these diagrams we could
compute the full effective action by summing up all the terms of a Taylor
series expansion.

Specifically, we can expand

POl = 3y ) (ol
— 2 %F(”)(xh ooy ) (D(21)) - (D)) (331)
o ()

T (zy, ... 2,) =

P35 (B(n) -0 B (332)

are one-particle-irreducible Green’s functions (in coordinate space).

We consider the case where the ground state (vacuum) is translation
invariant; it does not distinguish among different points in space-time. There
are situations where this is not true (instantons), however the space-time
blind vacuum case is interesting and common. We then have:

(¢(x)) = constant = ¢. (333)

In this case, the Green’s functions simplify enormously if we use a Fourier
transformation ( momentum space):

/@%L“&Lmebuw%Mwm»nww%»

d'k dik, . ,
/ (27T)14 R (27T>4e_lk1xl . e_lknxn<27r)45(4)<kl + k2 4.+ kn)

xTO) (ky, ... k)
s / Ay d 8O ) D () (2m) 0D (ky + K+ + k)
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xTO)(ky, ... k)
= ¢"(2m)*T™(0,0,...,0)0%(0). (334)
Notice that we have explicitly shown the delta-function which imposes mo-

mentum conversation. The multiple integrations over space-time x; are sim-
ple because of the assumption of z-independent vev ¢. The factor

(2m)*5(0 /d4xe 0w (/d%).

We then have for the effective action,

(/d4 ) - 50,0, 0). (335)

The effective potential is defined from the effective action, factoring out the
space-time volume:

_ T[¢]
Verp(9)] = (i) (336)
We obtain:
Vigs(e) == X ZE0(0,0.....0). (337)

Therefore, the recipe to compute the effective potential is:

e Compute all 1PI Green’s fucntions with increasing number of external
legs in momentum-space and setting all external momenta to zero.

e For each external leg include a power of the classical vev of the corre-
sponding field.

e Sum the series up without forgetting to include the i/n! from the Taylor
series expansion.

Let us consider the Lagrangian of a real scalar field with a quartic inter-
action,

£= L (@uo) =gt =2 (338)

A computation of the effective potential 1nclud1ng all orders in perturbation
theory is impossible. We can compute the effective potential easily in the
tree and one-loop approximation.
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We observe that the only two 1PI Green’s functions that we can write in
the tree approximation are the 2-point (amputated propagator) and 4-point
(vertex). From Eq. 337 we find,

2
tree __ m 2 >\ 4
Vi = +7¢ + @¢ . (339)
It turns out that the effective potential at tree-level is the same as the po-
tential of the classical Lagrangian.

The 1-loop computation of the effective potential will be discussed in the
exercise class.
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7 Symmetries of the path integral and the
effective action

Our guiding principle in constructing realistic theories for particle inter-
actions is invariance of the classical action under certain symmetries (e.g.
BRST symmetry for Yang-Mills theories). Symmetries of the classical action
S may not be automatically symmetries of the effective action I'. However,
the effective action I' satisfies very general equations (Slavnov-Taylor identi-
ties) due to these classical symmetry constraints.

7.1 Slavnov-Taylor identities

Consider a theory of ¢; interacting fields with arbitrary (bosonic or fermionic)
spin-statistics. We assume that this theory is symmetric under an infinitesi-
mal symmetry transformation:

i — ¢ = ¢ + €Fi(x, @),

where € is a small parameter and F* is usually an ordinary function of the
fields ¢; and their derivatives. Then, we require that both the action and the
path-integral measure of the fields are invariant under this transformation:

Sl + eFi(x, ¢5)] = Sl
D (¢; + eFi(x, ¢;)) = Do;.

After transforming the fields, the generating path-integral is
Z[0] = /D(b;eiswg]ﬂfd‘lmyi
= /D (¢; + €Fi(x, ¢;)) oiSlbiteFi(x,00))+i [ dha(diteF;(x,6:)J;
- / Dbyt [ dia(GiteFi@o0) ;.
We can now expand in the small parameter ¢,
Zl0 = /D¢z’€i5[¢i]+ifd4wi‘h (1 +ieFi(z, ¢i) + 0(62))
= Z[Ji]+ ie/DQbi (/ d*yFy(y, ¢1)Jz<y>> giSloil+i [ diagi
[ Do ([ d'yFily 60 aly)) eSS sk o, (340)
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or, dividing by the path inegral,

d I Do Fi(y, ¢i)eis[¢i]+ifd4x¢iJi
/ ' Z[J;)

Ji(y) =0 (341)

In the square brackets we recognize the average of the transformation over
all field configurations,

Do, Fi(y, ¢ iS[gil+i [ dizgsJ;
(), = TPATA S . (342

We then find the identity,

[ d (Fiy.00), Jity) = 0. (343)

concluding that if there exists an infnitesimal symmetry transformation of
the classical action, then there is a constraint on the “average” value of the
transformation. Eq. 343 depends on abritrary sources, and by differentiating
multiple times with the sources, we can obtain an infinite number of identi-
ties. These are called Slavnov-Taylor identities; we shall consider an example
soon.

7.2 Symmetry constraints on the effective action

The generating Slavnov-Taylor identity of Eq. 343 identity tells us that there
exists a symmetry for the effective action. Substituting

or
=5 o,
we obtain: 5T
[ @ tFity00)s 5 =0 (344)
Equivalently,

I
~ D), + € (Fily, 6:)),] =T [{¢),] + O (€). (345)
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Therefore, the effective action is symmetric under the transformation

(di) = (d:) = (¢0) + e (Fi (60)) - (346)

We recall that the classical action is symmetric under the transformation

i = @) = b + €F; () - (347)

Are these two transformations the same? Otherwise, is it F; = (F;)7
In general they are not! The symmetries of the classical action are usually
no symmetries of the quantum effective action. Consider an example of a
classical action symmetric under a field transformation

$(x) = d(2) + e¢*(x)

The quantum action should be symmetric under the transformation

(¢(x)) = (9(2)) + e ($*(x)).

Given that
2
(6(2))* # (6*(2)) .
the two transformations are different.

Nevertheless, we can identify many symmetries in classical actions for
realistic field theories which are linear:

Flia] = ci(a) + [ d'yT" (@.9)6,(y). (348)

The equivalent symmetry transformation for the effective action is

(Flénal) = (alo)+ [dyT (@ y)oi)
= al@)+ [ dyT (@) (9,(0)
= Fl{¢:), ], (349)

and it is identical to the classical transformation. It is usefull to remember
that linear symmetry transformations of the classical action, are
automatically symmetry transformations of the effective action.
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7.3 Contraints on the effective action from BRST sym-
metry transformations of the classical action

The BRST transformations are not linear; therefore they are only a sym-
metry of the classical action * and not of the effective action. Nevertheless,
the effective action is constrained by the BRST symmetry of the classical
Lagrangian (Eq. 343). For these nillpotent transformations Eq. 343 takes a
very special form, the so called Zinn-Justin equation.
We start with a classical action S|¢;] of fields ¢; which is symmetric under
the BRST transformation
dg; = 0B;. (350)

Since B; is nilpotent we also have

0gr09P; = 0
~ §yBi=0 (351)

We realize that, because of Eq. 351, there is a more general action which has
the same symmetry as the original S[¢;]. It is easy to verify that the action,

S[ei, K] = S[¢s] + /d4$Bz‘(=’U)Ki($)a (352)

is indeed symmetric under the same transformation.

The functions K; are arbitrary (sources). We recall, however, that the
functions B; have the opposite spin-statistics of the corresponding field ¢;.
Since the product B; K; must have even spin-statistics (the same as the action
S), we deduce that the source K; and the field ¢; have also opposite spin-
statistics.

We can write the generating functional W for connected graphs,

WK / DeiSil+i [ daBiiti [ diogiti, (353)

The fields ¢; may be bosonic or fermionic, therefore the order that we have
chosen in writing the integrands in the exponential is important. Conven-
tionally, we have placed source terms J;, K; to the right.

4From now on, by “classical action” for a gauge theory we mean the action obtained
after gauge-fixing using the Fadeev-Popov method.
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The vacuum expecation value (¢;) is given by

I D¢i(y>ei5[d)i}+ifd4zBiKi+z’fd4m¢iJi
[ Da; oiS[pil+i [ d*aBiKi+i [ dizg;J;
orW [ J;, K]

= g (354)

(0i(y)) =

This is an implicit relationship among J;, K;, (¢;), and we will consider
K;, {(¢;) as independent variables, and the sources J; as being expressed in
terms of these two variables:

The exact form of J;({(¢;), K;) can be found if we evaluate explicitly the
effective action,

Dl00) K] = W L(0) Ko, Ki) = [ ' (60 Jillen) KD, (359)
and take a left derivative,

oLl [{¢3) , K]
& (pi())
We now compute the derivative of the effective action with respect to the
sources K.

= —Ji((¢s) , K;) (). (356)

orl' [(d0) , KG] 6 4
RéKi(x) a (5K§x) (W[‘W ' / ' (@) Ji({9) ”)
oW [, K]
K@) | smnoa.i

y [ ORW ] JZ,K] SrIm({¢3) , Ki) ()
+/d ( W 1, —Jm<<¢>Ki>)< OKi(z)

OrW [J;, K]

Ji=Ji({9:),Ki)
- f ) 22080 )
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0K;(z
_ 5RW [Jza Kz]
OKl®)  |smron i)
. Ogr .
= —1 ln</D¢els[¢]+lfdx¢zJ+fdeK)
OKi(x) J;=FIXED
From the general Slavnov-Taylor identity we have,
/d4x B;)
/d4 5LF 0
ogl 6LF
d'z =0. 358
/ 5K, 0 () (358)

This is a constraint which depends only on the effective action I'[(¢;) , K]
(Zinn-Justin equation). It is a very useful form in order to study the con-
sequences of symmetry for the effective action, especially in connection with
renormalization proofs and studying anomalies.

For later use, we define the product

Cp o (rF 6.G SRF §,G
r.o)= | dx(émw_éw 6&-)' (359)

for functionals F[(¢;) , K;|, F[(¢;) , K;] of the functions (¢;) , K;. Recall that
(¢;) and K; have opposite spin-statistics. Then, the Zinn-Justin equation
can be written as

(I,T) = 0. (360)

7.4 Slavnov-Taylor identities in QED

We now consider an example of Slavnov-Taylor identities in QED. The clas-
sical Lagrangian is, in the Lorentz gauge,

1 - 1
L=—FuF" + P —m)v— (9,A"). (361)
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The corresponding path integral is,
21, pp) = [ DADEDe [ #elesasriioe] (362)
An infiniterimal local gauge transformation is:
1
A, — A, — gau@(x),

v o= (1—11gO(x))Y,

v — (14+1igO(x)).
The path integral measure is invariant under the gauge transformation. In
the integrand of the path-integral exponent, we can identify a part which is

invariant under these transformations, while the remaining, which includes
tha gauge-fixing term and the source term, is not invariant.

1 _
Enon—invariant = _ﬁ (auAM)Q + AHJ/L + ¢p + /7¢ (363>

By performing a gauge-transformation on the path-integral we can derive, as
before, the Slavnov-Taylor identity,

/d4$ <5£non—invariant> =0. (364)

We can work out what is the change in the non-invariant part of the La-
grangian. The gauge-fixing transforms as:

1 ) 1 1 2
—o5 @A o = |9 A - —ore

q
1 1
= % (8, A") + q—)\é?uA’”@Q@(x) +0(0?)
~ 5 (—;A (8HA")2> _ ql)\@HA“&?G)(x). (365)

Adding the variation of the source terms, we obtain:

5£non7im)am'ant = q]_)\a,uAua2®(x) - Zq@@?’)ﬁiﬁ + Zq@(x)zzp - ljﬂau@(x)
q
(366)
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The Slavov-Taylor identity is:

/d4x <(11)\8MA“82@(3U) — igO(z)pp + iqO(z)hp — ;J“@N@(:U)> =0

4 1 o 2 . — . - 1 m o
~ /d x [qAa” (A") 0*6(x) — iqO(x)p (V) + iqO(x) () p — 6‘] au@(x)] =0

~ / 420 (z) Baﬂaz (A" —ig”p () + iq” ($) p + @LJ“} =0, (367)

where we have used integration by parts. The above should be valid for
arbitrary ©(x), therefore the kernel of the integration in the square brackets
should be identically zero.
1
A

Substituting vacuum expectation values with functional derivatives of the
path-integral for connected graphs, W = —ilnZ, we write:

1 oW oW oW
0,0 — —iPp— —ig*—p+ 9,J" =0 369
NS i i 5pp+u , (369)

0,0° (A") — iq*p () + iq” () p + D J" = 0. (368)

where the functional derivatives are left derivatives for the fermionic sources.

Eq. 369, provides constraints for Green’s functions in QED at all orders
in perturbation theory. We find the simplest example, by differentiating this
equation with a photon source and then set all sources to zero,

) 1 oW oW ow
0 (20,022 g2t —i?? 19 J“) — 0,
0J"(y) </\ " e, g op op o J,p,p=0
1 W
N Y i L— +9,0(z —y) = 0.
R TR AT BN
10,5 (O] TAM ) A*() [0) = ~0,0(x — ). (370)

We now write the Fourier representations,

4
o(z —y) =/ T eine-,

and
d*k

e D)

(0] A" (2)A*(y) 0) = |
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Substituting into Eq. 370 we find that the photon propagator in momentum
space should satisfy,

v k"
kD" (k) = /\ﬁ (371)
We can write, in complete generality,
D, = A(k? B(k? Fuky 372
w = AG)gu + B L. (372
Substituting in Eq. 371, we find
A(R) + B(R?) = 2 373
() + BF) = 75 (373)
Thus, the photon propagator in momentum space has the form,
5 R ) A kFEY
DI (k) = AGR) (gﬂ S ) AR (371)

This is a result valid at all orders in perturbation theory.

Notice that the term which depends on the gauge-fixing parameter is fully
known. We can compare this with the result at leading order in perturbation
theory,

Tk k2 k2 k2

We can see that the gauge-fixing contribution is accounted fully in the leading
order result, and therefore it is not modified at higher orders in perturbation
theory. Higher order corrections modify only the function A(k?). For this
reason, the gauge-fixing parameter A\ does not receive any renormalization.

A second important observation to make is that the part of the propagator
which does not depend on A,

) g
D = ) (- ).

-1 FUEYN A KPR
DM (k) = (g“” - ) + +0(g°). (375)

is transverse to the photon-momentum. Indeed, we easily find that

D (k)k, = 0.

102



END OF WEEK 8

103



8 Spontaneous symmetry breaking

Symmetry transformations that leave the effective action invariant may not
be symmetries of the physical states and the vacuum state. These symmetries
are “spontaneously broken”. Spontateous symmetry breaking is associated
with a degeneracy of the ground state (vacuum). Let’s assume that an effec-
tive action is symmetric under

(@) = = (d) ~ Tl{)] = T (9)]

a symmetry which is inherited unchanged from the classical action (as we
have seen earlier). Assume also that the physical vacuum expectation value

of the field,
or

D)o T
W S
with (¢), # 0. In other words, there exists a state |v,) with

(va] 9(2) [va)

(Val| va)

=0, (376)

(#), = 40, (377)

for which I'[(¢),] = I, is a minimum. Then, there should be a second value
of the field vev in a different state which also gives the same value for the
effective action:

o) (D)= — (), with T[(¢),] =T[(¢),] = minimum .

So, while the transformation ¢ — —¢ preserves the action and the effective
action, it does not preserve the states and transforms one state into another:

[Va) = [vn) -

The symmetry is broken as long as the system is in one of the degenerate
states.

8.1 Goldstone theorem

Consider a symmetry transformation

Gn(1) — QS;(I) = ¢n(z) + iez trm®m () (378)
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with € a small parameter and t,,, generators of the transformation. The
transformation leaves the effective action intact:

L[ @n(2))] = T [ ()] - (379)

The symmetry of the effective action gives rise to Slavnov-Taylor identities:

, o .
/ s o %(x»tnm(@n( )) = 0. (380)

Taking a second derivative, we have:

62T or

0 = sty Ona) + syt (8D

For physical systems with zero external sources, J,,(x) = 0, we have that:

ol
5oy (382)

and we arrive to the equation
5°T
0 = / d*x
0 (du(y)) 6 (Pn(x))
We now make an important assumption that the vacuum state |Q2) is trans-
lation invariant. We then find that the vacuum expectation value of the field
is the same in all space-time. Since we can find the value of the field oper-

ator at a space-time point x from the value of the field at the origin with a
translation using the momentum operator as a generator, we can write:

O@) = @@
= (@) |0)
= (] ¢(0)|Q2) = constant = (¢) . (384)

tm (Om(T)) - (383)

Then, the effective action can be written as:

Ll6a)] = = [d'aVig((on) = = ([ d'a) Vigsl(on)) - (389)
Eq. 383 then yields for the effective potential V. ;s the following constraint:

PVeys

2 tom (Om) 0w 5 Gy~ (386)
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This is a constraint on the mass spectrum of the theory. To see that, we
recall that the second derivative of the effective action is the inverse of a
two-point Green’s function:

S = (onla)

~ S o

o [ QTR ) 5 s = B = 1)

o [ T WA ) =

o [ty @ ToGoE) ) méw 2= b
T [y @I Ton(n(s) 1) - (387

Substituting the Fourier transformation of the 2-point function:
(QUT6u)60)|9) = [ FEDuGPI e (ass)

the integration over the y variable yields a delta function setting the momen-
tum p* = 0. We therefore have:

PVery
Dukl0) 5755 1y = (389)

Or, equivalently,

PVers
Tl 0 lom Lm0 (390)

Eq. 386 yields that
ZDzn tm ($m) = 0. (391)

When is this equation satisfied? Let’s write the combination Y-, tpm (¢m) =
d (¢n) as the variation of the vev under the symmetry transformation. Then

Eq. 391 becomes:
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If the transformation leaves the vacuum state and, thus, the vacuum expec-
tation value of the fields invariant, ¢ (¢,) = 0, then Eq. 392 is fulfilled. What
if the symmetry is broken and the symmetry transformation of the effective
action changes the vacuum, so that there are some § (¢;) # 07 Let us rewrite
Eq. 392 in a matrix notation:

Dy, (0) (On) | = 0 | (¢n) (393)

We observe that the matrix D;'(0) has zero eigenvalues, as many as the
independent vectors 6 (¢,) which are non-vanishing. In the simplest case
of only one field, the inverse propagator of the field at zero momentum is
proportional to the mass of the particle excitation of the field:
Dip) = 17 , D1 9
(p) = e + continuum ~» (0) oc m?.
In general, D, ;' (0) is the mass-matrix of the theory. Redefining appropriately
the fields, ¢, = anggm eliminates non-diagonal terms and the diagonal
terms, the eigenvalues of the matrix, are the masses of the physical particle
excitations of the fields ¢;.
We have just proven Goldstone’s theorem. Namely, for each independent
3 {(Dn) = 3m Tom (dm) # 0 there exists a massless particle in the spectrum of
the theory. The symmetry generators 7,,,, which change the vev of the fields
are called “broken” generators. There is an alternative proof ® of Goldstone’s
theorem due to Weinberg. This proof also demonstrates that

e The massless states are one-particle states.

e They are also invariant under rotations and correspond to spin-0 par-
ticles, the so called Goldstone bosons.

e The Goldstone bosons have the same “quantum numbers” as the con-
served currents corresponding to the broken generators.

Goldstone’s theorem seems very powerful and its proof appears to leave
no room for exceptions. Nevertheless, we will be able to find a loophole soon:
it is possible to have spontaneous symmetry breaking without giving rise to

5to be taught in the course of The physics of Electroweak Symmetry Breaking
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massless particles. We note that our proof requires translation invariance of
the vacuum states as well as positive norms. These requirements cannot be
satisfied simultaneously for quantum theories with local gauge invariance.

8.2 General broken global symmetries

Let’s assume a pattern of spontaneous symmetry breaking:
G — H,

where (G is the symmetry group that leaves invariant the effective action and
H a subgroup of G which leaves invariant the vacuum. We will also assume
that the symmetry group is global. In other words, the effective action I'
remains invariant I'[¢p,] = ['[¢7,] for

OGnm

1% = Zgnmd)ma Oh = 07 Gnm € G: (394)
and the vacuum remains invariant

According to Goldstone’s theorem, the mass matrix of the theory has zero
eigenvalues for the eigenvectors:

ST, (Ym) = 6 (), (396)

where T is a broken generator.

Which independent linear combinations of the fiels in the Lagrangian
of the theory correspond to Goldstone fields and which are not? We shall
prove that all fields 1, (including non-Goldstones) can be obtained from
Goldstone-free fields 1, by performing a local group transformation:

Yn(z) = Z’Ynm(x)lﬁm@:) (397)

We start by observing that Goldstone-free field combinations 1, (the “heavy”
fields of the theory) must be orthogonal to the vectors of Eq. 396, that is:

> () Ty, (o) = 0. (308)
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Without loss of generality, we will assume that the elemebts g € G belong to
a real and orthogonal representation of the group which is compact. Then,
the quantity:

Vi (9) = VYngnm (¥m) (399)
is a bounded, continuous, real-valued function.
Exercise: ... Let us now find an appropriate g = 7 for which Vy,)(g) is a

maximum at every space-time point x. Then, under a small variation of the
group parameter

5’7nm =1 Z Ea'Ynl,Tl(;m (4(]0)
Vi (g) is stationary:
0=0Vy(g) =i € D tn(@)ym(@) T, (Vom) (401)
a nlm

Recalling that we have chosen an orthogonal and real representation of the
group, we have:

] = [yn) ™ (402)
Thus,

0= S St 7 ) (403)
Therefore, the field combinationW;:
= Zn: Vi Un (404)
are orthogonal to the vectors

ST (W) = 6 (W) (405)

and they are not Goldstone bosons.
Let’s rewrite the Lagrangian of the theory by making the substitution
which we have just found:

U(z) = ~y(2)(z), (406)

rewriting the fields of the theory as explicit non-Goldstones @E() and the
remaining Goldstone fields contained in v(x). We remind that the La-
grangian is only invariant under a global gauge transformation, while the
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above transformation is a local gauge transformation which does not leave
the Lagrangian invariant. We have:

Ly@)d@)] = £ |y(z0)d()]
+derivatives of (), (x) (407)
Due to the global gauge invariance of the theory, £ [fy(xo)ﬁ(x)] =L W(m)},
we have that:
Ly(@)d@)] = £[d)]
+derivatives of v(x), 1(z) (408)

where the first term does not have any Goldstone bosons. Goldstone bosons
appear only as derivatives. This forbids mass terms:

mpB(z)B(x)

for them. Also, ar low energies, Goldstone interactions vanish. Indeed, the
Feynman rules for fields that appear as derivatives will be proportional to
the momenta of the particles:

0,y(x) = 0,B(x) = py (in Ferynman rules)

and vanish for zero momenta p* to0.

8.3 Spontaneous symmetry breaking of local gauge sym-
metries

Let us now assume that our Lagrangian is invariant under a local gauge
symmetry. Repeating the reasoning of the previous section and rewriting

V=9,
we have that 3 )
£ [Y(@)d(a)] = £ [i()] . (409)
In other words, our carefully selected gauge transformation eliminates all
Goldstone boson fields from the Lagrangian. We have just found an excep-
tion of Goldstone’s theorem in theories with local gauge invariance, where
the symmetry is spontaneously broken but there are no physical massless

Goldstone fields due to the breaking of the symmetry. The rewriting ¢ = 1
is equivalent to choosing a gauge fixing condition:

¥ (T (¢)) = 0. (410)
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9 Renormalization: counting the degree of
ultraviolet divergences

Consider a Lagrangian with fisdimensionalityelds f and generic interaction
operators O;.

L = kinetic terms + ¢g101 4+ g202 + ... + gnyOyn. (411)

Each operator O; is a product of fields and/or their derivatives. In QED for
example, we have one such interaction term:

b AY;
In QCD more operators emerge, e.g.
fabcauAgAu,bAu,c7 fabefcde‘/421411114#,0141/,d7 o

We would like to keep this discussion as general as possible; At the end, we
will be able to make statements on whether we can remove via renormaliza-
tion ultraviolet infinities from arbitrary Lagrangians. Most of our arguments
will be derived using simple dimensional analysis.

We consider a generic one-particle irreducible Feynman diagram in per-
turbation theory. We will first find a simple formula to test whether it has the
most obvious of all possible divergences, the so called superficial ultra-violet
divergence. If the diagram has L loops, a superficial divergence corresponds
to an infinity of the diagram in the limit

|ky| = |ko| = ... = k| = kK = 0,

where k; are the loop-momenta. A Feynman diagram might have divergences
in other limits, where only some momenta or linear combinations of them are
taken to infinity while the remaining independent momenta remain fixed. A
Feynman diagram in the superficial ultraviolet limit behaves as

/ AP (412)

where D is an integer, called the superficial degree of divergence.

o If D > 0 the Feynman diagram has a powerlike divergence,
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e if D =0 it diverges logarithmically,

e if D < 0 it is convergent (only in the superficial limit, since it might
have other divergences).

We can compute D (or an upper bound of it) for any Feynman diagram
on general grounds. We assume that our 1PI Feynman diagram has

e [; internal propagators for each of the fields f,
e [Jy external legs for each of the fields f and
e N, vertices corresponding to the term ¢;O° in the Lagrangian.

Recall, as examples, the Feynman rules for propagators in gauge theories,
and how they behave at the limit of infinite momentum.

e a photon propagator,

Kk
-~ _guu+ Zzy o 2.
2 o
e a fermion propagator,
¥+m -1
2 _mz
e for a scalar,
1 -2
~N —— ~ K
2 — m2

For each of the internal propagators of the field f in the Feynman diagram
there is a contribution to the superficial divergence,

Af ~ k—2+25f

where, sy = 0 for a boson and sy = % for a fermion. The total contribution
to the asymptotic limit from propagators is then

s s o5 =), (413)

The contribution from vertices is easy to find if we know how many loop
momenta appear in the corresponding Feynman rules. For a vertex due to
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an operator (; this number is equal to the number of space-time derivatives
d; which can be found in the expression for O;. Recall that a Feynman rule for
a vertex is esentially the Fourier transform of the expression of its operator
and therefore momenta arise only from derivatives. The total contribution
from vertices to the superficial ultraviolet limit is

g2 Nids. (414)

Finally, due to the integration measure d*k; for each loop, the total contri-
bution from the loop-momenta to the superficial UV limit is

KA (415)

where L is the number of loops in the graph. L is known if we are given the
number of internal propagators Iy and the number of vertices N; in the graph.
The number of loop-momenta carried from internal propagatorsis > ¢ Iy. The
vertices provide Y_; N; constraints of which one is not for loop-momenta but
for the external momenta. Therefore, the number of loop-momenta is

L=Y1;-3YN,+1.
f i

Putting together the contributions from the loop integration measures, ver-
tices, and internal propagators, we find that the asymptotic behavior at
infinity has a superficial degree of divergence

D= "2Ip(1+s;) =3 Ni(4—dy)+4. (416)
f i

We can express the number of internal propagators in terms of the number
of external legs. Let us assume that we have N;; particles f in the vertex
corresponding to the operator O; in the Lagrangian. The total number of
(internal) legs of the particle f connected in all the vertices of the graph are

> Nilig.

From these F/; are external and the remaining are internal. Every propagator
of f has two edges, so the number of internal legs is

21;.
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We then have the identity

We can therefore write the degree of divergece as

D=4-> Ef(1+s5) =Y N;|4—d;i—> Nis(1+sy). (418)
f i f

Notice that the square bracket in the last expression depends only on
the functional form of the operator O;. If this operator is multiplied with a
coupling constant g; in the Lagrangian, i.e. £ = ¢;O; + ... we can prove that
this square bracket is exactly the mass dimensionality of the coupling g;:

!

Indeed. The mass dimensionality of each term in the action should be zero.
We then have that

|d*z] +[g] + [0] =0,
where the operator O; has d; derivatives and N;; fields f. Thus,

—4+ [g:) +di =Y Nig[f] = 0,
f

and [f] =1+ sy is the mass dimensionality of the field. Indeed,

(O] Tf (21) f(22) |0) ~ /k—>oo Ak 2285 otk
~ Q[f]:4—2+28f/\»[f]:1_|_8f. (420)

In conclusion, we can write a very suggestive expression for the superficial
degree of divergence:

D=4-% E¢(1+s;)—> Nilgl. (421)
f i

If the Lagrangian does not contain any couplings with negative mass dimen-
sions, [g;] > 0, we find a superficial ultraviolet divergence, D > 0, only in
Feynman diagrams with a small number of external legs.

D>0~ Y Ep(l+s) <4
/

114



In particular, superficial divergences do not appear in (one-particle-irreducible)
Feynman diagrams with five external legs or more.

Examples of theories where superficial divergences may appear in only
a limited number of Green’s fucntions are QED and QCD. All interaction
operators have dimension four and their coefficients are dimensionless. Su-
perficial ultraviolet divergences are limited in 1PI Green’s functions, such as
(O] T (1) (2) |0>77 (0] TAZ(@)AZ(%) 10), (0 T (1) A} (22)3(23) [0) , . ... On
the contrary (0| T9(x1)Y(x2)Y(23)Y(z4) |0),p; is (superficially) finite.

Theories with [g;] > 0 are called renormalizable. As we shall see,
these superficial divergences in a finite number of Green’s functions can be
removed by adding a finite number of extra terms in the original Lagrangian
(counterterms).

If the Lagrangian contains a coupling with negative mass dimension [g;] <
0, then from Eq. 421 we see that all Green’s functions, at some loop-order,
will develop a superficial divergence. It is therefore impossible to cancel the
infinities by adding a finite number of counterterms. Such theories are called
non-renormalizable.

9.1 Subdivergences

We should stress that the counting of the superficial degree of divergence is
not sufficient to prove that a Feynman is finite. Consider the two example
graphs of Fig. 2. Both two-loop graphs have the same superficial degree of

AVAVAVAV — N "\N\NN———

Figure 2: Both two-loop graphs have the same superficial degree of divergence
D = —2. However the Feynman diagram on the right has a self-energy one-
particle-irreducible subgraph which has a superficial degree of divergence
D = 1. A necessary condition for a graph to be UV finite is that the graph
and all its subgraphs have D < 0
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divergence D = —2. One could naively conclude that both Feynman two-
loop graphs are likely to be finite. We know, though, that this is not the case.
Let us compute the superficial degree of divergence for all one-loop subgraphs
that we can spot in the two diagrams. For the left diagram, we find that
all subgraphs have a negative superficial degree of divergence. It also turns
out with an explicit calculation (beyond the scope of this lecture) that the
diagram is indeed UV finite. However the two-loop Feynman diagram on
the right has an one-loop self-energy subgraph; this has a superficial degree
of divergence D = 1. The self-energy is 1/(d — 4) divergent, where d is the
space-time dimensionality. Such a divergence remains even after we embed
the one-loop self-energy as a subgraph inside a two-loop graph (there is no
mechanism to cancel it). Against our naive counting for the global superficial
degree of divergence, the two-loop diagram on the right is divergent. The
lesson from the above examples is that for a diagram to be UV finite it is
necessary that the supereficial degrees of divergence for the full graph and
all of its sub-graphs must be negative.

9.2 Cancelation of superficial divergences with coun-
terterms

We derived a criterion to decide whether a Green’s function will develop
the most “obvious” type of divergence (superficial) in the limit where the
magnitudes of all loop momenta tend simultaneously to infinity. We also
found that for renormalizable theories this type of divergence appears in
only a finite number of Green’s functions with a small number of external
legs.

Infinities are not acceptable for physical theories. A way out of this prob-
lem is to recognize that the Lagrangian that we started with has a certain
degree of arbitrariness. The guiding principle for constructing a Lagrangian
is to respect a set of symmetries (e.g. BRST symmetry). However, this is not
a tight enough constraint to fix, for example, the actual values of independent
mass and coupling parameters. It may be possible to redefine the parame-
ters and fields of the Lagrangian or even add more operators to it without
destroying the symmetries of the Lagrangian. How can we fix the fields and
parameters of the Lagrangian, choosing among their various possible redefini-
tions? In renormalizable theories, we fix (partially) this arbitrariness so that
all Green’s functions calculated with the redefined (“renormalized”) fields,
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couplings and masses are finite.

We have seen that for “renormalizable theories” the “disease” of infinities
is only spread to a few Green’s functions. Redefinining the fields and param-
eters of the Lagrangian (¢ = Ziyr = Yr + §Z1g,...) gives rise to a few
new terms (counterterms) with coefficients engineered to cancel exactly the
UV infinities which emerge order by order in perturbation theory. But, is it
possible mathematically that we can cancel the infinities from loop diagrams
with counterterms? For this method to work, it is essential that diagrams
with counterterms at a loop order have the same kinematic dependence as
the UV infinities of loop diagrams without counterterms at higher orders.
At the first two orders in perturbation theory, this statement means that
tree-diagrams with counterterms must have the same kinematic depenence
as the infinities of one-loop diagrams without counterterms.

If, for example, the 1/¢ terms of a Green’s function at the one-loop order
(where d = 4 — 2¢ in dimensional regularisation) are logarithms of external
momenta,

In(p?)

€

such a contribution cannot be cancelled by the tree-level contribution of a
countertem. Recalling the Feynman rules for vertices which enter tree-level
calculations in all theories that we have examined so far, we find no such log-
arithms in their expressions. Feynman rules always yield simple polynomial
expressions for the vertices of tree-diagrams. For such tree-level expressions
mde out of counterterms to cancel the infinities of one-loop diagrams the
latter have also to be constants or simple polynomials of momenta. A neces-
sary condition for the counterterm program to be succesfull is that one-loop
infinities are “local”, i.e. they appear as simple polynomials in the external
momenta as the usual Feynman rules do.

Let us look at the fuctional form of the superficial infinities at-one loop or-
der in perturbation theory, and convince ourselves that indeed this is exactly
what happens in practice. Take, as an example, the one-loop correction to
the four-point function in the —%gb‘* theory. The superficial degree of diver-
gence is D =4 —4x 1 = 0 and the graph is indeed divergent. In dimensional
regularization, the corresponding Feynman parameter integral yields,

1
—m?) [(k +p)* —m?]

<0‘T¢($1)¢(Z‘2)¢<$3)¢<x4>|0>’1—loop ~ )\2/ddk<k2
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(]_ — X1 —CL'Q)

1 )
~ A2F<€)A de’ldl‘2<

m? — x1128)¢

A2 1
~ = = Ay — )\2/ dxIn (m2 —a(l — m)s) (422)
€ 0

with s = (p1 + p2)® = (ps + pa)*.

Loop integrals, in general, contain logarithms or integrals of logarithms
(polylogaritms) with arguments kinematic invariants formed from external
momenta. Our example result is not an exception and we indeed find loga-
rithmic contributions in the finite part. We cannot escape to observe how-
ever, that the divergent part is very simple; it is just a constant. We can
then modify the interaction terms in the Lagrangian,

/\4 _>\4
AT

_ ﬁ>\2
4!

4
-
and adjust the coefficient f so that it cancels exactly the divergent part of
this one-loop integral.

The divergent parts of one-loop integrals are simple polynomials of the
external momenta, as in the above example. If we use Feynman parameters,
any one-loop integral may be written as,

d 1 dry...dz,0(1 — 21— ...z,
[1—loopNF<N_2>/0 ( : ( : ) (423)

L \N—¢
mizy + ...+ mix, — 3 s jriwy — i) 2

where N is an integer (equal to the number of propagators) and d = 4 — 2¢
the dimension. The denominator contains a sum over masses and kinematic
invariants of the external momenta. Divergences may arise from two terms;
the Gamma function I'(N — 2 + ¢) and the denominator of the integrand.
The argument of the Gamma function N —d/2 = D/2 is proportional to the
superficial degree of divergence D of the integral. The denominator of the
Feynman integral does not have any ultraviolet divergences. It could become
divergent when masses or invariants become zero, but it is finite when all
the propagators are massive. If this is not the case, and there are massless
particles propagating in a loop, singularities from the denominator are of
infrared nature connected to the small or zero values of |k| rather than the
UV |k| — oo limit. Infrared singularities can also be regulated by attributing
a small mass to massless particles and/or considering them to be slighlty off-
shell. We shall not worry here about infrared one-loop singularities and focus
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on the ultraviolet divergences which can be found, at one-loop order, in the
Gamma function pre-factor of the Feynman parameters integral:

T(N —d/2) =T(~1+¢),T(e)

for N = 1,2. Using the identity,

and
D(1+4¢€) =1— e+ O(),

and the fact that for N = 1,2 (responsible for the UV divergences) the de-
nominator of Eq. 423 turns into a numerator N —d/2 < 0 in four dimensions,
we can see that the coefficient of the 1/€ pole can only be a polynomial in
the external momenta. A loop diagram with superficial degree of divergence

D
L (424)

has a mass dimensionality D. Therefore, the polynomial can only be of
rank D in the external momenta. Each term in this polynomial multiplying
1/e must be cancelled by a separate counterterm operator with a different
number of derivatives. Naturally, the number of derivatives must be:

d; < D. (425)

Exercise: Prove that for the cancelation of UV divergences we need at most
as many counterterms in the Lagrangian as the divergent Green’s functions.

9.3 Nested and overlapping divergences

It can be proven that we only to worry about removing superficial divergences
from loop integrals. Nested and overlapping singularities are “automatically”
removed with this procedure as well. We refer to original literature for this
topic:

e Hepp:1966eg K. Hepp, “Proof of the Bogolyubov-Parasiuk theorem on
renormalization,” Commun. Math. Phys. 2 (1966) 301.
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10 Proof of renormalizability for non-abelian
gauge theories

Consider a theory with action S[¢] which is invariant under BRST trns-
formations of the fields ¢;: dgp; = 0B;. We can add to the classical action
source terms which preserve the invariance under BRST transformations due
to their nilpotency.

Slos, K] = S[6:] + / d*1BK,. (426)
We now split the action into two terms,

The first term is the action with the fields, masses and coupling constants
set to their renormalized values. The second term contains the counterterms.
S and Sk have the same functional form. Therefore, they possess the same
set of symmetries. It also follows that S,, must also possess the same set of
symmetries.

The effective action can be cast as an expansion in loops:

Iy, Ki] = i U'rlgi, Ki. (428)

We recall that all terms in the expansion are seperately symmetric and that
we can perform independent shifts to the measure of the path integral for
each one of them.

The Slavnov Taylor identities for the BRST symmetry transformations
result to the Zinn-Justin equation (Eq. 358) which is written in a short

notation as
(I,T) =0. (429)

Inserting the loop expansion of the effective action, we obtain:
O — (Fg, Fg)
+(To,I'1) + (T'1, To)

+(To, T2) + (I'1, 1) + (T2, To)
+... (430)
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Every line in the above expression must be separetely zero, since it corre-
sponds to a different order in the loop expansion (equivalently, the /i expan-
sion). For the N—th term of the expansion we have

g: (I'p,I'y—z) =0. (431)

L=0
At each loop order we find UV infinities. We decompose the L-loop effective
action into a finite and a divergent part:

' =Trfin +1'1 - (432)

At zeroth order we only find tree-graphs and there are no infinities. In
addition, the tree-level effective action is equal to the classical action. We
therefore have

Lo fin =Sk, T'oeo =0. (433)

We will prove using induction that we can removing all infinities from the
effective action, rendering all I'j, ., = 0, with the counterterms in Sg. Let’s
assume that we have achieved this for all loops up to N — 1,

I'teo=0, L=1...N—-1. (434)
Then, taking the infinite part of Eq. 431 we obtain that
(Co.fins I'voo) + (T'voos Lo, fin) = 0. (435)
Or, equivalently,
(Sr, I'noo) = 0. (436)

As we have discussed in a previous section, we expect the infinties of momen-
tum space Green’s functons in I'y o, to have a simple polynomial dependence
in the momenta, given that all divergences at the previous loop orders are
cancelled. We now make two observations:

e As we have shown earlier, the infinities of I'y o, arise in Green’s func-
tions with a small number of external legs. As we have assumed that
the infinities of all loop previous orders have been cancelled, at the
N —th loop order we cannot have any subdivergences. Thus, the N—th
loop order divergences correspond to the superficial limit where all loop
momenta are taken to infinity. For the superficial divergences we have
derived that they should originate from local field operators (products
of fields and their derivatives as well as sources K; ) in 'y whose
dimensionality is less than or equal to four.
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o 'y has all the linear symmetries of Sg. These are:

— Lorentz transformations
— Global gauge transformations
— Anti-ghost translations

— Ghost phase-transformations (~ ghost number conservation)

The last two symmetries are apparent by inspecting the ghost-terms of
the Lagramgian:

Lrpeev-prorov = (0'") D;‘anb- (437)

The anti-ghost field enter the Lagrangian only with its derivative,
and thus the Lagrangian is invariant if we shift globally the field by
a constant. In addition, the Lagrangian is invariant under a phase-
transformation of the ghost and anti-ghost fields:

n*(z) = (), n(z) — Y

A _y ei(H))pAau7 v — ei(+0)p¢_

The conserved charge of this symmetry is called the ghost number. The
ghost numbers of the ¢; = { A% ¢, n* 7} fields are v; = {0,0,+1, -1}
respectively. The above phase-transformations leave the action S|¢;]
invariant. For the extended action S[¢;, K;] to be invariant, we need
to assign ghost numbers to the sources K; as well. From the BRST
transformations we see that if a field ¢; has a ghost number ~;, the
variation under the transformation B; of the field has a ghost number
7i+1. The term [ d*zB; K, ought to remain invariant under the pghost-
phase transformation. We must therefore assign ghost numbers —v; — 1
for the sources K;. Specifically, the ghost numbers for K4, Ky, K5, K,
are —1,—1,0, —2 respectively.

Lemma: I'y  is linear in the sources K;.

Proof: To prove this we shall use dimensional analysis and symmetries. First
we determine the mass dimension of the sources K;. For a field ¢; with dimen-
sionality d; the operators B; have dimensionality d; + 1, as can be seen from
the expressions of the BRST transformations. The term [ d*zB;K; ought to
have zero dimensionality. Therefore we conclude that the sources K; have
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3 — d; dimensionality. Therefore the dimensionality of BRST sources corre-
sponding to scalar and vector fields, K4, K, K is 2 while the dimensionality
of the BRST source corresponfing to fermion fields K, is 3/2.

Since the operators of I'y o are of dimensionality four at most, we can
have operators with at most two sources K;:

i scalar/vector Kscalar/vector )

o K, fermion K fermion

® Kiermion Kfermionfield, with a dimensionality [field] < 1.

All quadratic terms in the sources K; have a non-zero ghost-number and they
are therefore excluded, with the exception of

KﬁaKf]a

operator which has a zero ghost-number. We can exclude this operator for a
different reason. The BRST symmetry transformation of the classical action
for an anti-ghost is linear and not quadratic,

0pn® = —Ow. (438)
Therefore,

oTn[(¢), K]

a 5LFN [(b“ Kl] a
= — () o 219 K]

— —w (439)

where in the last step we used that the transformation is linear so that, in
that case, the transformation of the “average” is equal to the “average” of
the transformation. The above differential equation tells us that I'y is at
most linear in the source Kz.. We have just shown that I'y . is at most
linear in all sources K;. We write

oo, K] = Dy o[hi, 0] + / 'z B, K. (440)

Recall that the classical action is also linear:
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Substituting in (Sg,['nvo) = 0 we obtain two equations for the zeroth and
the first order term in K;. Namely,

5LFNoo ~(SLSR
d'z | B, ’ B; = 442
/‘”lzwi*wi] 0, (442)

0.B; =~ 0. B;
d*z |B,—L + B,—2| = 0. 44
et B2 + 852 =0 )

We now define:

I = Sp+ ey, (444)
Bf = B;+e€B, (445)

where € is a very small parameter. With the Eqs 442, we can prove that
under a field transformation:

¢ — ¢ + OB, (446)
e ') is invariant
e The tranformation is nilpotent (up to O(e)).

We leave the proof of the above statements to the reader as an exercise.

From the above equations we infer that the dimensionality of B; is at
most the dimensionality of B;. From Eq 443, we also infer that B;, BZ and
thus Bf have all the same ghost number (exercise). With these constraints,
the allowed form of the transformations Eq. 446 is

o= i (0n°) Tadp (447)

Ara AP g [ B 4 Db ARy (448)
1

na N ,r]a . 5eElabcnbnc (449)

with £%¢ = —E due to the ghost field 1° being a Grassmann variable.
We can place more constraints on the coefficients of Eqs 447 by exploiting
that the transformations are nilpotent:

125



e From dp,0p,n* = 0, we find that
Eabchde + EabeEbcd + Eadebec — 07 (450)

which reveals that £%¢ must be a structure constant of some Lie al-
gebra. It would not be a surprise if this Lie algebra is the same as
the one of the non-Abelian gauge group of the classical action Sg. In-
deed, if we set the small parameter € exactly to its zero value then
I = Sr. The structure constants £ must therefore be propor-
tional to the structure constants of the non-abelian gauge group of the

classical action:
Fobe — /\fabc. (451)

e The nilpotency of the transformation of the gauge field A** yields two
constraints. Namely

DabcDbde . DabeDbdc — EbecDadb — )\fbecDadb (452>
BabEbcd — Dadebc (453)

Eq. 452 tells us that the the matrices ¢, = iD"® satisfy the commu-
tation relation of generators in some representation of the non-abelian
gauge group:

[507 Ee} — ifcebgb'
The only representation of the Lie group with the dimensionality of
D¢ is the adjoint representation. Therefore, the solution of Eq. 452
is:

D¢ = ) fabe, (454)

Eq 453 reveals that the matrix By, commutes with the structure con-
stants which can be chosen to be totally antisymmetric. The only pos-
sible solution is therefore a diagonal matrix (exercise). You can verify
this easily in the special case of an SU(2) group where the structure
constants are the totally antisymmetric Levi-Civita symbol. Eq 453
takes the form:

Bab€bcd = Bbc€abd

which, as examples, for (a,c,d) = (1,2,3) yields B = By, and for
(a,c,d) = (1,2,2) yields B® = 0. Similarly, one finds all diagonal
terms to be equal and the non-diagonal terms to vanish. We write

B® = N)Xoa. (455)
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e Nilpotency of the fermion field transformation yields for the matrices
T that the also satisfy the Lie algebra of the non-abelian group of the
classical action,

(T, T°| = iE*teT® = ixfetere, (456)
Therefore, as suggested from the € = 0 limit, we have
T = \t°, (457)

where t* are the generators of the representation for the fermions in

Skr.

We have therefore found that the T'©) is symmetric under the same BRST
symmetry transformation as Sg up to some re-scalings. Explicitly, the BRST
symmetry transformations of I'© take the form:

W= i (M) 1% (458)

Al AR N [NOM 4 e ARy (459)
1

oo = A (460)

nt — 7% — 0w (461)

Wa — Wa- (462)

The last two transformations are linear symmetry transformations of the
classical action and they are automatically symmetry transformations of the
effective action and ' as well.

Recall that we expect ') to be made out of local operators. We write

P = / d*z L0, (463)

The dimensionality of the operators is bounded by the power-counting ar-
guments of the previous chapter. In addition, £ should consist of a com-
bination of operators that they respect the BRST symmetry which we have
just discovered (Eqs 458). Finally, £¢ is constrained further to respect all
the linear symmetries of the classical Lagrangian:

1
£ = ﬁfermion_ZGauyG(Lu_(aﬂﬁa) (auna)+fabc (aﬂﬁa) Abyunc—i_waaﬂAa’M_'_gwawa'

These linear symmetries are:
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e Lorentz invariance

e Global gauge invariance. Explicitly, the global symmetry transforma-
tions are:

(W = ieataw, 5AZ = fbcaGaA;cp 6771) = fbcaﬁanc7 (577b = fbcaeaﬁca 5wb = fbcaeawc-

e Anti-ghost translation invariance: n* — 7 + c,
e Ghost-number conservation.

Can we write a Lagrangian density £9 with additional operators than the
ones that we find in the classical £ and still satisfying the list of constraints
that we have found above? If such operators exist, then we can establish
some simple rules for them. To preserve ghost-number, the ghost and anti-
ghost fields must appear in pairs or not appear at all in such novel operators.
Because of anti-ghost translation invariance, the anti-ghost must always be
differentiated. We therefore conclude that the ghost fields should appear in
the form

(Oui®) (464)
Let us recall the dimensionalities of the fields
[A%F] =" =[] =1, [w']=2.

The combination of fields in Eq. 464 has a dimensionality three. Operators
must have a dimensionality less than four, thus they can include at most
one such combination of ghost fields. Altogether, we can have the following
operators:

e ghost-operators

(aﬂﬁa) (aunb> 9 (aﬂﬁa) AC’#T]ba (465>
e auxiliary field operators

w? (9,AP") | W AL AP, (466)

e and operators which contain only fermion and gauge boson fields. We
denote the sum of them as
Lya. (467)
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Therefore, the most general Lagrangian density £ is

!

L = Lya+ éw“w“ + Cw® (0,A"")

—ans ALAS — 2, (0,7) (90) = dupe (D,7%) A, (468)

where &, C, dape, €ape are unknown constants with eq,. being symmetric in the
last two indices: €4 = €40, Which are however constrained by global gauge
invariance.

We now use that £ is invariant under the BRST transformations of
Eqgs 458. We recall that for fermion and gauge boson fields, the BRST trans-
formation has the same functional form as a classical local gauge transforma-
tion with a local gauge parameter made out of a Grassmann constant and the
ghost field. Thus, the £, 4 part of the Lagrangian has to be not only globally
gauge invariant but also locally gauge invariant with a gauge parameter:

€’ — AN6On“.

and with a gauge coupling g; — g5/ (equivalently, replacing the generators
and structure constants by (t“, f“bc> — (fa = /N, fobe = fabC/N) ). BRST
invariance of the ghost and auxiliary field part of £(¢) leads to a determination
of the constants. Specifically, we find (exercise):

Z

n
= 2 4
C e (469)
Z,
dure = =57 (470)
Cabe — 0. (471)

Summarising the effect of all constraints, we can cast £ in the form:
LO = —Z,G"™ G, — Zyy" |0, — il A% ¥
é” a, .a Z a —a a
Wi+ (Nﬁ\) w0, A™ — Z, (0,1%) (0"n®)
+2,f (90") APy, (472)

where the field strength tensor G is evaluated as in G** with the replace-
ment fob¢ — fabe,
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This is a Lagrangian which is vert similar to the classical Lagrangian
L, differing only in multiplicative constants. This tells us that the two La-
grangians describe the same physics, since we are allowed to rescale at wish
the definitions of fields, couplings and masses. We can exploit this freedom
to remove all ultraviolet divergences. With explicit calculations of a few
Green’s functions at the N—th loop order, we can find how the constants
that emerged in £(9 (which contain necessarily the infinities of all matrix-
elements) are related to the original parameters and field definitions of the
classical Lagrangian. With this information at hand and reverse-engineering
we can redefine the fields, fermion masses, and coupling constant so that at
the N—th loop order we have I' = Sg. which renders I'nvoo = 0.

We have proven that non-abelian gauge theories are renormalizable, in
the sense that multiplicative redefinitions of fields and parameters order by
order in the loop expansion can remove all ultraviolet infinities from Green’s
functions. This is one of the biggest successes in Quantum Field Theory
since we have realistic theories with predictive power for physical (i.e. finite)
observables.
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END OF WEEK 12
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