FY3464 Quantum Field Theory I Final exam 27.05.2013

NTNU Trondheim, Institutt for fysikk

Examination for Y3464 Quantum Field Theory I
Contact: Michael Kachelrief3, tel. 99890701

Allowed tools: mathematical tables

Feynman rules and some formulas can be found on p. 3.

1. Miscellaneous and quiz
(Several answers could be correct.)
a.) Write down A* for (4 pts)

A = u(p2)y"u(p1)

Starting from
A* = AT = (uf (p2)7 "y u(p1))T = ul (p1)v" 17 T u(p2),

and using y*1 = 799#~4% and (7")% = 1, we arrive at

A" = u(p1)y*u(p2)-

b.) The covariant derivative of a Yang-Mills theory transforms under a local gauge trans-
formation U(x) as: (2 pts)
0o D,—D,=D,

0 D,— D, =U(z)D,U(x) .

0O D, — D), =U(x)D,U"x) + 1 (9,U(x))U"(x)

O D,— D, =D,+[Fu.,D"]

The covariant derivative should satisfy D, (x) — [Dy(x)]" = U(z)[Dyy(z)] for (x) — ¢/ (x) =
U(z)y(x). Combining both equations gives

Dyib(z) = [Dyp) =UD,p =UD,U Uy =UD, U ),
and thus the covariant derivative transforms homogenously, D; =UD,U -1

c.) A fermionic propagator Sg(x — z’) is: (2 pts)
O an even function of distance x — .
O an odd function of distance z — 2.
A bosonic propagator is:
O an even function of distance x — 2.
O an odd function of distance = — 2.
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Bosonic fields should commute, fermionic fields anticommute. Thus the propagtor (= 2-point
function) of a boson is even, of a fermion odd. This comes out automatically, since bosons
(fermions) satisfy 2.nd (1.st) order wave equations, leading to a polarisation sum in the propagator
which is quadratic (linear) in the momentum.

d.) A Faddev-Popov ghost is a: (2 pts)
O spin s = 0 particle

O spin s = 1/2 particle

O spin s = 1 particle

O gauge fixing parameter

O boson

O fermion.

A fermionic spin s = 0 particle.

e.) QCD is a Yang-Mills theory with gauge group SU(3). How many degrees of freedom
have the Faddev-Popov ghosts in QCD? (2 pts)

The N2 — 1 = 8 generators of SU(3) correspond to 8 massless gluons. A massless spin-1 field has

two spin degree of freedom, i.e. two (time-like and longitudinal) out of four degrees of freedom
in A, are unphysical. The Faddev-Popov ghosts are introduced to cancel these 16 unphysical
degrees of freedom: the ghost live as the gluons in the same (adjoint) representation of SU(3),
c*, ¢ a=1..8, summing up to 16 ghosts.

2. The \¢® theory.
Consider the theory of a real scalar field ¢ with mass m and a %gb:" self-interaction in d = 6
dimensions.

a.) Write down the Lagrange density £ and explain your choice of signs. (6 pts)
b.) Write down the corresponding generating functional for disconnected Green functions.
(3 pts)

c.) Determine the dimension of the field ¢ and of the coupling A. (3 pts)

d.) Draw the Feynman diagram(s) and write down the analytical expression for the self-
energy i¥ (i.e. the loop correction for the free propgator) at order O(A?) in momentum

space. (4 pts)
e.) Determine the symmetry factor of iX. (3 pts)
f.) Calculate the self-energy i¥ using dimensional regularisation, split the result into di-
vergent pole terms and finite reminder. (16 pts)
g.) Draw the primitive divergent diagrams in this theory and determine their superficial
degree of divergence. [primitive divergent = divergent 1PI one-loop graphs| (6 pts)

a.) The free Lagrangian is

1 1
_ wa 22
) 2ﬂ¢56¢ 2m<;5
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the relative sign is fixed by the relativistic energy-momentum relation, the overall sign by the
requirement that the Hamiltonian is bounded from below. As the self-interaction is odd, adding
+%¢3 or —%(b‘? is equivalent: both choices will lead to an unstable vacuum. In order to reproduce
the Feynman rule, we should choose .7 = —%gb?’.

b.) The generating functional Z[.J] of disconnected Green functions is obtained from the path
integral by i) adding a linear coupling to an external source J, ii) taking the limit ¢, —t' — oo
with m? — ie,

Z[J] = (0|0}, ZN/D¢expi/Qd4gg (%auqﬁauqﬁ_ %m2¢2 _ %¢3+J¢> .

c.) The action S = [d%¢.Z has to be dimensionless. Thus [.£] = m®, [¢] = m?, and thus the
coupling is dimensionless, [\] = m’. [That’s the reason why we do this exercise in d = 6.]

Using the Feynman rules gives for
k—O)—k
in momentum space
dp i i
(2m)8 (p+ k)2 —m? +iep? —m? +ie

m@%:spuf/
where the symmetry factor S is determined in e.) and the vertex —i\ was used.

e.) The self-energy is a second order diagram, corresponding to the term

A\ 2
% <_3—1,)\> /d4yld4y2<0|T[¢(l“1)¢(~"32)¢3(y1)¢3(y2) + (y1 < y2)

in the perturbative expansion in coordinate space. The exchange graph y; <> yo is identical to
the original one, canceling the factor 1/2! from the Taylor expansion. We count the number
of possible ways to combine the fields in the time-ordered product into four propagators. We
have three possibilities to contract ¢(z1) with a ¢(y1). Similiarly, there are three possibilities
for ¢(z2)®(y2). The remaining pairs of ¢(y;) and ¢(y2) can be contracted in 2! ways. Thus the

symmetry factor is
S = 1><2 ! 2(3><3><2')—1
S\ 2! 3! 2

[The symmetry factor is given for the vertex —il\.]

f.) We combine the two propagators (suppressing the ic) using (9),

1 1 /1d 1
_= €Tr——
(p+ k)2 —m?p? —m? 0 D?
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with

D =z[(p+k)’—m’+ (1 —z)(p* —m?)
=(p+ak)’ +a(l-a)k* —m’>=¢*+ f,

where we introduced ¢ = p + xk as new integration variable and set f = (1 — x)k? — m?. We go
now to d = 2w = 6 — ¢ dimensions,

»(k?) = —)\2

(¢ + f
Evaluating the integral with (10), using I'(2) = 1 and w = 3 — /2 gives
CNr(- 1+s/2)/ dmp®\*?
Sk =-F——F—F— | da :

Here, we added a mass scale p in order to make the ¢ dependent term dimensionless such that
we can expand it using (11),

Expanding also

we arrive at

52 () [ ()

where we used fol drf = k*/6 — m? and set a = A?/(47)3. The obtained expression for the
self-energy has the UV divergence isolated into an 1/e pole which is ready for subtraction.

g.) The primitive divergent diagrams are the divergent 1PI 1-loop diagrams. We can order them
by the number F of external legs and determine the superficial degree of divergence D by naive

power-counting,
A
/d6p(p2)l N/ dpp5(p72)l ~ AD

where I is the number of internal lines; see the last page for the Feynman diagrams.

F =0 and D = 6 corresponding a contribution to the cosmological constant,

FE =1 and D = 4 corresponding to a tadpole diagram,

FE =2 and D = 2 corresponding to the self-energy.

E =3 and D = 0 corresponding to the vertex correction.

(The vacuum graph E = 0 is optional — you may prefer to “hide” them by asking for a properly
normalized generating functional.)
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3. Spin-1 propagator
a.) Use the tensor method to determine the propagator D, (k) of a massive spin-1 field
described by the Proca equation (8 pts)

(N0 — 9"9") A, + m*AF = 0.
b) Give one argument why this method does not work for m = 0. (2 pts)

a.) We write frist m2A* = m?n"¥ A,,. The propagator D,,,, for a massive spin-1 field is determined
by
[7"(B +m?) — 0"8"] Dyx(x) = dK6 (). (1)

Inserting the Fourier transformation of the propagator and the delta function gives
[(=&* +m?) n" + k"E”] Dya(k) = 6% (2)

We will apply the tensor method to solve this equation: In this approach, we use first all tensors
available in the problem to construct the required tensor of rank 2. In the case at hand, we have
at our disposal only the momentum k,, of the particle—which we can combine to k,k,—and the
metric tensor 7,,,. Thus the tensor structure of D, (k) has to be of the form

D, (k) = Anu, + Bkk, (3)

with two unknown scalar functions A(k?) and B(k?). Inserting this ansatz and multiplying out,
we obtain

[(—k* + m*)"™ + k"K”] [An,» + Bkyky] = oY,
— AR + Am?0f + AkFEy + BmPEkFEy = 6Y
—A(K* —m?)8% + (A+ Bm?)kFky = &4 . (4)

In the last step, we regrouped the LHS into the two tensor structures 53‘ and k*ky. A comparison
of their coefficients gives then A = —1/(k? — m?) and

Thus the massive spin-1 propagator follows as

5 _nuu + kuku/mQ
Dy’ (k) = k2 —m?2+ie

()

b.) There’s a mismatch of degrees of freedom, 3 <+ 2, between the massive and massless case/The
longitudinal part k*k” /m? which blows up for m — 0 does not contribute to the massless prop-
agator/The projection operator in (5) has an eigenvalue 0 and is thus not invertible.
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Primitive divergent diagrams for 2.g):
E:O) vbjé E'"’/{! qb;‘({

O

E-2, D=2 E=3, D=0

I used a non-standard choice of the Feynman rule which is normally given as —i\.
Possible confusion caused by this was interpreted in your favor.
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Some formulas

{2} =20 (6)
o = 3] M
[ =T’ (8)
1 ! dz
ab /0 laz +b(1 — 2) ©)

dek 1
”%a*:/kﬁywwz+%k+ﬂﬂ+EP
(=) Tla—w) !

“lenr @ BP-prige o
f%ﬂzl—%mf+0@%. (11)
I'(n+1)=n! (12)
r@n+@:(2f[§+wmzm)+0@ , (13)
wﬂn+D:1+% .“+%—7, (14)

¢

>>——¢ — 1A
¢

p? —m?+ie
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