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Tastiere

Nel campo di concentramento
si eseguivano soltanto ordini:
cosl hanno riferito nei processi.

Il pilota di Hiroshima, di lasst,

ha soltanto schiacciato quel bottone.

Quanti tasti hai premuto oggi
senza saperlo, nella tua tastiera?

Tienine conto, sempre

Puo non essere vero

cio in cui piu fermamente credi.
Puo non essere stato

cio che pensi essere il tuo passato.
Potra benissimo non arrivare
quell’obiettivo che hai

per tanto tempo accarezzato.

Maurizio Bacchilega



Chapter 1

Generating Functionals

In this chapter I aim to introduce the functional integral approach to the
quantum field theory. Historically the so called Path Integral Approach to
Quantum mechanics has been first developed by Richard Phillips Feynman,
Who actually implemented a former idea by Paul Adrian Maurice Dirac.
Here below, however, I will follow a further approach first developed by Kurt
Symanzik and Julian Schwinger in the fifties. According to this point of
view, the functional integrals arise as the formal solutions of the functional
equations satisfied by the generating functional of the Green’s functions.

George Green (Nottingham, 14 July 1793 — Nottingham, 31 May 1841)
An Essay on the Application of Mathematical Analysis to the Theories of
FElectricity and Magnetism (1828)

It turns out that for free field theories the latter objects can be precisely
defined in terms of generalized Gaussian integration and by means of the
(—function regularization technique invented by Stephen Hawking in the
late seventies. As a final consequence, the functional integrals for interacting
quantum field theories appears to be eventually defined in terms of formal
perturbation expansions, starting from the generating functional for free field
theories. This leads to the Feynman rules of the perturbation expansion for
quantum field theories, that we shall analyze in details in the next chapter.

1.1 The Scalar Generating Functional

The simplest construction concerns of course the derivation of the generating
functional of the Green’s functions for a real scalar free field satisfying the
Klein-Gordon equation.



1.1.1 The Symanzik Functional Equation

Consider the vacuum expectation value

ZolJ] = <Texp{@'/deo/dxqb(t,x)J(t,x)}>0

def = "
= Zm/d‘lxl J(x1)~-/d4:an(:cn)
n=0

X (0T ¢(x1)--- b (2n)|0) (1.1)

the suffix zero denoting the free field theory, where J(x) is the so called source
density function or classical external source, with the canonical engineering
dimension [J] = eV™2 cm~3 in the physical C. G. S. system of units. The
vacuum expectation values of the chronological ordered products of n Klein-
Gordon Hermitean field operators at different space-time points are named
the n—point Green functions of the non-interacting or free field theory. By
construction, the latter ones can be expressed as functional derivatives of the
generating functional: namely,

G (@, 2,) = (0] Té (1) - d(2a)]0) (1.2)

(=) 0™ Zo[J]/6J(w1) -6 (xn) |, _,

Taking one functional derivative of the generating functional (1.1) we find

(=) 5707 Zal71 = {Tota) exw {i [ av o) J<y>}>0 (13)

In order to evaluate the above quantity it is convenient to introduce the
operator

E(t", t) =T exp {Z/tt dyo/dy ¢(y) J(y)} (1.4)

so that we can write
1)

(—@')m Zo[J] = (0] E(oo, x0) ¢(x) E(x, —00) |0) (1.5)

Taking a derivative with respect to x¢ we find

%<O|E(oo,xo)gb(x)E(xo,—oo)|0) =
(0] E(c0, zo)II(z) E(xg, —00)]0) —
z/dy J(-fo,y)(O‘E(OO, IBU)W(%,Y), ¢(x07x)]E(x07 —OO)’O>

= (0| E(oc0, xo) I(z) E(xog, —00)]|0)

b}



owing to micro-causality. One more derivative evidently yields

0
dxo
(O|E(oo,x0)H(x)E(x0, —0)|0) + hJ(x)Zo[J]

(0] E(00, 20) IT(x) E(xo, —00)[0) =

whence we eventually obtain the functional differential equation for the free
spin-less neutral field generating functional, that is

(O, + m2c2/h?) —o— + he J(x )]ZO[J} ~ 0 (1.6)

10
0J ( )
where we used physical units and the fact that the free scalar field operator

1 1
valued distribution has canonical dimensions [¢] = eV2z cm™ 2 and satisfy

the Klein-Gordon wave equation. The above functional equation has been
first obtained by

Kurt Symanzik
Uber das Schwingersche Funktional in der Feldtheorie
Zeitschrift fiir Naturforschung 9A (1954) 809-824

and will thereby named the Symanzik functional equation. This functional
differential equation (1.6) has a unique solution that fulfills causality, viz.

Zo[J]=exp {—3 [d'z [d'y J(x) Dp(z —y) J(y)} (1.7)
as it can be verified by direct inspection.

The classical Action for the real scalar field in the presence of an external
source density can be rewritten as

Sil¢] = 1 / T / dx | auqb(x)a%(x)—<mc/h>2¢2<x>+2hc¢<x>J<x>}

- / dt/dx — 10() (O +m*c /) 6(x) + he b(x) J ()
+hfd495¢ J(x) (1.8)

where the symbol = indicates that the total four divergence term

Lo [ ate 9, (6l)o,00w)
has been dropped as it does not contribute to the equations of motion

6S5[9]

50 (2) =0 < (O+m’?/h*)d(z) = heJ () (1.9)




1.1.2 The Functional Integrals for Bosons

The Symanzik functional equation (1.6) is a linear functional differential
equation. Hence the most customary method to solve it is by means of some
functional Fourier transform. To reconstruct the solution (1.6) wia Fourier
methods we formally write Z,[J] as a functional integral: namely,

Zo[J] = (Texp {ifdy o(y)J(v)}),
= exp {—%fd:vfd“y J(x) D (z —y) J(?/)}

- /@¢%w4mp&ww@» (1.10)

where ©¢ formally denotes integration over an infinite dimensional functional
space of Lorentz scalar real functions on the Minkowski space ¢ : R — R,
while I have used the discrete index like notation

(oyJy) = [dy d(y)J(y)

It is worthwhile to remark that, as it is customary in the Literature, the very
same symbol ¢(x) is employed to denote either the Klein-Gordon Hermitean
quantum field, 7.e. an operator valued tempered distribution belonging to
S/(R'?), or the classical field in S(R'?) | which appears to be the argument
of the classical Action as well as the integration variable in the functional
integral (1.10). The precise role and meaning of the symbol ¢(x) will be
henceforth readily extracted from the context without ambiguities.

Heuristically, a preliminary although quite suggestive way to understand
the functional measure D¢ is in terms of

fooim 1L [

zeM v

Here :=: denotes a formal equality, the precise mathematical meaning of
which has to be further specified, while the space-time events x of Minkowski
space M = R'3 are treated as discrete indexes, in such a manner that the
functional integral could be formally understood as an infinitely continuous
generalization of a multiple Lebesgue integral. Taking the functional derivative
operator i6/6.J(x) through the functional Fourier integral (1.10) equation
(1.6) becomes

0 = [(DermQ)%%—J(x)] Zo[J]
= [0 [ = @+ mt)ola) + I@) | Zalo) exp {i (0 0.))

7



Incidentally, this means that we require linearity for the Fourier-like functional
representation: namely,

[0 {#(e) Flol + g(0) Glel} = 7la) [ 90 Fig) + g(a) [ 20 Glo

for any pair of functional F , G and any pair of complex functions f, g. Now,
since we have the equality

. 0S50
— (O, +m?? /R o(x) =
( )0l = 5ot
up to an irrelevant boundary term, we are led to eventually identify
Zo|¢) =N exp {(i/h) So[ ]} (1.11)

N being any arbitrary classical external source independent quantity.

Proof. As a matter of fact we have in natural units

[0 [500 + 5] Zol6] e (i00,.7,))

= N [20 (550 + I@)] e (iSalel+i(0,,))
—id .
= W [20 5 e liSolo]+i(0,7,))

so that, if we assume the validity of the functional integration by parts, the very last
expression formally yields

NeXp{—i[%qﬁw (Dm+m2—i6) ¢w_¢wj$]} zjzjz

X H /ood¢y CXP{_%i‘by(Dy+m2_i6)¢y+i¢y°}y”y;ém:O

yeMY ™

the convergence factor being provided by the causal +ie prescription, where we have taken
into account that the boundary values for the co-domain of the scalar field functional space
are just

—00 < ¢y < 0 VreM

A comparison with equation (1.7) leads to the formal equality
Zo[J] = exp{~[da[dy3J(x)Dr(z—y)J(y)}
= N[00 exp (iSal0]+i (2 1.))

zeEM VT
(1.12)



where as usual
Solé) =~ [ da Lo(@) (T4 m? —ie) o(0) = (- 10, K462)
This completes the proof of the above identity. O

The functional measure ®¢, which is a formal entity until now, can be
implemented by the requirement of invariance under field translations

¢(x) = ¢'(z) = ¢(x) + f(x)
Once it is assumed, after the change of variable

d(z) = ¢'(x) = o(x)— (O+m®—ie) ' J(x)
¢(x) —i [dy Dp(z—y) J(y)
by — (iDyyJ,) (1.13)

Zo[J] = exp {—fd:cfdy%J(m)DF(x—y)J(y)}
N [D¢ exp {—ifdz §é(z) (04 m? —ie) ¢(z)}
Zo[0]) exp {— [da [dy §J(2) Dp(x—y) J(y)}

X

Proof : from the change of the integration variable
Gz = ¢y =0¢s—(iDay Jy) d¢, = do}
equation (1.12) yields
[T dds exp{-3i¢. Koo +idsJa}

J22 Aol exp{—3i(ph +(iDuyJy)) Ko (0% + (iDa: J.))}

Now, from the equality
Ke(iDy, J.) = Ju

and the further equality
which is true by neglecting twice a boundary term, we can finally write

f_ozod(bz eXp{_%Z¢me¢m+l¢w Jm}
= eXp{—%J$<nyJy>}ffzod¢; eXp{—%iqﬁ;/de);} (Vz e M)



and thereby

ZolJ] =N H [ dey exp{—Lip, Koo +id, o}

reM

= H exp{_%Jx<Dway>} N H f,OZOdQS; eXp{_%id)/z]Czd){z}

reM zeEM
— e {(=142Duy )} N [ D07 exp (iS0[0}
= exp{—[da [dy 3 J(x) Dr(z—y)J(y)} Zo[0]
which completes the proof. 0

Hence, self-consistency actually entails the formal identification

20[0) 5= N [ D6 exp {(i/m)Sal 6]} =1

As a matter of fact, from the very definition (1.1) it appears quite evident
that Zy[0] is nothing but the vacuum to vacuum amplitude (0]0) that we
suppose to be normalized to one. Thus, at this point, the strategy should be
clear: if we were able to give a precise mathematical meaning to the above
formal quantity Z,[0] , then we will be able in turn to set up a mathematically
sound and precise definition of the functional integral (1.10).

To this aim, let us first consider the Euclidean formulation. Then we have
to make the replacements

SO1pp] = /dl’E %<8u¢E(xE)au¢E(mE)+m2¢129($E)>
- /de op(vp) 5(m* = 9,0,) ¢p (rr)
2000] = N [20p exp {- 51 (001} (1.15)

The above quantity is, formally, an absolutely convergent Gaussian integral.

1.1.3 The (—Function Regularization

According to the previously suggested heuristic interpretation, we could now
understand the latter as

ZW0] = NH/ do, exp {10, Kpo,}  Kg=m?—0,0,

10



and if we assume that the functional integration variable can be changed
through the scale transformation

Gp > ¢g/c:,u¢x

where p is an arbitrary mass scale which does not influence the relevant J(z)
dependence of the generating functional, then we come to the expression

200) = N T] [ dopew {~boln?Keol} (110

in which the dimensionless, positive, second order and symmetric differential
operator p~2 (' m? — 9,0, ) is involved, the spectrum of which is purely
continuous and given by the positive eigenvalues p=2 ( m? + k,k, ) with
k,eR(p=1,234).

Now, it is worthwhile to recall that, for any finite dimensional positive
definite symmetric matrix A = A" of rank n € N, a real orthogonal matrix
R € SO(n,R) always exists and such that R"T A R = diag()\y,- -+, \,,) where
Ai > 0 (Vi = 1,2,...,n) are the positive eigenvalues of the symmetric
matrix. Hence we immediately obtain as a result of the Gaussian integration

I = (27r)_”/2/ dx1-~-/ dx, exp{—Liz"Ax}

e} [e.e]

= (27r)_”/2/ dyl---/ dy, exp{—%(Ry)TARy}

o) [e.e]

= (27r)n/2/ dyl.../ dy, exp {—%Z)\zyf}
- - i=1

= (27T)_”/2 H / dy; exp {—%)\ny}
i=1 Y7

= (2m)~ "7 ﬁ \/% = (det A)~1/2 (1.17)

In view of this simple result we shall attempt to define the formal quantity
Z g)) [0] to be precisely given by

2000) = NI [ ol exp (- bt Kot}

= N'det||p2(m?—0,0,)| (1.18)

where the determinant of a positive symmetric differential operator can be
suitably defined by means of the so called (—function regularization:

11



Steven W. Hawking (1977)
Zeta function reqularization of path integrals in curved space time
Communication of Mathematical Physics, Vol. 55, p. 133

The idea beyond this method is as simple as powerful and is based upon the
analytic continuation tool. Consider for example a compact positive operator
A > 0 with the spectral decomposition

A:ZAkPk M >0 trP=dy<oo VkeN
k=1

The complex powers of the positive operator A > 0 can be easily obtained
in terms of its spectral resolution

—s - —s = 1 OO s—
A :Z)\k szzm/o dt 571 exp{—t\r} Py (Res >0)
k=1 k=1

where use has been made of the Mellin’s integral transform. Let us now
further suppose the compact operator A=* to be of the trace class in a strip
of the complex s—plane. Hence, from the spectral decomposition theorem
we can write the integral kernel, or Green function,

(@A™ y) =Y NS Bely) = Y N (@) vily)  (1.19)

A ) =N wle) [ e n@ v =6 (120)

TrA™® = /dx (x|A7%|z) = Z)xgsdk
k=1

[e’e) 1 0o
= dy, —/ dt t5 1 exp{—t\;}
; I'(s) Jo

1 /°° e
= dtt?® dy exp{—tA\} < o0 1.21

always in the half-plane Res > 0. Now we have

d_ . =d. = s
LA = > A= D (= In ) A di (1.22)
k=1 k=1

12



and thereby we obtain the zeta function regularization of the determinant of
a positive and compact operator of the trace class: namely,

Indet A = E dy InX, & — diTrA_sJ (1.23)
s
k=1 s=0

provided the analytic continuation is possible to include the imaginary axis
Res = 0, via some suitable deformation of the integration path in complex
plane, just like in the original case of the Riemann’s Zeta function *

— s (0+) —0)5 14
C(s,q) = — M/ do M (1.24)

21t S 1—e-?

in which it is assumed that the path of integration does not pass through the
points 2n7i, where n is a natural number, and of course s # 1,2,3,... .

In order to apply the above treatment to the case of interest, one is
faced with the problem that the Euclidean Klein-Gordon operator is neither
compact nor of the trace class. To overcome this difficulty, it is expedient
to introduce a very large box, e.g. a symmetric hyper-cube of side 2L, to
impose periodic boundary conditions on its faces and to make eventually
the transition to the infinite volume continuum limit. In the presence of a
symmetric hyper-cube with periodic boundary conditions, the spectrum of
the Euclidean Klein-Gordon operator is purely discrete and non-degenerate

71-2

)\n:m2+ﬁnunu n,€Z p=1,2734 (1.25)

and in the limit of L — oo we can safely replace

Z — 2L/ dh, (n=1,2,3,4)
ny, =—00 —© 2m
dk
v [ =
= v
Then we find for A = p=2(m*—9,0,)
dik
TrA—S = 2s 2 k’2 -5
T Vi /—(27r)4 (m”+ k%)

V,LLZS o]
= — dt t573 —tm?
167T2F(3)/0 expi=tm’}

!Gradshteyn and Ryzhik [14] § 9.5 pp.1100-1103 ; Bruno Pini (1979) Lezioni sulle
distribuzioni, 1. Distribuzioni temperate, § 4 Appendice, cap. 3. p. 276.

13



Vm? (u)QS [(s—2)

1672 \m [(s)
Vm4 ,LL 2s 9

= — — 2)~1 1.2
1672 <m> (s7=3s+2) (1.26)

where = means that the transition to the continuum limit is understood.
Hence

diTrAs = (s*—35+2)TrA®

S
2 _ L
X [2(5 8s+2)In L 25+3] (1.27)
and thereby
Vmt m 3
2 2 _ m 9
det || (m* —0,0,) /u || = exp {167r2 (ln " 4)} (1.28)

Turning back to equation (1.18) we see that

Vm? 3
Z?[O]zl = N’Eexp{?);;(ln%—z)}

and the transition to the Minkowski space can be immediately done by simply
replacing the volume factor Vg < 7V, the very meaning of which is that
of an infrared regulator.

The conclusion of all the above formal reasoning is as follows: we are
enabled to define the functional integral for a free scalar field theory by the
equality

ZolJ] = (Texp {ifd'y oy)J(v)}),
= exp {—3 [d [d'y J(z) Dr(z—y) J(y)}
N[ D exp {(i/h)So[d] +if diz ¢(x) J(x)}
Solo] = —/ dt/dx $o(x) [0+ (me/h)? —ie] ¢(x)
N = constant x \/det ||+ m2c2/h2 ||
def iVmict m 3 .
= exp {m (ln o Z) } (Zeta regularization)
Zo[0] = N [D¢ exp{(i/h) So[s]} =1

Notice that the integral kernel Dp (z — y) which appears in the exponent
of the right hand side of eq. (1.7) is just the opposite of the inverse for the

14



kinetic operator —i ([J+ m?) that specifies the exponent (i/h)Sq[¢] of the
functional integral.

To summarize the above long discussion concerning the meaning and the
construction of the functional integration, I can list a number of key features.
The functional integral does fulfill by construction the following properties:

1. LINEARITY
[0 (17161496181 = f [ D6 Flo]+g [ 96 Glo]

for any pair of complex functions f,g : M — C

2. TRANSLATION INVARIANCE
[P0 Flo4s1= [DoFls] Wi Mo
3. change under a SCALE TRANSFORMATION

/zw F[(Acb)(x)]:(dem)l/@as Fl¢)

where A is any non-singular integral-differential operator

4. INTEGRATION BY PARTS

0= 20 5l 6lol+ [20 o1 0 S

The above properties 1. — 4. are valid for any functional pair F,G of the
Gaussian kind

Plolexp {5 sulo]+i [ dz oa) s}

with P[¢] any polynomial functional of the scalar field and its derivatives.

15



1.2 The Spinor Generating Functional

The construction of a generating functional for the free fermionic fields, such
as the quantized Dirac bispinor fields ¢(x) and ¢ (y) that fulfill the canonical
anti-commutation relations

{(x), vy} ={@), vy} =0  {Y&), v} =5E—-y)

does require the latter ones to be coupled to a suitable pair of sources. The
Green’s functions for the free Dirac bispinor quantum field are defined to be

SSN @1, iyt Y) = (O] T (@) - () D) - - P(ya) | 0)

in which the 2n bispinor indexes of the kind 1L,2L,1R,2R are understood
for the sake of brevity. The above expression for the Dirac spinor Green'’s
functions does exhibit the full anti-symmetry property

(n) )
SQ (‘1'17"'7']727"'7x]7"'7$n7y17"'7yk7"'7y57"'ayn)
—_ (n) :
- _SO (xlw"7xj7"'axl7"'7xn>y17"'7yk7"'ay€a'-'7yn)
— (n) :
- _SO (xlw"7$Za"'7$]7'"7$nayla"'7yfa"'ayka"'7yn)

V o,9=1,...,n,1# V kt=1,...,n,k#/ (1.29)

which follows from the canonical anti-commutation relations, just endorsing
the Fermi-Dirac statistics for the many-particle states. Notice that forn =1
we just obtain the Feynman’s spinor propagator

Sél)(xléyl) = SF(331 - y1)

It turns out that the above complete anti-symmetry property of the spinor
Green’s functions can be effected by constructing the generating functional
over a Grafimann algebra of anti-commuting classical sources ((z), ((y) as
we shall see here below.

1.2.1 Symanzik Equations for Fermions

Consider the vacuum expectation value

Zo[C.¢] = (01T exp {i [ de () v (x) +i [ dydh (y) C(v)}0)
1— [dzCa(2) [dyCs(y) (01T valx)¥s(y)]0)
4+ e (1'30)

the suffix zero denoting the free field theory, where ¢(x) and ((x) are the
so called classical fermion external sources, which turn out to be GraBmann

16



—5/2

valued functions, with the canonical dimensions [(] = cm in natural

units, which satisfy

{C@), C)} = {<(x), C(y)} =0 (1.31)

{C@), Cw)} ={¢(x), C(y)} =0 (1.32)

{C@), )} ={C), v (y)} =0 (1.33)

{C@), ()} ={C), ¥ (y)} =0 (1.34)
¢(x)

¢
- <T(1/? (y) ¢(y) C(x) (33)> >0

The functional differentiation with respect to the classical GraSimann valued
sources is defined by

{6/0¢(x), Cy)} = d(z —y) = {d/¢(2) , C(y)
{6/0¢(x), C(y)} = 0={0/0¢(x) . C(y)

()

¢(y)

%3

{6/0¢(x), 6/3C(y)} = 0 ={6/0¢(x), 6/3¢(y
{8/6¢(x), 6/0¢(y)} =0 ={3/d¢(x), 6/dC(y

where all operators act on their right. It follows that
—10Zy[C, ¢]/6(x) =
(Tv@ e {i [y [Cvm) +Ew W ]]),

i6Z0[C, C]/6¢(x) =
<Tw exp{ Jdy [5 )Y (y) + lﬁ(y)C(y)}}% (1.36)

}
}
}
} (1.35)

17



where the plus sign in the second equality is because

G [ = [arsis (960 w)

= —/dyw(y) gggi;

= —/dyw(y)5($—y)
= —(a) (1.37)

Taking one more functional derivatives of the generating functional (1.30) we
find

[8/6¢(x)]620[C, ¢1/ 8¢ (y) = ) (1.38)
(T (x) 9 (y) exp {if dz [C(2) ¥ (2) + ¥ (2)C(2) ] }),

The vacuum expectation values of the chronological ordered products
of n pairs of free spinor field and its adjoint operators at different space-
time points are named the n—point fermion Green’s functions of the (free)
Dirac spinor quantum field theory. By construction, the latter ones can be
expressed as functional derivatives of the generating functional: namely,

S(()n)(l’l,---,xn; yl?"'7yn)

(1T (1) -+ () D) - T3 0]

Now it should be evident that the very same steps, which have led to
establish the functional equation (1.6) for the free scalar field generating
functional, can be repeated in a straightforward manner. To this purpose,
let me introduce the finite times chronologically ordered exponential operator
for the spinor fields that reads

E(t', t)=T exp {Z/tt dyo/dy [w(y)é(y)+<(y)w(y)]} (1.39)

Then we can derive the Symanzik functional equation for the generating
functional of the Dirac field: namely,

[ (9= M) (16/6G) = G | Zol¢, €] =0 (1.40)

Proof. First we obtain

—i6Z0[¢,¢]/6¢(x) =
(0] E (00, 0) 1 (20,X%) £ (20, —00)]0)
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so that the application of the Dirac differential operator yields

(i — M) (= 16Z0[C. ¢]/8C(@)) =

ivofdy<0|E(00,w0){¢( 2)[¥ (2, y) (% y) + (2%, y) ¥ (2°,y) ]
—[9(°y) ¢ y) +C,y) ¥ (2, y) ¥ () } B (2°, —OO)|0>
+ (0 E(00,20) (i@e — M ) (0,%) E (20, —00) | 0)

= i /dy 0] E(00,2°) {t(2), ¥ (2°,¥)} ( (2°,y) B (2, —00) |0)

-y /dY<0|E(OOfC) («%y) {¢ (2), ¥ (% y)} E(2°, —o0) |0)
= —((2) Zo[C, ¢]

in which T have made use of the canonical anti-commutation relations {¢(z), ¥ (y)} = 0, as
well as of the Dirac equation (i @, — M)w(x). This proves the Symanzik equation (1.40).

Il
In a complete analogous way we find the functional differential formula
(T - -
e (10, +0) =] 20[T,¢) =0 (141)

Proof. First we obtain

i6Z0[C, C1/ ¢ (x) =
<0|E(OO,$0)1/_J($0»X)E($0,—OO) |0)

and taking left time derivative
(01 (00, 70) (v, %) E (w0, ~0) [ 0) 55

= i [ dy (0] B(,") 9(0) [3(a%5) €0, 3) + {2, 3) ¥ (a°,3) B s, ~0) | 0)

~ [ ay (01 B (o, a) [, ¥) ¢ (03) + (o) 0, 9) | (a) B, ~0)[0)
+ (rawwen {i [ ay [cwow+iww]})

Now, using the anti-commutation relations (1.33), (1.34) and the equal time canonical
anti-commutation relations for the Dirac spinor fields we find

0

(0] (00, 20) D0, %) E (0, ) | 0) (1§, + M)
20 / dy (0] E (00, 0) & (0, y){# (0, %) , (2%, ¥)} E (0, —00) | 0)

- VO/dY<0|E(007330){%/;(330,X) (@0,¥)} ¢ (0, ) E (20, ~0) | 0)
(rowid. +new {i [ v v +o0)cw] )

+

0

- /dy<0|E<oo,xo>§<xo, ¥)8(x — ) E (20, ~00) [0) = £ (2) Zo [, ¢
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—

where use has been made of the adjoint Dirac equation ¢(z)(i @, + M) = 0. This proves
the Symanzik equation (1.41). O

The solution of the above couple of functional differential equations that
satisfies causality is

Zo[¢. ¢l=exp{ — [da [dy ((x) Sr(z —y)((v)} (1.42)

It is worthwhile to remark that, in close analogy with the case of the free
scalar field generating functional, the integral kernel which appears in the
exponent of the right hand side of eq. (1.42) does exactly coincide with the
inverse of the Dirac operator (i @ — M) that specify the classical Action, since
(i@ — M) Sp(z—y) =i (x — y) . The inversion of the classical kinetic Dirac
operator is precisely provided by the Feynman propagator or causal 2-point
Green’s function, which indeed encodes:

1. the covariance properties under the action of the Poincaré group

2. the canonical anti-commutation relations, the related property of the
micro-causality and the Fermi-Dirac statistics obeyed by all the many-
particle states

3. the causality requirement, that means the possibility to perform the
transition to the Euclidean formulation.

Hence the generating functional (1.42) does truly contain all the mutually
tied up key features of the relativistic quantum field theory.

1.2.2 The Integration over Gralmann Variables

In order to find a functional integral representation for Z[(, (] I need to
primary define the concept of integration with respect to Grafimann valued
functions on the Minkowski space. This latter tool has been constructed by

F.A. Berezin, The Method of Second Quantization
Academic Press, New York (1966)

Hereafter I shall follow

Sidney R. Coleman, The Uses of Instantons
Proceedings of the 1977 International School of Subnuclear Physics
Erice, Antonino Zichichi Editor, Academic Press, New York (1979)

Consider first a real function f : & — R of a Gramann variable a € & so
that a®> = 0 and suppose we want to define [ da f(a). We require this to have
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the usual linearity property, viz.,
[ dalaft@ + sga)
= a/da f(a)—{—ﬂ/da g(a) (Va, 8 €R) (1.43)

and in addition, we would like the integral to be translation invariant

/da fla+b) :/da f(a) (Vbe ®) (1.44)

It is easy to show that those conditions determine the integral, up to a
normalization constant. The reason is very simple: there are only two linearly
independent functions of a € &, that is 1 and a, all higher powers being null.
As a matter of fact we have Va,b € & with {a,a} = {a,b} = {b,b} =0

f(a) = f0+af1 f((l+b) = f0+ (Cl+b) f1 (145)

Here, if f : & — R then f; is an ordinary real number while f; is a real
GraBmann number? such that {a, fi} = {fi, fi} = 0. Conversely, if f(a)
is Grafimann valued, then fy € & while f; is an ordinary real number. It
follows that the linearity property (1.43) indeed entails for e.g. f € R

/daf(a) = /daf0+/daaf1
= fo/da1+f1/daa

/daf(a+b) = /daf0+/da (a+0b) fi

= fo/da1+f1/daa+bf1/da1

and from the translation invariance requirement (1.44)
/daa:N bfl/dalz[) (Vbe &) (1.46)
One can always choose the normalization constant N such that

/daazl

20f course complex GraBmann numbers are understood to be of the kind a + b with
a,be .
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But then, translation invariance just requires

/dale

/daf(a):ﬁ:%f(a) Vi:8 >R

which manifestly shows that for a real functions of a Graimann variable the
integration just coincides with right differentiation.

Hence

As a straightforward generalization for any real function of many Grafimann
variables, it is natural to define multiple integrals by iteration. Thus, e.g. , a
complete integration table for the four linearly independent functions of two
anti-commuting variables a and @ is provided by

[ [ da

with {a,a} = {a,a} = {a,a} = 0. As an application of this table we can
calculate

aa

— o ol
Il
coom

(1.47)

/da/da exp{)\&a}:/da/dé (I14+Xaa)=A (1.48)

The generalization to higher dimensional spaces is easy. Consider for example
some n X n Hermitean matrix A = A" and two collections of n of Graimann
variables

{0;,0;} ={0:,0;3=1{0:,0,} =0  (i,j=1,2,...,n)
Then a unitary n x n matrix always exists such that
UTAU = diag(Ai, Mo, .., \) N ER (j=1,2,...,n)
As a consequence, if we set
a=U0 a=0U"
so that

{ai, a;} ={a;, a;} ={a;, a;} =0 (i,j=1,2,...,n) (1.49)
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then we can write

I = /d”a/d“a exp{aAa}

= det(UTU)/dne/dne exp{AUTAU 6}

/d9 /dG exp{\;0;0;}
/dej/déj (1+X,0;6;)

A

Il
=

1

<.
Il

|
—=

<.
I
—_

Il
.::

<
Il
—

As a further application, consider the Taylor’s expansion for a function of the
two collections of n of Graimann variables (a, a) satisfying (1.49): namely,

f(d,a = fo+Zagflj—l—zalfh—i-ZZaj&lfm (151)

1=1 j=1

fN _ o0 ...
flj (8_a> (9_&] (a, a)J a=a=0
N o0 .
flz (aaz )0 = 80% f(a/7 G)J a0
(0% o
f2m B <8alaa])0 N aazaa]J a=a=0

Notice that, for example, if f € R then we have fo, fo,, ER (2,7=1,...,n),
while fi,, f1, € & (2,7 =1,...,n). Then we obtain for instance

[ao, [ 43, 2 siaa /daj{fh_ialf%} [an,=0

1=1

where

and in general
/da/ aldf(a,a)/0a,] = (Vy=1,2,...,n) (1.52)
/da/ [0f(a,a)/0a,] =0 (Ve=1,2,...,n) (1.53)
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1.2.3 The Functional Integral for Fermions

Consider now the straightforward generalization of the functional integral
representation (1.10) to the fermion case: namely,

Zo[C,¢] = /zw/@wzo (%, 9]
exp {if dz [E@) (@) + § @) ¢(@)]}  (154)

where we understand once again formally

[ov [20 = I [av. [ao,

Inserting into (1.40) and (1.41) and making use of (1.52) and (1.53) we are
allowed to identify

Zo [, ¢] =N exp { (i/h) So[¢, ]} (1.55)

and by comparison with (1.42) we find

Zo[C,¢] = exp{— [da[dy((2)Sr(z—y){(y)}
= N [0 [20 e {(i/m5[5, 0]}
exp {if da [C(x) ¢ (@) + P (0) ()]} (1.56)
Solv, ] = [da(x) (@ — M) ¢ (x)
Proof. As a matter of fact, from eq. (1.40) we obtain
M)6/i6¢ (x >] Zo[C, ¢]
_ N/i)w/@w M) ()]
xexp { (i/h) So[¥ +Zfdy[ V) +9 )<y}

= W [0 [0 (cww

x exp {(i/h) [ dy [¥(y) (i @y — M) (y) + hC(y)v(y) + hd(y)C(y) ]} =0

X

X

owing to the general identity (1.52). Quite analogously we still recover a null result from
the application of (1.53) to the adjoint Symanzik functional differential equation (1.41).

This completes the proof of the above statements. O

As I did in the case of the scalar field, the functional measure D1 D,
which is a formal entity until now, can be implemented by the requirement of
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invariance under field translations * ¢(z) — ¢(z) +0(x), ¢¥(z) = ¥(z) +
6(z) . Once translation invariance is assumed, let us change the integration
variables according to

U(x) = () = @)+ @@— M) ((x)
= ¢Y(x) =i [dySe(z —y)((y)
- ¢w_<iszyCy> (1-57)
(x) = P'(x) = @)= C(z)(i@+M)™
= P(x)+i[dy{(y) Se(y — )
= y+{iCySys) (1.58)

where use has been made of the adjoint Dirac equation. Then we get

Zo[C.¢] = Zo[0,0] exp { —i [dz [dy {(x) (i@ — M) ((y)}
= Z[0,0] exp { — [dz [dy C(x) Sr(z —y)C(y)}
and consistently Zo[0,0] = (0]0) :=: N [ D¢ [ Depexp {(i/h) Solo, ]} = 1.

Proof : the formal expression (1.56) can be suitably rewritten as

reM

Then, once again, it is very convenient to perform the change of variables
&x:fl/;;_<lgy5yw> dz/;z:dd;;
in such a manner that we have

= fd%fdiﬁm exp{(i/h) (1;;, - <Zc_ygym>) (lar _M) (1/J;+ <iSrzCz >)}
X eXp{Mza’ch‘Figxd’;“‘<§ygyx><ac—§x<5xy<y>}

and from the first equality
by (@@ —M)(iS..C2) = ¥ Ca
together with the second conditioned equality
(iCySya) (192 — M) ¥,
= (0/0r") [(Cy Sy ) v 04 ) — 18y Syu) (19, +M) 0
= (i 8y (10, M)V = Cat)

31t is worthwhile to recall that translation invariance is one of the axioms which define
the integration over the Grafimann variables.
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which is true by neglecting the four divergence term, we can eventually write

exp {(i/R) (Y}, = (iCySya)) (iPa—M) (W} +(i52:(2))}
= exp{(i/N) Y, (iPe— M), =i, Co— iCathh+(CySye)Ca}

Hence, collecting altogether we come to the double integral

= exp{—Ca(SayCy) } [dvs [y exp{(i/R) Y} (1§o — M)} (Vo e M)

and thereby

N T Sdve [dds exp{(i/h) s (i@e— M) o +itaCe+iCotha}

reM
= ] e {-CalSu¢) } N [T Jdvl [ddl exp{(i/m)$L (9. - M)pL}
reEM zeM
= H exp {—Ca (SayCy)} N/ZDQW/CD?E’ exp {(i/h) So[¥", v']}
reM

= exp {— [daz [dy {(z)Sp(z—y)((y)} Zo[0,0]=Zo[(, (]

which completes the proof. O

To the aim of giving some precise mathematical meaning to the above
expression, it is convenient to turn to the Euclidean formulation just like I
did in the case of the real scalar field — see formula (1.18). Then, taking the
Dirac Euclidean Action into account, we can consider

Z010,0] :N/QwE/QzﬁEexp {if dop ¥p (i Jr +iM) ¥}

After rescaling
wé} T = Z,LL wE , T

where g is some arbitrary mass scale, the we can write
20, 0] =
N’ H /diﬂf;z/dl;};z exp {@Ez (i Ppz + 1 M) ,uflelax}

TE €R4

LN det || (i@ +iM) /| (1.59)

which can be understood as a formal continuous generalization of the formula
(1.50) that represents a determinant. Nevertheless, it should be noticed that
the Euclidean Dirac operator (i @ + M) is not Hermitean but only normal,
i.e. , it commutes with its adjoint [i@g —iM , i@ +iM | =0.
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This fact in turn implies that the Euclidean Dirac operator i @p + iM
also commutes with the positive definite diagonal operator

(i@ —iM)(i@p+iM) = (M> — 0, 0p,) 1= (i§p + iM)(i §r — iM)

that means
[i@p+iM, M* — 0, 0p,] =0

where the eigenfunctions and the eigenvalues of the Euclidean Klein-Gordon
operator are respectively given by

Op,p(x) = (27) % exp{ippurp.} X(pg) = pp+ M* >0
Notice that the normal operator i @g +iM is also non-singular, since we have
. o . . —1

(i@p+iM) ' = (iJg —iM) (M? — Op, Op,)

From the explicit form

iM 0 104+ 05 Oy — i0y
. . 0 iM Oy +i0y 0, — Os
ifp+iM = 0y — 05—, +i0y M 0
—0, —i0y 04+ Oy 0 iM

it can be readily checked by direct inspection that

det | (i + M)/ ||= (det || (3~ 03) /1 || )

so that from the Zeta function definition (1.28) we eventually obtain

det || (i @w +iM) Ju || = exp {‘gf; <ln % - Z) } (1.60)

and again the transition to the Minkowski space can be immediately done
by Slmply replacing ‘/euclidean A ivminkowskian so that

det || (i9— M) /| = exp{ww (mﬁ—;l)} (1.61)

82

Turning back to (1.59) we eventually have

VvV M* M 3
ZV70,0]=1 < N'Eexp{— o (111———)}
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The conclusion of all the above formal reasoning is as follows: we are allowed
to define the functional integral for a free Dirac spinor quantum field theory
by the equality

Zo (¢, ¢ = eXp{—/dx/dy C(SE)SF(x—y)C(y)}
o N/w/:ozﬁ exp {(i/h) Sol 6, ¥}
< e {ifar[ov@rim@]] e

where

s&&wwz/dmwm@a—Mwum

N = constant x det || i@ — M ||

e VM M 3
L exp { = <ln T Z) } (Zeta regularization)

Zo[o,O]ZN/w/@zE exp {(i/R) So[@, 4]} = 1= (0]0)

It is clear that, by construction, the functional integral for a free Dirac spinor
quantum field theory does satisfy all the requirements of linearity, translation
invariance, rescaling and integration by parts which I have discussed in the
case of the real scalar field.

1.3 The Vector Generating Functional

Finally I want to set up the generating functional for the massive real vector
free field theories. This can be done by a straightforward generalization of
the real scalar field case. We recall that the most general Lagrangian in a
linear covariant gauge reads

1 2.2

Y m-c
Lap = =7 F"@) Fuln)+
£

+ A¥(x)0,B(z) + 532(1’)

A(x) Ay ()

where the vector field A#(x) has canonical dimensions [A*] = y/eV/cm
in physical units, whereas B(x) is an auxiliary nonphysical scalar field of
canonical engineering dimension [ B| = erg% cm™2 , while the dimensionless

28



parameter £ € R is named the gauge fixing parameter, the Abelian field
strength being as usual F,,(z) = 0,A4,(z) —0,A,(z), in such a manner that
the Action S = [ dt [ dx £ turns out to be Poincaré invariant. In particular,
we can conveniently define

ul(e) € (A'z), B(x)) A= (u,e)

[ s wt@)ia) = [ @ [4@) 200) + B K ()
so that we have a five dimensional diagonal metric tensor

g = gap = diag(+1, -1, -1, -1, +1)

The classical Action can be written in the form

Solu] = —%/dqu(x)KABuB(x)
with
K, =—=9uw (D—i—m?)—l—@“&, K,e=—-0, Keo=—¢

The kinetic operator K 45 can be uniquely inverted by means of the causal
+ 1¢ prescription leading to the causal Green’s function

Dh(e—yim, €)= [ G Pathim, € e
Dy, (kim, €)= m{_g””r kgl—_gi];f;s'}
55.<k;m,5>=k2_gﬂf§m,

DL(ksm. €)= ey

In fact we have

KD} (2)+ KDL (2) = —igud(x)
9" Kue D] y(x) = €D (2) = —id(x)
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and in the Fourier space

5p_ kukp _ + (175)]{7[)]{0 _ kpka
k2 —m244e oo k2—&m2+ie’ k2—£&m2+ie’

(=8 kuks kukos k? (1-8&) ku ko

- 7g”a+k:2—§m2+i€’ k2—m2+ic kZ—-m2+ic k2—Em?+iel
kuko 2 2 2 2 50)17"
T W eme e = Iwe thuke [(B2-m®4i0) (K7 Em®+i0)]

x {Q-O®*=m?) +k*—Em® —(1-Ok* —k*+m?} = — g0

—ik? n iEm? B
k2 —¢m2+ie’  k2—E&m2+4ie’

This means that we can write
gBCKABiDé"}))(x - y?”%f) = 9AD5(4)(1’ —y)

and thereby

ali) = {Tew{i[deuw it} 0

= exp {1 Jdle [dly Do —y) @) i) |
= /\//@uA exp{(i/ﬁ)So[u]—l—z’ d*z uA(m)jA(x)}

with
Zo[0] :N/QuA exp{(i/h) Solu]} =1

Turning to the Euclidean formulation in the usual way
T4 :1:1'0 A4(£L‘E) = —iAO (— i$4,X)
_guuaj#xll :l’é - g;w A#(I) Ay(x) = AE,LL(J:E) AE;L(:EE)
et cetera, we find
Orn1 — _c _

z9710] —N/QAEH/QBE exp{ SO Ap,, BE]} —1
where

Séo)[AE“,BE] = /d4ZL‘E{AEH8EMBE+%£Bg~

+ L Ap, [(m2 = 02) b, + O, O AEV}
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After re-scaling with an arbitrary mass scale
Apy — A/Ep = uApy

we come to fully dimension-less kinetic operator

1
Zéo)[()] :exp{— §/d4xEuA(xE)K§‘BuB(xE)} =N'det | Kg H’l/2

Kp = 2 [ (m? — 0x0x) Ox + 000y 0, ]

19, T3

Hence, for & u? + 4m? > 0, from the (—regularisation technique we obtain

o def o [ d*kg s
TI'KE = ‘/E,LL2 /W (tI‘KE>
d*k —s
v [
VEM25

— e - 5—3 o 2 2
= 1447T2F(3)/0 dtt* % exp {—t (4m® + €£p?)}

. m'Vg e\ [4m? P T(s—2)
- o (”4_m2> (7“) e

m*Vg en?\* [ 4m? o, _1

Hence

d s _ —s
&TIKE = (8 =3s+2) ' Tr K

2

X |:3—28— (s* — 35 +2) ln(%qL{)]

and thereby

m*Vg 2\ [1 . [4m? 3
Indet | K || = =5 (”W> [iln(7+§)_1]

so that the normalization condition Z 5,2)[0] = 1 yields
4 2\ 2 2

, m Vg Ep 1 4m 3

= 1+ >— —In{— — =

N exp{ 1872 < * 4m2> {2 N ( 2 6 4
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Finally, the transition to the Minkowski space can be immediately done by
simply replacing  Veuclidean <> % Vininkowskian Which leads to the final result

N(m,&p) = constant x (det K ap)

alil = (rew{if d4qu<x>jA<:c>}>o

= exp{—%fd‘led‘ly Dj(:g(x - ?J)jA(x)jB(y)}

- N/@uA exp{(i/ﬁ) So[u]—l—i/d4qu(:v)jA(x)}

N

4 2\ 2 2
def msV & 1 4m 3
= 1+ > —In|— - -
eXp{ 1872 ( +4m2> {2 n( G +§) 4]}

Notice that the limit for m — 0 is regular and yields

) s 4 -2 1 3
lim N (m, & p) = exp {;ggfrg (5 lné—z) V}

and in the Feynman gauge £ = 1 for the massless theory

o
lim lim AN(m,&; u) = exp {—ZMV}

=1+ m—0 38471'2
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Chapter 2

The Feynman Rules

We are now in order to develop perturbation theory, which will provide the
fundamental tool to calculate the probability amplitudes for all the physical
processes involving relativistic quantized fields in mutual interaction. This is
precisely the ambitious final task of the quantum theory of relativistic wave
fields. In this aim, I will consider the paradigmatic and simplest cases of the
self-interacting real scalar field, together with the Dirac field interacting d la
Yukawa, the generalizations to any other set of mutually interacting fields of
any mass, spin and charges being admittedly straightforward.

2.1 Connected Green’s Functions

Let me start from the simplest model, i.e. the Z, symmetric self-interacting
real scalar field theory, which is known as the A¢j theory. We recall the
classical Action for the real scalar relativistic wave field, that is

Sle]=Sl¢] -VIe]

sofo1=5 [ at [ax{oeworew - () %o}

Vo] :% . %/mdt/dX(ﬁ‘l(t,x)

where we have to pay attention to the fact that, owing to dimensional reasons,
the reduced Planck constant A already appears to the power minus one in
the classical potential V[¢]. Then the Euler-Lagrange field equations read

[0+ (mc/h)*] ¢(x) + (A/6hc)d*(z) =0 (2.1)
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which are non linear second order differential equations. It turns out that
still nowadays nobody knows any nontrivial solution of the above classical self-
interacting field equation. This complete ignorance about the dynamics of
a self-interacting classical field has profound consequences on the quantum
theory. As a matter of fact, there is no idea on how an interacting quantum
field operator could be truly built up. One might assume that

1. the self-interacting quantum scalar field ¢(x) is an operator valued
tempered distribution which satisfies (2.1)

2. a conjugate momentum operator valued tempered distribution exists
cll(z) = do(x)

such that the customary canonical equal time commutation relation are
still fulfilled: namely,

[¢<x)7¢(y)]azo=yo =0 [H(.T),H(y)]xo:yo =0

[QS(:E)? H<y> ]zo:yo = Zﬁ(S(X - Y)

3. a unique non-degenerate cyclic vacuum state |O) exists such that

(O p()|O) =0 with (O]|0) =1

4. the Green’s functions

G(n)(‘rlvx% o xn) =0 Th(z1)p(22) - - P(20) | Q)
are well defined tempered distributions

Once again, in spite of many ingenious attempts, ranging from the so
called constructive quantum field theory of the early sixties until the lattice
Wilsonian formulation of quantum field theory of the late eighties of the
20th century, yet nobody knows if and to what extent the above simple
basic assumptions can be actually realized in a concrete operative and non-
perturbative framework on the four dimensional Minkowski space.

None the less, what we aim to evaluate is the generating functional for
the self-interacting real scalar field theory, which is defined to be

217] = (O|Texp {if dz 6(x) J(@)} |O)
o Z %/dle(xl)---/dan(mn)
x (O T¢(x1) - ¢(x) |O) (2.2)
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where J(r) is the classical source with engineering dimensions [J] = eV?®
in natural units. The vacuum expectation values of chronological ordered
products of n scalar field operators at different space-time points are named
the n—point Green functions of the field theory. By construction, the latter
ones can be expressed as functional derivatives of the generating functional

Gy, mn) = (O Th(n1)--- ¢(wn) |Q) (2.3)
(—i)" M Z[J])5T(x1) 6] (x) |

J=0

We remind that taking one functional derivative of the generating functional
(1.1) we find

ff}(g = (To(x) exp {if dy é(y) J(W)} ) (2.4)

The generating functional for the Klein-Gordon quantum field — which
corresponds to A = 0 — has been explicitly computed in the first part of these
notes. Moreover, its functional integral representation has been obtained
after transition to the Euclidean formulation and the use of the (—function
regularization: namely,

ZolJ] = (0| Texp {if dz ¢(z)J(z)} |0)
= exp {—3 [dz [dy J(z) Dr(z —y) J(y)}

def j\[o/©¢ exp {%50[¢]+z’/dx ¢<$)J(x)}

Solo] = —3[dz é(x)(O+m? —ic) ¢(x)
No = Vdet [[{(h/c)20+ m?}/p?||

fo4 4
ef tm-c m 3
= exp {( Volume ) 39274 (ln T Z)}

Zy[0] = No/zw exp{ (i/h) So[ ]} = 1

It is immediate to gather that

VI(5/i60]Zo] J] =N0/©¢> V(6] exp {%So[qﬁ] +i/dx o) J(m)}

in such a manner that I can formally define the generating functional for the
real self-interacting scalar field theory as follows

Z[J) = {O|Texp {if dz ¢(x) ()} |O)
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St

— /\//:o¢ exp{iS[qﬁ]—Fi/dxqﬁ(m)J(x)}
= W [Doew {~ pViol} e {} Salo] +if dwolo) (o)}

1
h
where v = N /N . Notice that since

def Vexp{ V[é/iéj]}Zo[J] (2.5)

Z[0]=(0] Q) =1=Z[0] =(0]0)
it follows that also the ratio ¥ must be a function of A such that

lim v(\) =1

A—0

Notice en passant that the Fock vacuum state of the Klein-Gordom quantum
field and the corresponding unique cyclic state of the self-interacting quantum
scalar field are expected to be connected by some unitary transformation

10)=U|0) UUT=T=UTU
To go one step further it is convenient to define
Z[J] = exp {(i/n)W[J]} Zo[J] = exp {(i/R)Wy[J]}
and thereby
Z[J] = Zo[J] exp{—=(i/R)Wo[J]} vexp{(=i/R)V[5/16T]} Zo[J]
= vesp {(i/m)Wo[J]} |1 + exp{=(i/h)Wo[J]}
(exp{(=i/mV[3/i8.1} =1 ) exp{iWo[J]} |
= exp {(i/h)W[J]}

Taking the logarithm of the above relation we find

X

W[J] = WO[J]—ihlny—z'hln<1+X[J]> (2.6)
X[J] = e GMWold] [=GMVIs/ias] _1]imWols]  (2.7)

By formally expanding In (1+ X) in Taylor’s series, on the one side we obtain

i i 1 1
— = - 1 X—- X2y _X3— ...
hW hW0+ nv -+ 5 —|—3
_ Ly, +1ny+i(—1)k+1X—k (2.8)
o’ L k ‘
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On the other side we can in turn expand the dimensionless quantity X as
a power series of the dimensionless small coupling parameter 0 < A < 1 so
that we can write

X=2AX1+XMXo+ A X5+ -+ (2.9)

in such a manner that we finally come to the formal expansion

%W - %W0+1ny+</\X1+/\2X2+)\3X3 )

2 3
— XA ) X AT X )

: | 1
= L Wo+ AKX+ A2 (X2—§X12> A (Xg—XzXl—l——Xf’)

. 3
i A
Lo - ﬁW0+1ny+; \"Y, (2.10)
Yi = X,
1
Y, = X2—§X12
1
Y, = X3—X2X1+§Xf’

the dimensionless coefficients Y,, being the so called connected parts of the
related quantities X,, (n € N). Hence, within the perturbative approach,
the quantity Z[J] will provide the generating functional for the full Green’s
function of the interacting theory, while the functional W[ J] = —iln Z[J]|
will generate the connected Green's functions. The attentive reader should
certainly catch the analogy with statistical thermodynamics. As a matter
of fact, the partition function Z and the Helmoltz free energy F' do fulfill a
very close relation in units of kg7', kg being the Boltzmann constant and T’
the (absolute) temperature: namely, BF = — In Z (= 1/kgT = 1). This
means that, after transition to the Euclidean formulation, we can identify the
generating functional Z g [.Jg | with the canonical partition function and the
functional Wg|[Jg| = — In Zg[Jg] with the Helmoltz free energy F(T,V)
at some given equilibrium temperature, in natural units f = 1. Hence the
Euclidean Green’s functions will correspond to the correlation function of the
corresponding mechanical system in thermodynamic equilibrium with a heat
reservoir at unit temperature. The above analogy does provide the bridge to
formulate and develop the statistical theory of the phase transitions in terms
of the very same conceptual and mathematical tools which lie on the ground
of relativistic quantum field theory.
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Turning back to natural units and to the definitions (2.7), (2.8) and (2.9)
it is convenient to introduce the following shorter notations: namely,

) = —fe ) [ar 2z a) = i)
X[ - %(‘%) e_mm/dy% (ZO[J]Xl[JD (2.11)

/da;/dyJ ) D (z — ) J(y )E%<JxD$ny>

Hence we can write

Let me evaluate this expression: first we find

, )
o~ iWolJ] T ZO[J] :_<szjx>
”WO[J](SQZJ— Dr (0 D., J,)?
€ 5—(]22 0[ ]—_ F<)+< zz :r>
. 53
—iWolJ _ 3
e HMS [J]=3Dp(0)(D.pJ,) — (D.y Jy)
so that we finally obtain
'YJ—l—iWO d54ZJ—1dD2o
Zl[]_ﬂe $5J4 []—g z Dr (0)
1
- /dx Dr (O)/dxl/dxg Dz — 21) Dy (& — )T (21) (22)

L i4/ ﬁ/dkaFx—xk)J(xk)

or equivalently but in terms of the shorthand notation

Yi[J] = < L)/dx <3D§(0)—6DF(())<DMD$2J1J2>

+ (Dy1 DyaDy3 Doy Ji JoJs J4>> (2.12)
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which leads to the first order O(\) correction to the generating functional of
the connected Green’s functions

WI[J] ~ —ilnv4+Wo[J]— i Y1[J]=ilnNy —iln N
A
+ WolJ] —Z/dx (3D2(0) = 6 Dp (0) { Do Dz J1 J2)

+ (D1 Dy2 Dy3 Dya J1 o J3J4>> (2.13)
It follows that the lowest order result for the source-independent quantity
In Z[0] = %W[O] =Ty + AV [0]+ -
that drives to

8

which appears to be a divergent (both infrared and ultraviolet) correction to
the normalization constant

N1:/©¢ exp {%sw]} (2.14)

due to the real scalar field self-interaction: namely,

iVm* [1 m 3 T2
where V' stands for the measure of a very large box in Minkowski space - an
infrared divergent quantity which is already present in N - while

1 d*k
D =

is an ill-defined ultraviolet divergent quantity, as we shall closely analyze later
on. Hence, it turns out that even in the perturbative calculation of the
normalization constant of the generating functional, even to the lowest order
approximation, one has to face the problem of dealing with the so called
ultraviolet divergences.

A = In A — QD;(O)/&WF...

Next we have to calculate X5 . The straightforward generalization of the
symbolic Leibnitz chain rule to the functional differentiation reads

5’!7,

T (ZoX1) = (Zo+X,)™

o n ) gnt
= Zo (SJ_”X1+<1) <EZO> —5Jn_1X1

n\ (6 o2 o
(5) (572) G o (G ) 1
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and in particular

54 54 5 53
ZoX1)=7Zo 2 x1+4 (2 7,) 2 x
gyi (Do Xa) =20 s Xt (6J ) TER

52 52 53 ) 54
FO\sE ) spXi G d) syt G de) N
Then, from equation (2.11) we readily get

1 1
X2:§Y12+Y2 X2—§X12:Y2

EEYARA Y X 5 53
52 52 53 5
" 6(6J2 ) 5J2+4<EZ°) 6JZ}Y1[J]

Taking the functional derivatives of equation (2.12) we find

(2.16)

(2.17)

5 .
sl = 4, dx(—12DF(O)DF(:U—z)(Dx1J1>
—|— 4DF($—Z)<Dx1Dx2DI3J1J2J3>>
5? 1 )
sl = 5 d:cDF(x—z)(—DF(O)+(DI1DIQJ1J2>>
53 .
SVl = —z/dxpg(x—z)<z>ﬂjl>
51
5_J4Y1[‘]] = —i/deé(x—z)

so that explicit term-by-term evaluation yields
1 7 54
§<_E>/d 5J4 /dx/dyDFI—
SOV 2 [ (Sa) S
A1) Z, 5J, 53 1

4
2(4! /dx/dy Dp(x —=y) (Dpr Dya J1 Jo)
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i 5?2 52
(a)z [ (WZO) 572
( i')/da:/dyD r—1y) X

D 0 _2DF( <Dxle2JlJ2>+<Dx1Dx2Dy3Dy4JlJ2J3J4>>

4 53 oYy
(Ca)z ) (7a%) 5
(— '> 44/d:p/dyDFm— X

Dp(0) (D1 J1) + (Dy1 Dyo Dy3 J1 Jo J3>>

<3DF (0)(Dy2J2) = { Dys Dys Dys J4 J5 T )

AN N W N -

| =

=

| =

=

1
2
1
2
X

Thus, the source dependent lowest order contribution take the form
Yy[J] = 5 dx/dy Di(z —y) (D1 Dyo J1 J2)

N g/@1;,;/01?4 D2 (& — y)Dr (0) { Dy Do Jy Jo)

+ 5 [ @ [ Dew =) DO (D Dy i)

_ %/dﬁ/dy D2 (2 —y) {Dar Dys Dys Dya Jy Jo J5 Jy )

— 4' d]}/dy DF Tr — )DF(O) <D$1 DygDygDy4J1 JQ Jg J4>
- D _

+ 2<3!)2/dx/dy r(x—1y)

X <D:r1Dz2Dm3Dy4Dy5Dy6J1J2<]3<]4J5J6>

The resulting connected Green’s functions follow from the definitions

def hz ~ /d:pl ) /dan(l’n)

n=1

X G((: )(xlf"axn) (218)

GM(zy, 1, % (—i)"6™WWI[J)/6J(x1) 6T (2n) |

J=0
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The perturbative expansion of the n—point connected Green’s function does
follow directly from the series expansion (2.10): namely,

[e.e]

@) B >\k5 Y.
Gc (1'1—332) —G x’l—fﬂg Z x 5J,§(; ) (219)
1 2) 1j=o0

while for n > 2 we have

G (wy, - an) = (=)™ Y NSOV T] /6T (21) - ~5J(xn)J (2.20)
k=1 J=0
Here below we list the lowest order 2-point connected Green’s function, which

is usually named the full propagator, as well as the 4-point and 6-point
connected Green’s functions, viz.,

@ > )\n 5(2
GC (ZL’l—Ig) = G ZEI—IQ Z :L' 5]{,{7)
1 2 =0

= Dp (5101 - $2)

_ ZQA dy Dp (21 — y)Dr (0)Dp (y — 2)

_ %Q/dx/dy Dy (w1 — 2)D}(z — y)Dp(y — 2)
_ )\Zz/dx/dy Dy (21 — 2)Dp (0)Dg (x — y) Dr (v — )

B %Q/dx/dy Dy (21— 2) D (0)Dp (v — y) Dp (y — 2)
+ O(/\3) (2.21)

Am§DYy,
(4)
G (w1, 29, 23, 24) Z 57(x1) 0T $2)5J((L’3)5J([L‘4)J .
- i)\/dx Dp(x1 — 2)Dp (g — 2)Dp (23 — 2)Dp (x4 — )

)\2
—?/dx/dyDI%(x—y) X

[DF (21 —2)Dp (29 — ) Dp (25 — y)Dp (x4 — y)
+ Dp (551 - JU)DF (333 - l’)DF (1’2 - y)DF (954 - ?/)
+ Dp (a1 = 2)Dr (w1 = 2) Dy (22 = y) D (23— y) |
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_ %z/dx/dy Dp(z —y)Dp(0) x

[DF (21 — x)Dp (29 — 2)Dp (x3 — ) Dp (24 — y)

+ cyclic permutations} + O(N\?) (2.22)

GO(xy,...,x /dx/dy Dp(x—y) X

> Drp(x,— ) Dp(z, — x) Dp (2, — x)

(2ar)

x Dp(xy— 1) Dp (2 — ) Dp (2, — 2) + O(\*)  (2.23)

and finally

where the sum in the last expression runs over the triples (27 ) in which
1 < 9 < Kk, with ¢, 3, k = 1,2,...,6, while the triples ({mn) take the
complementary values, i.e. , ({mn) = (456) when (27x) = (123) et cetera.
The remaining Green’s functions get no contributions up to this order in \.

The Fourier transformation of the relativistic wave field field functions in
the four dimensional Minkowski space are defined by

d*k .
ua(x) = /W ua(k) exp{—1ik -z} (2.24)
ua(k) = /d4x ua(z) exp{ik - x} (2.25)
where the index A =1,2,..., N labels, as usual, the components of the real

or complex wave field functions.
The Fourier transforms of the n—point Green’s functions, connected and
disconnected, i.e. the momentum space Green’s functions, are defined by

G (ky, . ky) (2m) 6 (ky + ko + -+ ky) =
/da:l . /dan (:Bl,... x,) exp{iky - @y + - +iky, -z, } (2.26)

in such a manner that the total momentum conservation encoded by the
0—distribution does vindicate the space-time translation invariance. If we
remember the momentum space scalar Feynman propagator

1he

Dr (k) = Go(k, = k) = o s
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it is straightforward to derive the perturbative expansion of the momentum
space Green’s functions. We find

GO0 —k) — D (k;>+1(—mf>2(k;>/ die i
¢\ - F 2 F (2m)% 02 —m? +ic

1 ~ d*v d*¢ d* .
N )\ 2 DQ ]{5 / 1 / 2 / 3
NN o=yl BT el oy
(2 ) 0(k—40,—0y—13)
7 1 7
(] —m2+ic 03—m2+ic (2—m?+1ie
1y =y 4, i
4( iA) DF(k)/ (2m)* €2 —m? +ie

y /01461 i 2
(2m)4 \UE —m?2 +ie

n i<_M)2ﬁg(/§) (/(3;54 g?-ni2+ie)2

+ O\ (2.27)
_ 4 i
G£4)<k1,k2,k3,/€4) — H m { (—Z)\)
4 : :
1 )2 i dte i
* §<_M Jz:l k2 — m2+25/(27r)4 02 —m? + e
4 4 ~
I 1 —'L)\ 2/ d El - /d EQ . 7 .
2 (2m)4 03 —m2+za (2m)* L3 — m? +ie
X Z( )45(51+e2 ko — k) + O()\g)} (2.28)
(27

6
GO(ky,... k) = ————— | (—i))?
! 6 [I_Ilkz—nﬂ—i—ze] ¢

3
> Gk k) —mrie ~ O (229)

(23K)

where again the sum is over the same triples as in equation (2.23).
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2.2 Self-Interacting Neutral Scalar Field

The above expressions are admittedly rather cumbersome and unwieldy. One
urgently needs to device some clever code to generate them to any order in
perturbation theory. This is precisely what the genious of Richard Phillips
Feynman achieved for us: those rules of correspondence which are universally
known as the FEYNMAN RULES

Richard Phillips Feynman

The Theory of Positrons

Phys. Rev. 76, 749 - 759 (1949) | Issue 6 — September 1949
Space-Time Approach to Quantum Electrodynamics

Phys. Rev. 76, 769 - 789 (1949) | Issue 6 — September 1949 |

Keeping in mind the applications to the scattering processes, it is more
convenient to express the Feynman rules in the momentum space. Hence, we
shall represent the Feynman propagator in momentum space for the neutral
spin-less field ¢(z) by a solid line. Moreover, when four lines meet at a
vertex, we always understand the momentum flow as running towards the
vertex. Then we are left with the Feynman rules in the momentum space
to build up the connected n—point Green’s functions Ga (p1,...,pn) to all
orders in perturbation theory for the A\¢] model: namely,

1. For each Feynman propagator D (k) = ihc[k? — (mc/h)? +ie]™! draw
a solid line with a four-momentum flow

2. For each self-interaction term draw a four-legs vertex and multiply by
— i\ h%c?

3. Impose energy-momentum conservation with all momenta incoming at
each interaction vertex

pi+pr+ps+ps =0

4. Integrate over each internal momentum, i.e. each momentum ¢ which
is not an argument of the Green’s function

/ d4/s

(2m)*

5. In order to get the contribution to G (p1y---,pn), draw all possible
arrangements which are topologically nonequivalent, after identification
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Dr(k) = ihc[k? — (mc/h)? +ic |

Figure 2.1: —i\/h%c? (pr+p2+p3+ps=0)

of the so called external legs corresponding to the external momenta
ki,...,k,. The number of ways a given diagram can be drawn is the
topological weight w of the diagram. The symmetry factor S of the
diagram is equal to its topological weight divided by 4!, i.e. S = w/4!.

To give an example, consider the so called Tadpole diagram. We need
one vertex and three propagators. There are four ways to attach the
first propagator from 1 to the vertex, three ways to attach the second
propagator from 2 to the vertex. Hence the topological weight is w =
4 -3 and the symmetry factor S =4-3/4! = .

Other examples for 2-loops diagrams are illustrated in the figures. Let
¢ the momentum circulating around the closed loop: then the Feynman

1@ & 9>

Figure 2.2: the scalar tadpole diagram
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Figure 2.3: Double-Scoop diagram: we need two vertexes; there are four ways to attach
the first leg of the first vertex to 1, three ways to link the second leg of the first vertex
to 2, four ways to attach the third leg of the first vertex to the first leg of the second
vertex and, finally, three ways to tie the fourth leg of the first vertex with anyone of the
remaining three legs of the second vertex. Hence the topological weight is 4-3-4 -3 so
that the symmetry factor is 1/4

£
N

Figure 2.4: Saturn diagram: we need two vertexes; there are four ways to attach the
first leg of the first vertex to 1, four ways to link the first leg of the second vertex to 2; this
leaves three ways to connect with an internal leg the two vertexes and two further ways
to tie the internal lines. Hence the topological weight is 4 -4 - 3 - 2 so that the symmetry
factor is 1/6
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Figure 2.5: Glasses diagram: we need two vertexes; there are four ways to attach the
first leg of the first vertex to 1, four ways to link the first leg of the second vertex to 2;
this leaves three legs for each vertex free to be tied together. Hence the topological weight
is4-3-4-3 so that the symmetry factor is 1/4

rules give

1(_“\) i / d*/ i i
2 k2 —m? +ie (2m)* 02 —m?+ie k2 —m?+ic

Thus we see that the Feynman rules reduced essentially the problem of setting
up the perturbative expansion of the Green’s functions to that faced by a
child assembling a Lego set. More important, the structure of the propagator
and of the vertex, i.e. the main tools of the game, can be directly read off
of the classical Lagrange density. Consider in fact the functional integral
representation of the generating functional

Z1J] = ep{(/mW[J]} |
_ N/m exp {%so[m —%V[¢]+z’/d4x¢(x)J<x)}
(2.30)

and let me focus on the first two addenda in the exponent, viz.,

?

P50l = g [ {9 0000,00) - B 0?0}

| "
5 V1ol = s [ A o'

Taking the Fourier transform after a partial integration we come to

150[(25] - 1/ : k4 5(_k)i (k2—m202/h2) g(k)




i —iA d4l<: ~
——V[ 4'h22 H/ (271') 5(k1+k2+]€3+k4)

whence it appears quite manifest that the momentum space Feynman rules
1.— 3. can be directly read off of the classical Action. More precisely,

e the Feynman propagator is just equal to the opposite of the inverse of
the kinetic operator, the inverse being actually defined by the causal
prescription, viz.

Drk) = (—1) {é (k:z— m;CQ —I—ie)}_l

in the present scalar field case

e the vertex —i \/h%c? as well as the overall momentum conservation are
evidently encoded in the classical interaction potential in momentum
space.

2.3 Yukawa Theory

The Feynman rules for spinor fields can be rather easily gathered from the
paradigmatic simple model known as the Yukawa theory

Hideki Yukawa
On the Interaction of Elementary Particles.
Supplement of the Progress of Theoretical Physics No. 1 (1935) pp. 1-10

The Yukawa model involves a real scalar field interacting with a complex
Dirac spinor field, the classical Lagrangian being given by

M
Lot = 2 9™ 0,60, — S 5241 Ly 0, — ( “+ W)w

h V

where y is the dimensionless Yukawa coupling parameter. Notice that the

spinor field in the physical C.G.S. system of units has engineering dimensions
1

given by [¢] =eV2 em~!. Turning to the momentum space we find

2h2

%SYukawa[qba,le) @E] h'c/délx EYukawa[gbv@ZJ?@E]
' 'k~ e\ ~
o Py <k:2— R > 6 (k)
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"
—iy (p1+k—p2:())

7 d4p ~ 0 Mc\ ~
iy dipy [ d'py ~ ~ 07
~ s oy (s e 8 00

in such a manner that the scalar and spinor propagators correspond, as
explained before, to the opposite of the inverse of the Klein-Gordon and Dirac
kinetic operators respectively. On the other side, the vertex is clearly given by
—iy/+/(hc)3, the energy momentum conservation being here k+p—q = 0.
Several comments are now in order.

1. It is worthwhile to notice that the direction of the energy momentum
on a fermion line is always significant. On a fermion propagator, the 4-
momentum must be assigned in the direction of the charge flow. Here,
the momentum of a particle is always taken towards the vertex, the
particles being assumed to carry negative elementary charge — e with
e > 0. Hence, the direction of the momentum is always understood
by definition to follow the negative charge flow. Thus, the momentum
of the antiparticle will go out of the vertex, which corresponds to the
term — ¢ in the argument of the energy momentum d—distribution.

2. The diagrams of the Yukawa theory never exhibit topological weights
nor symmetry factors, since the three fields (¢ ) in the interaction
Lagrangian can not be interchanged one another.

3. Finally, the Graimann nature of the spinor field is reflected in one
crucial change in the Feynman rules : whenever a closed fermion line,
which is usually named a fermion cycle or more commonly a fermion
loop, appears in a diagram, then one must multiply the diagram by a
factor (—1) for each fermion loop of the diagram. This latter rule can
be illustrated by the following enlightening example.
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Dr(k) = i[k? — m? +ic]™!

9

a > 5]
P SEL(p) = i(yf + M)ap (p? — M2 +ie) ™"

2.3.1 Yukawa Determinant

Consider the generating functional for the Yukawa field theory

20¢.¢.) 2 W [96 [0 [ 06 exp (i Sl 9,0 0])
< exp {if do | (@) (2) + 0 (@) (@) + I (@) 0 (@) |} (2.31)

By making use of the same trick I have employed before in the case of the
perturbative definition of the generating functional for the self-interacting
real scalar field theory I can write

Z[J, ¢, ¢ = exp{—iV[3/i6J],8/i6C,8/i6C])} Zo[C, ¢, T]
Vo= y/dx (6/i6.J(x)) (8/i6Ca(x)) (6/i6Ca(x)) (2.32)

while
Zol¢, ¢, J1=251¢, ¢l Zg [T =exp{iW [ J] +iWy [¢, CT}

Zy[¢, Cl=exp{ —[dz [dz ((2) Sk(z—2)C(2)}
ZylJl=exp{ -1 [de [dz J(2) Dp(z—2) J(z)}

It is important to remark that in the definition (2.32), where I have explicitly
written the repeated summed spinor indexes for the sake of clarity, the order
of the anti-commuting GraBmann-like functional derivatives is crucial.

Now, to our task, it turns out to be convenient to rewrite the generating
functional in the following equivalent form: namely,

Z[J, ¢, C] = N /©¢ exp{iSo[gzﬁ]—i—i/dz J(z)¢(z)}
X exp {iy/dxgb(x) (6‘2)/5(355@)} Z5 (¢, ¢l
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where Sy[ ¢ | denotes the classical Action for the real Klein-Gordon field. As
a consequence, if we set

exp{—iVy[6/id(,86/idC]} =
exp {—iy/dxé(x)( (2)/1(5(3526( }
oy

Z51C.C) = exp{~iV,[6/i0C. 6/i5¢]} 2§ (233
we obtain the functional integral representation
ZE[¢,¢) = M/m/ J
exp{i/dx&(x)[gwigﬂ— }
X exp { /dx [g( Vi (x) + } (2.34)

with
Z4[0,0] N¢/®¢/©w
exp{z/dxwx)[%w“zau—M—ycz»(x)]w(x)}

def

Nydet | i@ =M~y | (2.35)

the latter definition being understood, as usual, up to the Wick rotation to
the Euclidean space. Notice that the constant N is conveniently fixed by
the requirement that in the limit ¢ — 0 we recover Z;'[0, 0] = 1.

As a consequence, we eventually come to the symbolic equality

det | 19— M —yo ||
det || i — M |

det | T—y(ig—M)"¢ | (2.36)
= exp{TrIn|[I—y(id—M) "o |}

n=1

in which we understand

(#](19 M) |22) = = (2~ 22)

while the symbol [ Tr | indicates the sum over spinor indexes and integration
over space-time coordinates. After setting

Xp=(1)Tx[(ig-M) " yo]"
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in such a manner that we can write

Indet||id— M —y¢ |=Indet||id— M || +> n' X} (2.37)

n=1

explicit evaluation for n = 1 yields
XL = (“)Te[(if— M) yo)
— oy [ do (] (i9 - M) 6l)
— —y [ dor [doa (e (19 = M) ) (2] 1)
_ iy/dxl/dx2 6 (1) 6 (21 — 79) tr S (21 — 22)
- iy/dml 6 (21) tr Sp (21 — 21)
— iy [ do (o) wSe(0) iy Te(95p) (2.39)

in which the symbol [tr | denotes the sum over spinor indexes. The next
term can be handled in a quite similar way by making repeatedly use of the

completeness relation
/ dz |2) (2] = 1T
Then we obtain

X; = (—iy) /dxl/dxggb:cl (x2)

( tl" SF( 2—$1)SF(ZL'1—$2) (239)

It is convenient to introduce the center of mass and relative coordinates

a(%l,l'z)

o(X,z)

T== (11 +22) T =T — T

so that

st = y2/dx/d$ d(x+x/2)p(T—x/2) tr Sp(—x) Sk (x)




x expli(p—q) -z} tr L/_]\iijtie'gj—]\z%—z’e}

S / <§f>4 & (k) & (~k) / (;734/ <2d7rq>4

tr[( + M) (g +M)] \
X (p2 — M2 +ic)(q2 — M2 +ic) 2m)*5(k+p—q)
) HW/% 3 (k) & (k)

X (—1)/(2017:;4 tr [p(—]\if—i—z'e . ]/—i—k—iM—l—i&?}

the very last line corresponding to a fermion loop with two propagators.

e Hence, whenever a fermion loop appears, it always involves a trace
operation over the spinor indexes as well as a multiplication by a factor
(—1), the ultimate reason of which being due to the anti-commuting
Grafimann-like nature of the fermion fields. This is the Feynman rule
for fermion loops.

A little thought will convince the reader ! that the iteration of the above
machinery leads to the result

Xy = <—z‘y>”/% k) - /dk Sknr) B ks + -+ k)

(2m)*
« (—D/% [ Sp(p) e (p k) -+ Sp(pt by 4o+ ku)
= (=1 (=iy)" Tr(¢Sp)" (kn=Fki+-+kp1) (2.40)

which corresponds to a fermion loop with n—external legs associated to the
scalar field vertexes, as depicted in the figure. As a consequence, we can
see by direct inspection that the symbolic equality (2.36) can be understood
in a perturbative sense as a power series in the Yukawa coupling, the n—th
coefficient of which does involve the 1-loop fermion boxes with n—external
scalar legs with momenta ki, ks, ..., k, : namely,

det [[ig—M—yo | _ <1 i
det [ i@ — M| eXP{(—l)nZl ~ (=) " Tr (¢ 5p) }

! The trick is to introduce a change of variables to a new system of coordinates with
the center of mass and (n — 1) relative coordinates with a unit Jacobian.
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Figure 2.6: The n—point Yukawa 1-loop box yielding the factor (—1)

or even
det | i —M —y¢ || = det | i@—M | exp{Tr In(I+iyéSp)}

as indeed expected by taking into account the suggestive symbolic relation
(i@—M)~' = —iSr and the cyclic property of the [Tr] operation Tr (¢Sfr) =
Tr (Sr¢) . Notice that the first four 1-loop fermion cycles of the perturbation
expansion, that is n = 1,2,3,4, do appear to be ultraviolet divergent by
naive power counting: namely,

. dp <
zy/ W tr Sr(p)

yZ/ ((;;Z))4 tr [gp(p) gp(p—i-k)]

B in/ (23)4 tr [gF(p) Se(p+ k1) Se(p + k1 + kQ)]

d* ~ - _ N
_ y4/ (27:)94 tr [SF(F) Srp(p+ k1) Sp(p+ k1 + ko) Sp(p + k1 + k2 + kg)]
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with Sp(p) = i(yf — M 4 ic)~'. Hence, they call for some regularization
method in order to be properly defined. I shall deal at length with this in
the sequel.

Effective Action. I conclude this paragraph by introducing the very customary and
useful concepts and definitions of effective Action and effective Potential related to the
Yukawa determinant. These latter encode the effects of the coupling of quantized matter,
described by fermionic fields, on some external bosonic fields — typically scalar or vector.
We can start from (1.61) that gives the effective Action for the (free) Dirac operator

detl| (19— M) /u || = exp {ir§} (2.41)
o _ VMY M 3
T = 53 (ln T (2.42)
Thus we can suitably set
det [| (id =M —y¢)/ul| = exp{ilen[d]} (2.43)
Teg¢] =T —iTrn(I+iy¢Sp) =T + 3 T [¢) (2.44)
n=1

(n) _ i n o __ i . n n

Lo’ [@] = —EX¢—£(—2y) Tr (¢ Sr) (neN) (2.45)

In the case of a constant external field configuration
¢(x) = constant = ¢

we can write the constant effective Action, which turns out to be an ordinary function,

Tet(p) = —ilndet| (ig—M—yop)/ul|
= 1 —iTr [T+ iyeSe]

= (M) oy (M +y) ~Tnpi— 3] (2.46)
and the quantity
L1 /3 M
Vaale) = (M +ye)t gz (§ - 222 (2.47)
Le(p) = —[d'2Ver(p) = = VaVerr(p) = — (21)* 5(0) Veri () (2.48)

that is called the effective Potential of the Yukawa determinant. Of course we find
Ter(0) =T

while we have

, d4 ~
T () = —ix{V =yp[dotrSp(0) = W‘Q/ﬁ tr Sp(p)
. d4p 2 2 N1 d
= 1ypVy M/ (2T)4 trl (p - M+ 15) = @ et (0)
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Hence in order to match with the McLaurin expansion of the (—function regularization
result (2.46) we must assign a finite value to a formally divergent integral: namely,

M?2 ( M 1) / d%p —1
— (lh——-=)=i [ ——trl (p* —M?+ic
27’(’2 1% 2 (27T)4 ( ) finite part

Next we get
PRle) = —5X%=35(-iye) T8}
i d*p ~
= §(y50)2 V4/ (27_‘_)4 trSI%'(p)

and, once again, if we want to reproduce the output of the Zeta function regularization

Vi M 1 d?
F(Efzf)((p) =12 (yeM)? (3111# - 2> =14 dTOQFeff(O)

we have to set

M? M o1 dfp -~ =
—(3ln——-=)= i [ —— ¢ 2.4
22 <3 " 1% 2) ' / (27T> 4 ' SF (p) SF (p)J finite part ( 9)

We can thereby proceed in the same way to give a finite value to the two further formally
divergent quantities: namely,

)
PR = —5X3 =3 (—iyp)’Trs}
1 dtp =
- e [ S uSio)]
3 (277)4 r finite part
V. M 1 d3
= ﬁ (Z‘J‘P)SM(IHM‘F?)) = %@Sdigpg)reﬂ(o)
r{ ) = _ZX:ol = Z(—zygo)‘lTrSﬁ

i 4 d*p 34

—(yp V/ tr S pJ

4 ( ) ! (27‘-)4 F( ) finite part
4

Vi 4 M 1 4 d
(ygo) (3111#_2) :ﬂﬁp @FQH(O)

2472
Notice that, since the trace of an odd number of gamma matrices is null, we get

Fay @ AM)?  MEp*+ M?)
trSp(p) = (P M21icp (PP tie) trl

tr(g + M)t (p?)?+6p M2 + M*

trSh(p) = = trl
v Sr(p) (p? — M2 +ic)* (p? — M2 +ic )* '

Moreover one can readily check that all the coeflicients Fég)(gp) with n > 5 are finite and

do not depend upon the arbitrary mass scale p of the Zeta function regularization.
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2.4 Quantum ElectroDynamics (QED)

Let me finally come to a fully realistic and fundamental field theoretic model:
the Spinor Quantum ElectroDynamics, i.e. the Lorentz covariant theory of a
Dirac spinor quantum matter interacting with the electromagnetic radiation
quanta. The electromagnetic field is described by the vector potential A* =
(p, A) with

1 .
B=VxA E=-Vyp—-A
&

To this aim, let us first recall the canonical engineering dimensions of some
quantities in the Heaviside-Lorentz C. G. S. electromagnetic system of units.

We have

1

[A*] = Gauss cm = eV? em™ 2

[E]=[B]=[F,,]=Gauss =eV? cm™

[SI[9Y)

because
W =cP = [dx3[E*(t,x) 4+ B?(t,x)] Py=|P|

is the energy of the radiation field?. Notice that A* shares the very same
dimensions with a scalar field, i.e. [ A*] \/eV/ cm. The positive proton

charge e > 0 has dimensions [e] = eV2 cm2 = Gauss cm? | while the unit
of quantum magnetic flux reads
h
By = S ~ 4136 x 1077 Gauss cm? [Dy] = V2 cm?
e
Finally we recall the fine-structure constant
© 7997352 568(24) x 10~* ~ —
a= =T. ~ —
4dmhe 137
as well as the electron current density
e —
P(@) = — < Tla)r* ()
[7#] =esucm s ! = eVzem 25 = Gauss/s

where 1 esu = Gauss cm?.

provided by

L = —%F“”quwﬂ(%g——%——é{)@b (2.50)

Then the corresponding Lagrange density is

h

1 M 1
= P Ea b (i S e e,

2The key dimensional equality in the Heaviside-Lorentz C. G. S. electromagnetic system
of units are [W] = Gauss? cm® = [e?]/cm = eV = [e] Gauss cm.
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and turns out to be invariant under the so called local phase transformations
and gauge transformations, i.e. the space-time point dependent symmetry

Au@) o AL@) = A (@) + 0, (@)
O(a) = (@) = exp{ie/he) f(2) } v (a) (2.51)
Gla) = (@) =D(x) exp{ (—ie/he) f(x))

in which f(z) is any arbitrary real function with the dimensions of a magnetic
flux. Notice that in the limit of a constant value

o
f(x)—>f:2—08 0<6<2n
T

the gauge transformation for the spinor field reduces to the ordinary U(1)
phase transformations

V() = W) ="y (2)
leading to the Nother tetra-current

oL
00,

The Lagrangian (2.51) gives rise to the Euler-Lagrange coupled and gauge
invariant field equations

A= —DAr = Jre0 — ¥ = %J”

0, F*(x) = — = B(x) 7" b(x) = = 1) (2.52)
(9= o) = = - d) vta) (259

It is worthwhile to remark that the QED spinor Lagrangian can also be
written, up to a boundary term, in the form

_ M 1
Lopp =¥ (’y“iDu—%) b= P, (2.54)
where the gauge covariant derivative
_ iq
D, :8M+%Au (2.55)

has been introduced for a charged particle of charge ¢, that corresponds to
the well known minimal substitution

q
pu — pM_EA;A (256)
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in order to introduce the electromagnetic interaction in the classical and
quantum physics of point-like particles with a charge ¢ .
Now, just owing to the gauge symmetry, the kinetic term for the vector

potential
1., 1 5
—ZLF# Fl“’ = §A”(gul,[]—8#3,,)z4
can not be inverted and thereby a Feynman propagator can not be defined.
Hence, in the aim to develop Lorentz covariant perturbation theory, the so

called general covariant gauge fixing Lagrangian must be added, viz.

Lo =A"(x)0,B(x) + g B?(x) (2.57)
where B(x) is an auxiliary non-physical scalar field of canonical engineering
dimension [ B]| = erg% cm 2 , while the dimensionless parameter £ € R is
named the gauge fixing parameter, the Abelian field strength being as usual
Fo(r)=0,A,(x)—0,A,(z), in such a manner that the action results to
be Poincaré invariant. If we definitely make the simplest choice £ = 1, that
is called the Feynman gauge, after turning to the momentum space we find

?

h

_ : A4k~ ~
S[A" 9] = — i/(%y A0 (k) K2 g, A (— )

v [t (- 40) i

ie [ d'p [ d'¢ 5 TN A0 b T
<h0)2/(277)4/(27r)4 Au(a=p) 0 (@77 U (p)

in such a manner that, in close resemblance with the Yukawa theory, we
immediately come to the Feynman rules in the Feynman gauge: namely,

1he
spinor propagator : < , > (2.58)
¥ +ic—Mc/h) 4
I157%
photon propagator : —ihe i (2.59)
e
vertex : TheP? Vo (k+p—q=0) (2.60)

while the energy momentum conservation is again (27)*d (k+p —¢) and a
factor (—1) must be included for each fermion loop.

Gauge Fixing Lagrangian. It is worthwhile to notice that an alternative and very useful
method to obtain a gauge fixing Lagrange density L, ¢ is as follows. Let us begin from
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Figure 2.7: Feynman rules for the spinor propagator S.s(p), the photon
propagator D, (k) and fermion-fermion-photon vertex ygﬁ

the expression (2.57) and substitute the equations of motion for the auxiliary non-physical
field 0- A = £B : then we get, up to an irrelevant boundary term,

1
Eg,f. —%

This entails that, if we sum the latter gauge fixing Lagrangian with the gauge invariant
Lagrange density of the radiation field, then we eventually get

At (x)0,0,A" (x) (2.61)

Le[AM] = LAY (00— 0%0,) A, +1¢71A4"0,0, A"
= ;Av[of0-(1-¢7")0"0,] A,

It follows that the momentum space kinetic operator is provided by
K =—60k*>+ (1—¢ 1) k",

In order to find its algebraic inverse for k2 # 0 let us set

_ A a
K3 = gz (9= gaiak)
so that
_ A a _
’CA;}’Cg = ﬁ(gku_ﬁ]ﬂku)[_(sﬁkz""(l_g 1)/{“]@,]
- _ k)\kl, 71 2 -
- Ag)\u+ k2 A |:]- 5 €:| = gxv
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and consequently
A=-1 a=1-¢

_ 1 1-¢
’C)\Hl:ﬁ <9>\u+k2k>\kp>

This drives to the Wick propagator or causal Green’s function

ih 1-
aulk:8) = kz—i—Cw(_gM k2 4 ie g kkk)

where the causal Feynman prescription has been endorsed allowing for the Wick rotation
and thereby

the ek (z-v) 1-— E
Dy Y — | -
( —Y; 5) ( 7'1') /d k2 + i < g)\u k2 k)\ ku )

which satisfies

(640 —(1-¢71)0"8,] DS, (x —y:€) = ihegua 6@ (z —y)

For £ = 1 one gets the photon propagator in the Feynman gauge, which turns out to be
the simplest and most convenient choice, while for £ = 0 one gets the so called Landau
gauge photon propagator, which fulfill the Lorenz condition 9, A#(x) = 0 as an operator

equality at the quantum level.

As a final important remark, I recall the Euler-Lagrange field equations,
that hold true in the Feynman gauge, for the operator valued tempered
distributions A#* (x), B(z) and v (z) : namely,

cOA* (z) =y (x) (2.62)
i) + o A () = 50 v (@) (2.63)
9, A" (z) = B (x) (2.64)

where the local electric current quantum operator is defined as

(@)= =3 lm L (Dl+ 7 (@) —d(@)y b a+e) )

in such a manner to avoid the ill-defined product of tempered distribution at
the same space-time point, the relative minus sign being due to the canonical
equal time anti-commutation relations

{y(t,x), ¥T(t,y)} = hcd(x—y)

all the other anti-commutators vanishing. From the 4-divergence of equation
(2.62) and taking equation (2.64) into account we find

cOB(x) = 05" (1)
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On the other side, from the invariance of the Lagrangian with respect to the
U(1) global, i.e. space-time point independent, phase transformations

{1#(1’) = U'(x) =exp{if} ()

U(x) = U () =9 () exp{—if}

it follows that the electric current density four vector satisfies the continuity
equation and the total electric charge is conserved, which is nothing but the
Nother’s theorem. Hence

0,9"(x) =0 = OB(x)=0 (2.65)

which means that the auxiliary scalar B(x) is still a free field obeying the
d’Alembert wave equation even in the presence of the interaction. It
follows that it is still possible to select the Hilbert space of the physical states,
with a positive semi-definite norm, from the subsidiary condition

B (@) |phys) =0

just like in the Gupta-Bleuler or Nakanishi-Lautrup formalism for the free
radiation quantum field.

Scalar Electrodynamics. Consider a complex scalar field of mass m and electric
charge ¢ interacting with the electromagnetic field, the dynamics being governed by the
classical Lagrangian in the Feynman gauge

EZQMVDHQS(DVQS)*_mQ(bd)* _/\(¢¢*)2_iFle/w_%auA#ayAV
D, ¢=(0,+igA, )¢ Fo=0,4,-9,A,

with A and q positive coupling constants. The Lagrangian can be rewritten in the more
explicit form

L = 0"¢0,6"—m>¢ ¢ A(¢"0)" — 3014”0, A,
iqAM(¢*au¢_¢8u¢*) +q2AM¢Au o
Then we evidently have

§L/50 ¢ =(Du¢) =0,9" —iqgA, ¢*
6L/60" " =Dy =0,0+iqA,¢
6L)6D, A, =—0"AY

SLISG=igA- (Dg)* —m2* — 210" (66"
SL/5¢* = —igA-Dg—m2¢— 226 (p0*)
(5£/66MAV = _8[LAV
SLISAY = —qé"idyé+ 22 A, bo"
= —ig(¢*D,é—¢Dio*) = —iqé* D, ¢
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so that the Euler-Lagrange field equations read
D} (D" )" +m? ¢ + 21" p¢" =
D'D,p+m2p+2X ¢ ¢ =0
<>
OA4,=ig¢"D, o=J,

The Lagrangian is invariant under the full non-homogeneous Lorentz group I0(1,3) and
the internal U(1) phase transformations

$z) = ¢'(x) = g(z)e "’ (0<0<2m)

in such a manner that the electric current does satisfy the continuity equation

<>
0, J"=0=20" (cﬁ*iDu ¢)
which guarantees charge conservation in time

<> .
Q=g [woreniDiotr) Q=0
Notice that, by taking the four divergence of the equations of motion
oY (OA,—-J,)=0 = [00-A4=0

which means that 0 - A is always a free field even in the presence of interaction with
the charged scalar matter. It is also important to realize that the covariant derivative
D, ¢ of the charged scalar field transforms homogeneously with respect to the local phase
transformations, i.e. the gauge transformations: namely,

p(z) = ¢'(z) = d(x) exp{ —ig0(z)}
Ay(x) — A;(x)zA (x)+0,0(x)
In fact we obtain
D,¢'(x) = 0,[¢(x) exp{—igb(z)}]

iq[Au(x) +0,0(x) ]| p(x) exp{ —igb(z)}
= exp{—iq0(z)} D, (x)

which entails that the electric current is also gauge invariant, viz.,

_|_

!
A d
7w = (06" @ Buo) ) =1,
Let us calculate the canonical energy-momentum tensor, as provided by Néther theorem

Tu = (0L£/50"¢)D, ¢+ (6L/50"¢*)D, ¢*
(0L/6O"AN) Oy Ay — L g
(D#¢)* 81,(]5—1—([)“(;5) aud)* _auA/\ayA)\ _‘Cgltu

+
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Then we obtain the energy of the classical system

[ {ét.x) D36 (t:x) + 6*(t.x) Do)
- @2(t,r)+A2(t,r)—E(t,r)}
where we have set
ar(tr) = (o), Altr) )
and taking into account that we have the canonical field momenta
SL)5(t,r) =T1*(t,x) = Did*(t,1)
SL/5p*(t,r) =T (t,r) = Do (t,r)
0L/6p(tr) =1lp(tr) = —¢(t 1)
SL/5A(t,r) =TI(t,r) = A(t,r)
so that .
d)(tar) = H(t7r) _iQW(tr)é(tar)

we find the classical Hamiltonian
1= [ar{[nen-ienonn] ey - L)

+ [H*(t,r)+iq<p(t,r)¢*(t,r)}H(t,r)—Au(t,r)A“(t,r)}

Since we can write

V(pep") =m?¢¢" + A(¢¢")

r)II*(t,r) = Dr¢(t,r) Dy o™ (t,r) — V(p9")
L) ARt ) + VA, (tT) - VA*(t,T)
o) I (t,r) = Dy ¢ (t,v) Dy o™ (t,r) — V(g ™)
2(t,r) + L TI%(t,r) + 5 Vo (t,r) - Vo (t,r)
Ag(t,r) - VAg(t,r)

L(t,r) =

1
2

1,
A
IL(t
I
v

[SIE NI

we eventually obtain the classical Hamiltonian as a functional of the fields and their
conjugate momenta, viz.,

H

/dr TL(t,x) IT*(t,v) + Dy 6 (t,v) D67 (t,1) + V(")

— dgp(tr) ¢ () IT7(¢, ) +igp(t,r) o7 (¢, 1) IL(£, 1)
— 3I(tr) — 3 Ve(tr) - Vo(t,r)

+ LI r) + S VAL ) - VALt T) )

which in not positive semi-definite owing to the presence of the electric potential ¢ (¢,r),
as well as the total momentum

P = f/dr {Hsp(t,r)Vga(t,r)Jer(t,r) VARt r)

+ H*(t,r)V¢(t,r)—i—H(t,r)ngS*(t,r)}
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The Feynman rules can be obtained in a straightforward manner from the classical Action
multiplied by the imaginary unit. Actually we get the scalar propagator in momentum
space — with an arrow because the charged scalar particles and antiparticles have opposite

charges ‘
~ i
Dp)= ———
(p) P
the usual photon propagator in the Feynman gauge

- —ighv
D (k) = k2 4 ie

Furthermore, after setting as usual

ip ~ . 4. _
QS(ZE)/(;W})Z ¢(p)e*zp-x Au(x)/%Au(k)ezk'z

we obtain the particle antiparticle photon 3—point vertex

—ig(p+p")" (p+k-p'=0)
the four point scalar vertex with two particles and two antiparticles
— 4iX (p+qg-p" —q'=0)
and the particle antiparticle two photons four point vertex
2ig? g (p+k—p +k"=0)

As already noticed, it turns out that the d’Alembert equation (09, A*(x) = 0 holds true
even in the interacting case, so that we can select the physical subspace $pnys of the
indefinite metric Fock space § by the subsidiary condition

G”AL_)($)| phys) =0

which guarantees a positive semi-definite metric of the physical Hilbert space $pnys C § -

2.5 Non-Abelian Gauge Theories

The setting up of quantum electrodynamics can be generalized to the so
called non-Abelian gauge field theories. To this purpose, let us consider a
classical Action invariant under an internal symmetry Lie group G of local,
i.e. space-time point dependent, transformations. We assume the non-Abelian
gauge group G to be simple and compact: without loss of generality we shall

choose SU(N) with N > 2.

2.5.1 Covariant Derivative and Related Properties

To start up, let me denote by 1 () a column multiplet of NV Dirac spinor fields
which transforms according to an irreducible fundamental representation of
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SU(N), which is identified by a set of generators or infinitesimal operators

7% (a=1,...,N?>—1) in such a manner that
Y1 ()
U(r) = v :(m) (2.66)
YN (2)

U (x) = () = expligw®(z)Tp} ¢ (z) = Us(e) ¢(z) (2.67)

with
U () = exp{— igw ()78} = Ul(2) = U_ ()

w

Since the fundamental representations of SU(N') have dimension N it follows
that the number of independent real functions in the spinor multiplet (2.66)
is 8N . Thus, the Hermitean N x N matrices 7% (a=1,...,N?> — 1) form
an N —dimensional representation of the su(N) Lie algebra. The SU(N)
structure constants f2¢ are completely anti-symmetric real quantities defined
by the commutation relations or inner Lie products

(T8, Th] =if" T (a,b,c=1,...,N*—1) (2.68)

For example, the structure constants of the unitary group SU(2), which is

the universal covering of the proper rotation group SO(3), are provided by

fo¢ = — e, while the Hermitean generators T are nothing but half the
1

Pauli matrices 50, .

Conjugated representations. For any finite dimensional representation {T'(g)|g € G}
of a Lie group G of finite dimension n

T(g1)T(g92) = T(9192) (V91,92 € G)

it follows that there always exist its complex conjugate representation {T'(g)|g € G} of the
same dimension and with matrix elements

Ty,(9) =T,;(9) (Vge@)
because
TU(QIQZ) = T;; (9192) = T,;.(91) T;j(fh) = Tm(gl)Tn](QQ) (2.69)
Now, if we denote by I, (a = 1,...,n) and I, (a=1,...,n) the corresponding generators,

it turns out that the finite dimensional representations of a Lie group fall into three
categories: real, pseudo-real and complex.
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e Real representations: a representation is said to be real iff there exists a non-singular
symmetric matrix S which realizes the transformations

I,=—-S1,5" S=5T (Va=1,...,n)
This is for example the case of the adjoint representation SO(3) of the rotation
group.

e Psecudo-real representations: a representation is said to be pseudo-real iff there
exists a non-singular anti-symmetric matrix S which realizes the transformations

I, =—SI,5"1 S=-5T (Va=1,...,n)
This is for example the case of the fundamental representation SU(2) of the rotation
group.

e Complex representations: a representation is said to be complex iff its set of the
generators {I,|a = 1,...,n} and that one of its conjugated {I,|a = 1,...,n}
are never related by a similarity transformation. As an example one can take the
two non-equivalent three dimensional fundamental representations 3 and 3 of the
unitary group SU(3).

In order to build a gauge invariant Action, we need the covariant derivative of
the spinor multiplet ¢(z), which generalizes the concept of minimal coupling
from the electromagnetic Abelian case to the non-Abelian framework. This
can be readily achieved by setting up a matrix-valued derivative operator D,
such that D, ¢(x) transforms like ¢(z) itself. To this aim we define

D,y (z) = (8u —z'gAZ(x) Tﬁ)zﬁ(m) (2.70)
where we have introduced the non-Abelian real vector potentials
a 2
Al () (a=1,...,N°—1)

the number of which is equal to the dimension of the local symmetry group
SU(N). As a matter of fact, if we impose the homogeneous transformation
law

Y(x) = Uy(x)y(z) & Dyv(x) — Uy(z)D,y¢(x) (2.71)

we necessarily obtain the non-homogeneous transformation law for the gauge
vector potentials: namely,

Au(w) = Aj(z) = Uu(2) Au(w) Uj () —é [0,Uu(2)] U(2)  (2.72)

in which I have introduced as customary the matrix valued vector potential
in the fundamental irreducible representations of the su(N) Lie algebra, viz.

Ay () = AZ(IB) T (2.73)

68



Notice that the homogeneous transformation law (2.71) actually entails
D' (x) = D, Uyt () = Uy(w) Db (x) (2.74)
and consequently
UJl(z) D}, U,(x) = D, D/ = U,(x) D, Uj(x) (2.75)

In order the gauge potentials acquire the role of dynamical fields, we need an
Action that describes their dynamics and is invariant under local, i.e. space-
time point dependent, SU(N) transformations. This task is most easily
achieved in terms of the so called non-Abelian field strength anti-symmetric
matrix valued tensor F,(x) = —F,,(x) defined by

Fu(@) = Fi(@)i=[Dy, Di]
1 .
= Sl igAi@) Th 0, —ig ALw) TE]

= [0, A5(x) = 0, Ay(w) T — ig Aj(a) AL(w) [T, 7]
= 71 (0uAL@) — 0, AL() + gf AL () AL(2))
= 0, A1) = 0, Au(@) —ig[A(a), Ay(a)] (2.76)

and which evidently transforms in a homogeneous way

E (z) = g [ D), D] = Uy(x) Fu(x) Ul (z) (2.77)

This means that the field strengths tensor transforms according to the adjoint
representation of the gauge group. In fact we find

Fo(x) = expligw®(z)ri} Fu(r) exp{—igw®(z)Tj}
= Fo(z) +igw(z) [T, Fu(z)]+ O(W?)

o c abc , .a b 2 c
= (Fole) = gf™w(@) Fy (@) + OWH)) s
that yields, after reshuffling of the group indexes,
dFg(x) = gl Lo b F(2)w’(x) (2.78)

where I used the well known property of the anti-Hermitean infinitesimal
operators in the N2 — 1 dimensional adjoint representation, viz.

I Lo lloe = £ (a,b,c=1,2,...,N>—1)
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with I,+1] = 0 — see the first chapter of the notes of the first semester course.
Hence, if we introduce the anti-symmetric tensor field strengths multiplet

{Fo(x)|a=1,2,..., N> =1}

we can write its finite transformation law by raising the infinitesimal one
(2.78) to the exponential form, viz.,

(Fa(@)" = lleo{ —glew @)} |l £ (@)
= (0" g (@) - ) Fl @) (2.79)
= Fu (@) +gf" F(2)w(z) + O(w?) (2.80)

which is fully equivalent to equation (2.77). Notice that one can also define
the adjoint covariant derivative, i.e. the covariant derivative in the adjoint
representation: namely,

V= 0+ A% I, Ve = 9,0% — gfe A (x)
Then we obtain
1
[V V] = G A I— 0, AL(a) I + g Alx) AL(w) [ L, T,]
= (0 As(2) = 0, AL(w) + gy Al(a) Aba) ) 1.
_ (au A%(z) — vab Aﬁ;(@)@ = F% ()L, (2.81)

N2

in close analogy with the corresponding formula (2.76) for the fundamental
representation. If we rewrite the above commutator (2.81) by exhibiting the
group indexes we evidently obtain

[V;jba vybc] = gFudu<x) ”[d”ac = _gfaCdFudV(‘r) (282)

It is also very useful to collect the infinitesimal form of the non-Abelian
gauge transformations that reads, up to the first order in the small parameter
functions dw*(x)

oY (z) =igdw?(x) T (z)
0A,(z) =V, dw(z) = TH0A%(x) = T V20w’ (x)
0F () = gf™ Fp(x) dwe(z) T
5AZ($) =0, 0w(x) — gfeswb(z) AZ(:L‘)
6Fuau($) == gfabc 6wb($) F,ucu(x)
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2.5.2 Classical Dynamics of Non-Abelian Fields

According to the general requirements to set up a local and gauge invariant
classical Lagrange density, which describes the dynamics of the non-Abelian
gauge fields interacting with the matter spinor fields, we are necessarily driven
to the Yang-Mills construction

Lon = —bir [Fu(@)F*(2)] +0(2) (iD- M) d(a)  (2.83)

where
D =9"Dy=9—igy"Au(z) = § —igy"Aj(x) Tk
tr(rprh) = 2 5
Chen-Ning Franklin Yang & Robert Laurence Mills

Conservation of Isotopic Spin and Isotopic Gauge Invariance
The Physical Review 96, 191 (1954)

The Euler-Lagrange field equations can be easily obtained and read

gV EY(2) = g5 (x)
{ (ip— M)p(z) =0 (2.84)

where the so called non-Abelian fermionic vector current reads
70(x) = (=g) @)y TEY(x) gup

Proof: in fact we find

[6LyM/00,A% )] = [6/60, Al(z)]{— 1 F 4 (0\AL — 0, A% + gf™c AL AS)}
— _ F,U.V(l(x)
[6Lym/0AL(x)] = — F*x)gf " Al (x) + gib(a)y" T4 (z)

= gf"?AL(x) ' (x) + gi(a)y" Th(x)
so that consequently
[0u0° + g [ A} (@) ] F*(2) + gib(2)7" T (2) = 0

and thereby B
Vi P (x) = (—g)d ()" Th ()

which is the claim to be proved U

Then it can be readily proved by symmetry reasons that the non-Abelian
fermionic vector current

(@) = (= g9) ()" TEd(x) gy
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does satisfy the covariant continuity equation, which means
ab b o
V) (x) =0 (2.85)

As a matter of fact, from the commutator (2.82) and the Yang Mills field
equations (2.84) we immediately obtain

Vab Ab( ) — vyavacF;wc( ):%[Vab Vbc]F,uz/c( )
— Lo S P Fle) =

owing to the complete anti-symmetry of the group structure constant. It is
worthwhile to remark that in the non-Abelian case the classical equations of
motion can also be rewritten as

0% Fi, () = g () — gf ¢ Ay () F5, () g™ (2.86)

in such a manner that one can always define a new non-Abelian current

T (@) = (=) {(@)v TEw(x) gup + A (@) F5, (2) g™} (2.87)

that actually involves both matter and gauge fields and satisfies the usual
continuity equation

9"J%(x) =0 (2.88)

which drives via the Néther theorem to the multiplet of conserved charges

Q* = /dXJO“(t,x) (a=1,2,...,N*—1) (2.89)

Proof: the classical Yang-Mills Lagrangian (2.83) is invariant under non-Abelian gauge
transformation so that, a fortiori, it turns out to be invariant under global, i.e. space-time
point independent, transformations of the unitary SU(N) Lie group. It follows that, from
the classical Nother theorem, we can extract the corresponding N? — 1 Néther vector
currents, their number being equal to the dimension of the symmetry Lie group: namely,

S (@) 6w = [6Lym /601 AY(x) | AAS (x) + [0Lym/00u(2) | At(z)

Now, owing to the space-time point independence of the internal symmetry group SU(N)
the infinitesimal global variations do coincide with the local ones, i.e.

p(x) = digTpy(r)dw”
5A%U(z) = gf*cAb(x)ow"

a _ abc b c
6F/,Ll/(x) - gf pr(x) &")
and thereby we get
Ji(x) = (=g) { 9" Fp,(x) AL (2) +d(a) v T4 (2) }
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which entails
ASYM:Afd4$£YM($):O <~ al‘Jﬁ(w):O (a:1,2,...,N2—1)

that proves the above statement O

The matrix-valued field strength dual tensor keeps the very same definition
also in the non-Abelian case: in the adjoint representation, for example, from
the identity (2.81) we can write

Fiv =4 " Fl = e[V, Vg™ (2.90)
so that
FOL_ _pr_ 1012802 _ _p
* x 2 T
E{(t,x) = B*(t,x) B{(t,x) = E*(t,x) (a=1,2,...,N*—1)

From the very definition of the matrix-valued field strength dual tensor it
immediately follows that the non-Abelian generalization of the first couple
of Maxwell equations holds true: namely,

gV, F}(z)=€e"""V,[V,,Vs,]=0 (2.91)
The above differential geometric identity, which is called the Bianchi identity
and does not change even in the presence of matter sources, is nothing but
the non-Abelian generalization of the Faraday-Lenz law and the absence of
magnetic monopoles in the electromagnetic theory. However, owing to the
presence of the covariant derivative, the non-Abelian generalization of the
first pair of Maxwell equations is highly nontrivial. Moreover it is possible
to show that

tr FMF,, = O\K* (2.92)
where

K> = et (Fp Ap + 204, A, Ay ) (2.93)

Proof. For the sake of simplicity and without loss of generality, let us normalize the
generators in the adjoint representation according to Shur’s lemma

tr (I97%) = g% trly = 2259
where the Cartan-Killing metric is provided by

gab:fadcfbcd gabgabEn:N2—1
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for SU(N), while s is a suitable normalization constant. Then we find

T F By = 07 B F = 07 (9, A% — 0, A% + g f AL AL ) Fl
= 2170, (ALFL) — 2" ALDF L + gfheereT AL AC F

26107 9, (AL F2) — 29 f e P A2, (AL AS) + gfeetr? Ab ASF 2
= T, tr(Ay Foo) = 29f €7 0, (A AD AT) + 29 f € 7(0,, A AL A
2 NPT AD AT DAY + g7 fOVC FONC €T AD AL A A

Now the very last term of the last equality identically vanishes owing to symmetry. As a
matter of fact, consider the anti-Hermitean infinitesimal operators of the n—dimensional
irreducible adjoint representation with n = N2 — 1. We find

IaIb: %{Iaalb}+%[laalb] tr(IaIb) = Gab = %tr{la7lb}

where g,p is the non-singular Cartan-Killing metric of the semi-simple group SU(N), so

that we can write
LIy =n""gap T+ 5 fI,

with matrix elements

fadCf bece _ n_lgab 5d€ 4 % fabcf'ced — n_lgab 5d€ 4 % (f bcefadc _ feacfcbd)

Oor even 9
fbcef adc + facef bde _ g Jab 6de

Now the RHS of the above relation is manifestly symmetric under the exchange of a and
b indexes, for the Cartan-Killing metric is symmetric, so that we can definitely write

facef bdce _ __ ’/7,71 Gab 5cd

and thereby
fabc fadeeuupa AZ Alc/ A;d) A(ef =0

Furthermore one gets, for instance,
fade P9, AZ)AZI AL = % fade gpveo Ou (A‘; Az Af;)
Hence we definitely obtain
tr FfF, = eP70,tr(A, Fyo) — 3 gf*e"?7 0, (AL AL AS)
— M7 tr (Fup Ay + % iA, A, Ag>
which is the result because

tr (A, Ay, As) = 2tr (A, [A,, A ]) = Li fo° AL AS tr (A, T%) =i 20 AL AD AC

as claimed. O
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The Yang-Mills Lagrangian can be split into the free quadratic part and
the cubic and fourth-order interaction Lagrangian, i.e.

Lyvi = Lo+ Ling (2.94)
Lo = =49 9" (9, ALw) = 0, A3(2)) 0, As(@)
+ () (i) = M) () (2.95)

Liw = g(x)y" Ti(z) Al ()
— g [ g g"T Ab(x) Ag(x) D, A(x)
— 197G gt A () A () Ap(a) Ag(x)  (2.96)
Once again, as in the Abelian case, in order to invert the kinetic term and

to obtain the free propagator for the non-Abelian vector potential, one has
to suitably introduce a gauge fixing Lagrangian

Lgr =g" Aj(r)0,B(x) + 3£ B%(x) B*(x)

where B(z) = B%x)74& (a =1,2,...,N? — 1) is a multiplet of auxiliary,
non-physical, ghost-like scalar fields which transform in accordance with the
adjoint representation of the gauge symmetry group

B(z) +— Bu(r) =Us(2)B(2)Ul(x)  §B(x) = gf*" B"(z)w()

while the dimensionless parameter £ € R is again the gauge fixing parameter.
Then the field equations become

v

(ip— M)ip(x) =
or Aj(z) = € B(x)

9" 0, F,(x) = J¢(x) — 9, B*(2)
0 (2.97)

Notice however that the non-Abelian vector currents Ji¢(x) no longer fulfill
the continuity equation, because the gauge fixing Lagrangian gives rise to an
extra term in the N6ther theorem for the global SU(N) transformations, that
is

[6L4+. /60" B(2)] AB(z) = All(x) gf*™ B®(z) dw®
in such a manner that we can write

Ju(x) = J(x) — g A} (x) B(x)

I

whence
8“75(:1:) =0 < 0"J}(z)= gfebe AZ(m) 0" B¢(x)
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where use has been made of the last field equation (2.97). Thus, taking the
divergence of the first field equation (2.97) we get

Vi orBY(x) = OB*(x) + gf " Ab(2) 9" B (x) = 0 (2.98)

whence it appears that the non-physical auxiliary fields are no longer free
fields as it happened in the Abelian case — see eq. (2.65). On the contrary,
the ghost auxiliary fields B%(x) are directly as well as indirectly coupled
to the gauge potentials Af(z) and to the fermionic matter fields multiplet
¥ (x) through the field equations. Hence, the covariant quantization of the
non-Abelian gauge theories will require some new tools: the introduction of
Lorentz scalar but anti-commuting non-physical fields, the Faddeev Popov
ghost-antighost fields, and the so called Becchi-Rouet-Stora-Tyutin (BRST)
symmetry, an algebraic graded continuous symmetry involving the whole set
of physical and non-physical quantized field.

1. Ludwig Dimitrievich Fadde’ev & Victor Nikolaievich Popov (1967)
Perturbation Theory for Gauge Invariant Fields
Kiev Report No. ITP 67-36, Physics Letters 25B, 29.

2. Carlo Maria Becchi, Alain Rouet & Raymond Stora (1974)
The abelian Higgs Kibble model, unitarity of the S-operator
Physics Letters 52B, 344.

3. Igor Victorovich Tyutin (1975)
Gauge Invariance in Field Theory and Statistical Physics
in the Operator Formulation
Preprint No. 39, FIAN AN SSSR Lebedev Physical Institute
USSR Academy of Sciences, Moscow.

4. Taichiro Kugo and Izumi Ojima (1979)
Local Covariant Operator Formalism of nonabelian Gauge Theories and
Quark Confinement Problem
Supplement of the Progress of Theoretical Physics, No. 66, pp. 1-130.

The covariant quantization and renormalization of the non-Abelian gauge
theories are the cornerstones of the Standard Model of the Electroweak and
Strong Interactions. According to this model the gauge symmetry group is
the unitary group SU(3) x SU(2) x U(1) of dimensions 8 +3+ 1 = 12, which
is a non-semi-simple Lie group. Thus the fermion multiplets which undergo
strong interactions will posses three degrees of freedom named colors (red,
green and blue) associated to the SU(3) symmetry governing the nuclear
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strong interactions, while the SU(2) spinor multiplets do exhibit two weak
isospin degrees of freedom named flavors, that will be attached to the nuclear
weak interactions together with the U(1) hypercharge that will be related to
the electromagnetic interactions.

Gauge fields and scalar Matter. The coupling of the non-Abelian gauge fields with

matter scalar fields runs along the very same steps of fermionic matter. To be general,
consider a multiplet of N complex scalar fields

¢1(x)
pa(z)
d(x) = ) (2.99)
on(z)
where ¢, : M — C (Ve = 1,2,...,N) and transform according to a fundamental
representation of SU(N)
&'(z) = U,(z) () (2.100)
The covariant derivative is the same
D,®(x) = 0,%(z) — igAj(z) T () (2.101)

and fulfills

D), = U,(z) D, U, ' (x)

so that the quantity
[D,®(x)]TD* ®(z) = 9,0(x) 0" ®(x)
— ig[0,2"(2)] Au(z) (x) + ig @' (x)Au(x) 0% B(2) + g% T (2) Au(2) A (2) D(x)
is a Poincaré invariant and gauge invariant quantity. It follows that the most general
Poincaré invariant and gauge invariant Lagrangian, which involves non-Abelian vector

fields and complex scalar fields and which satisfies all the general requirements of the local
quantum field theory, including power-counting renormalizability, is provided by

L=—1tr(F, F"™)+(D,®) D" ®FTm?>did — \(@) (2.102)

the lower sign in the mass term just corresponding to the spontaneous breaking of the
U(N) gauge symmetry. The Euler-Lagrange field equations can be easily found to be

9NV, = g
(2.103)
{(0" +1igA*)D, £ m? + 2A(T®)}® =0

where the so called non-Abelian bosonic vector current reads
<>
w(x) =g @T(x) Tr10,P(x) + 292(I>T(x)7-1‘§ A, (z)®(x)
As a matter of fact we find

[6£/00,4%(2)] = — F"(z)
[6L/543(2)] = — Fi(a) gf Al (x) - ) ()
= gfal (@) FPa) - ) (@)
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so that consequently
b uvb
Vi FR () = 5% (x)
as claimed. Then it can be readily proved by symmetry reasons that the non-Abelian
bosonic vector current does stil satisfy the covariant continuity equation, which means

Vﬁb 9" (z) =0
Actually, from the commutator (2.82) and the Yang Mills field equations (2.84) we get
V@) = VI VR RRe() = L[V, Vi P ()
39 FR(2) Fi () =0
owing to the complete anti-symmetry of the group structure constant. It is worthwhile to

remark that in the non-Abelian case the classical equations of motion can also be rewritten
as

O P (x) = 50 (x) — gf *° A (2) F5, () g (2.104)
in such a manner that one can always define a new non-Abelian current
T (@) = g0(x) — gf A} (2) F5, (x) g (2.105)
that actually involves both matter and gauge fields and satisfies the usual continuity
equation
orJi(x) =0 (2.106)

which drives via the Nother theorem to the multiplet of conserved charges
QR = /deO“(t,x) (a=1,2,...,N*—1) (2.107)

It turns out that the above classical Lagrangian (2.83) is invariant under non-Abelian
gauge transformation as well as ordinary local phase transformations so that, a fortiori, it
turns out to be invariant under global, i.e. space-time point independent, transformations
of the unitary U(N) Lie group. It follows that, from the classical Nother theorem, we
can extract the corresponding N? Néther vector currents, their number being equal to the

dimension of the symmetry Lie group.

2.6 FEuclidean Field Theories

The Feynman rules for Euclidean field theories can be readily obtained in
accordance with the main guidelines I have discussed in the framework of
the quantum field theories in the Minkowski space. To be definite, let me
consider the model of the Euclidean scalar and fermion fields interacting a
la Yukawa, which is described by the Euclidean Action

Splén, vn, n] = /de (10,050, 65 + A m2 o2 + A ob)
+ /dewE<aE+M+g¢E>wE (2.108)
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where as usual

. 0 0
a:EM:(x, ry=1ix") 0, = 92 n TEpYEp = XY +TaYs
%
0
. = = 5 = =t
e = Tugy— AT T} =2 T =

The generating functional for Euclidean disconnected correlation functions

will be defined by

ZglJg, Ce. Ce] = exp{—=Wg[Jg, (s, (]}
= oxp {~Vp[6/0J5,0/5(s,8/6Cp]}
ZplJe, e, (e
Y exp {~Vi[6/6J5, /5, 5/6Ce])
x exp {=WglJe, (s, (e} (2.109)

where
ZplJe, (e, Cp) = N/@CbE@?PE@&E exp {—Spl¢r, Y, vel}

X exp/de (08 Js+ e+ Cetr) (2.110)
Sg’[¢E7¢EaQZE] -
/de [30,020,08+5m*0f +¢p (Ju+ M)yg]| (2.111)

WElJg, Ce. (el = (L Jpa DE, Jpy + Cru SE, Ciy )

in which

1 / ks exp{ikg-zp}
(2m)4 k% +m?
dk i
E o E . .
styen) = [ s ewtite-an) (g )

Then the Feynman rules immediately follows and read

Dg (JUE) =

1
k% +m?
i —igp+ M

euclidean spinor propagator : — =

euclidean scalar propagator :
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euclidean scalar vertex : - A (l%l +hy+ ks +ky = O)
euclidean Yukawa vertex : —g ( PH+q+k = 0)

where all momenta are supposed to be incoming * while kg = k and pg = p

d*k
euclidean scalar loop : / W
T
d*p
euclidean spinor loop : (—1) / ﬁ
7r

the symmetry factors being obviously the same as in Minkowski space. The
Euclidean formulation of quantum electrodynamics is also achieved after a
straightforward generalization of the above recipe. To be specific we have

A, =(A, Ay=—iAp) F.,=0,A,-0,A, (2.112)
i[04 +iqAu(x)] — 7, [— 0B, —iqA,(vE)] (2.113)
SE[AMaBE7QZE7¢E] = /dx{iﬁuuﬁuu_BEﬁuAu—i_%B%

+ (P M —ie7,Ay) v |
and thereby
8w
ki

euclidean photon — spinor vertex : e, (pp+ke+qgr =0)

euclidean photon propagator :

The connected Euclidean Green’s functions are named correlation functions
or Schwinger’s functions and are given by

Gy (21, T) = = 6 Wg[Jp]/8p(1) -+ 6.Jp(xn) |, _f2.114)

Now it is very instructive to compare the Feynman rules for quantum
field theories in the Minkowski and Euclidean spaces. In the case of the
self-interacting scalar field we find

1 ; i
—_ ropagator —_
k2 4+ m? propag k2 —m? +ie

3We have to remember that g and ¥y are truly independent.
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— A vertex — A

/ % loop integration / ﬂ
(2m)1 b (2m)1

while for Yukawa neutral meson theory and quantum electrodynamics

: i
AV t -
— e +iM propagator T
5“” _iguu

RE 2 POPASALOr e
— 96 (pe+ke+qr) vertex — igd(p+k—q)
i67u5(pE+kE+qE) vertex iev" s (p+k—q)

d* qe

(—1) / @Tp)i spinor loop integration (—1) / _(2750 .

As a consequence, the transition from a connected n—point Schwinger’s
function to a connected n—point Green’s function in momentum space can
be readily achieved. We shall see how to proceed in the forthcoming sections.
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2.7 Problems

Evaluate the fermion determinant in the presence of a background classical
Abelian real vector field A, ().

Solution. By proceeding in close analogy with the Yukawa case, we start
from the functional integral representation

24 (¢ i) = N[00 00

exp {i [ dz () [y"i0, — M = qv" A, (x) ] ¥(x) }
x exp {if da [((x)¥(z) +d(x) ((x) ]}

where ¢ is the electric charge of the spinor particle while

Z¥[0,0;A"] = NA/sDw/@w
exp{i [dz () [y"i8, — M — gy A, (z)] ¢ (z) }
E Nadet || i§—M—q4 |

the latter definition being understood, as usual, up to the transition to the
Euclidean formulation. Notice that the constant N, is conveniently fixed by
the requirement that in the limit of a pure gauge vector potential

Ay(z) = 0, f(x)

we recover ZF¥[0,0;0] = 1. Actually it is very easy to recognize that the
above fermionic determinant is gauge invariant. As a matter of fact, from
the legitimate manipulations of the functional integral we get

2410,054,+0,f) = N [ 20 [ 90
exp {i[ dz () [y"i0, — M — qv" A, (z) — 70, f (x) ] (x) }
— N / D0 / D0 exp {i[ de d(z) -9
X [y"i0, — M — qy¥ Ay (x)] e g (2)}
Changing the functional integration variables according to

V' (2) = ey (a) V'(2) = e o (a)

fan i fav fo
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we come to the conclusion that
Z¥[0,0;A,+0,f]=25[0,0;A,] (2.115)

which amounts to the endorsement of gauge invariance. As a consequence,
we eventually come to the symbolic equality

det || id—M—q4 |

det || I—q(ig— M)A ||

det || i@ — M ||
= exp{Tr In || H—q(i@_M)ilA H}
_ eXp{(_UZ % Tr[(z'q?—M)‘lqA]”}

in which we understand
) _ 1
<$|(Z@_M) 1|y> = zSF(x_y)

while the symbol [ Tr | indicates the sum over spinor indexes and integration
over space-time coordinates. After setting

Xi=(ED)Te[(ig— M) q4]"

explicit evaluation for n = 1 yields

X o= (CDT[(ig - M) g 4]
=~ [dny (| (09 - M) AL )
_ _q/dxl/dymmua—M)—lrw<y|4|x1>
— g [ doy [ dy er[4Ge0) Selon ~ )] 8l - )
— iq/dxl tr [ A(zy) Sp(v1 — 1))
~ g / day tr[ A(z1) Sp(0)] % ig Tr (4.S¥)
in which the symbol [tr | denotes the sum over spinor indexes. The next

term can be handled in a quite similar way by making repeatedly use of the
completeness relation
/ dr|2) (x| = 1
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Figure 2.8: the tadpole graph X }

Then we obtain

X2 q?/dg;1 /01;,;2 tr [ Sp(z1 — 22) A(z1) Sp(ws — 31) Al2) ]

It is convenient to introduce the center of mass and relative coordinates

so that

8(1‘1, .]32)

X))

(21 + 29) T =T — Ty

DN | —

q /dx/dm tr[Sp(z) A(Z 4+ 2/2) Sp(—2) AT — x/2) ]

o fa far [ 5 / 7 e | o

exp{—iz - ((+k) — iz (- k)/2+Z(p q) - w}

r{ﬁ_]&+i5g(£)g—]\2+i€g(k>}

o [ Ak~ o dp_[_dg
=" [ o W00 [ 55 [
tr[(ﬁ+M) (¢+M) V] 2m)* 6 (k+p—q)

(_1)/((21;];4 . [#—J\Z+i57pﬁ+%—iM”570]

the very last line corresponding to a fermion loop with two propagators and
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Figure 2.10: the n—point QED 1-loop box X}

two vertexes. A little thought will convince the reader 4 that the iteration of
the above machinery leads to the result

n__ . \n d4/€1 d4]€n_1 d4p
xi=a [ G [ O
x x| Sr(p) Alke) Sp(p+ k) Alk) Sr(p+ by + ko) -+

Alken_o) Sp(p+ k1 + -+ kns) A(kn_1) Sr(p + kn) A(k,)

which corresponds to a fermion loop with n—external legs associated to the
vector field vertexes. As a consequence, we can see by direct inspection that
the symbolic equality (2.116) can be understood in a perturbative sense as
a power series in the electric charge ¢ the n—th coefficient of which does

4 The trick is to introduce a change of variables to a new system of coordinates with
the center of mass and (n — 1) relative coordinates with a unit Jacobian.
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involve the 1-loop fermion boxes with n—external vector legs with momenta
(k1,kay .. kp =ki+ ko + -+ ky_q): namely,

det || i M g4 | _ S
A TR eXp{(‘”Z

S|

(—ig)" Tr (Sp )" }

or even
det || i@ —M —qA4 || = det || id — M || exp{Tr In(1+iqSr A)}

as naively expected by taking into account the suggestive symbolic relation
(i — M) = —iSp, as well as Tr (ASr) = Tr(Sr4), i.e. the cyclic
property of the Tr operation. Notice however that the first two coefficients
of the perturbation expansion, that is

iq/ (;1;];4 " Lf—f\iﬂie 7“}

[l e

1 (2m)4 p—M+w7 y+k—M+m7

appear to be ultraviolet divergent. Hence, they call for some regularization
method in order to be properly defined, in such a manner that we can write
the formal expression

1 Ak~ o e[y + M)y ]
*a = lq/WA”(k)/dp pr— M2+ ic

. Ak~ 4 v 2 2 .
= iq Ay(k) | &pp”/(p”—M" +ie) =0

(2m)®
owing to symmetric integration, while
d*k dp ~ ~
2 _ 2
X3 = =" [ g [ oy Al At )

tr[ (g + M)y (f +F+ M)y ]
(p2 = M2 +4ie)[(p+k)?— M2+ ic]

Actually it can be shown that all 1-loop fermion cycles with an odd number
of vector vertexes do vanish for symmetry reasons: this is known as the
Furry theorem® of quantum electrodynamics. Thus we can eventually write
the expansion

(2.117)

=1
Indet | i — M —qA || =Indet || id — M ||+Z%Xj"
n=1

W. H. Furry, A Symmetry Theorem in the Positron Theory, The Physical Review,
Vol. 51, pp. 125-129 (1937)
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which leads to the perturbative expansion of the 1-loop effective action for
QED in the presence of a background real vector potential, viz.,

vV M* M 3 N0 o, N
Feﬂ [AM] = 87‘(‘2 (111 7 — Z) —+ Z % (—ZQ)2 TI‘ (SF A)Q
n=1

Notice that in the case of a constant gauge potential A,(z) = a, = constant
we find v v 3
_ 1O _
Feﬁf(au) = Feff = 32 (hl; - Z)

because a constant vector potential can always be removed by means of a
gauge transformation with gauge function f(z) =a-z.
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Chapter 3

Scattering Operator

In this chapter I will analyze the basic concepts which lie at the ground of
the perturbation theory for collisions. This is the most important topic of
the Quantum Field Theory since it provides the bridge to connect theory
and experimental High Energy Particle Physics.

3.1 The S-Matrix in Quantum Mechanics

In the framework of Non-Relativistic Quantum Mechanics one can rigorously
formulate the so called asymptotic condition’. Consider an isolated system
with a time independent self-adjoint Hamiltonian operator

H:H0+V

acting upon the Hilbert space ) of the system, and let ¢ € ) a proper state
of this quantum mechanical system. Without loss of generality, the free
Hamiltonian operator Hj is supposed to be self-adjoint, time independent
and endowed with a purely continuous spectrum. Moreover, the interaction
potential is supposed to fall down to zero at large distances according to

V(r) " 0 (132 (r=|r| €>0)

which corresponds to sufficiently short range interactions. Then, the proper
asymptotic states 1), exist, which are related to the proper states ¢ € §,
characterized by the following behavior

[t]— o0
~Y

exp {—(i/h) Hi} |4) exp {—(i/h) Hot} |¢as)

1See for instance the textbook by John R. Taylor, Scattering Theory: The Quantum
Theory on Nonrelativistic Collisions, John Wiley & Sons, New York (1972).
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In other terms, the asymptotic in and out states are defined by

st exp (/M) Hut}exp (~(o/miey o) 2 {07 o)

where the symbol s — lim stands for the limit in the strong topology of the
Hilbert space $, that is

| exp {(i/h)Hot} exp {—(i/h)Ht} ) —us || = 0O [t] = o0

Hence, in so doing, we can define the isometric asymptotic wave operators

Qus = s—1im |y 00 exp {(i/h)Hot} exp {—(i/h)H} (3.1)

where

Qas:ﬁéﬁaszﬁ\%

in which the subset 8 C $ of the Hilbert space is spanned by the bound
states of the Hamiltonian operator H , i.e. the eigenstates belonging to the
purely discrete part of the spectrum of H . Hence, in general, the asymptotic
wave operators are not unitary but only isometric because

| as [ = I Qas ¥ || = [ %] 0L Qu =1
QaS‘w>: ’¢as> ENN'B
Qas|wb>zo vlwb>€% H|wb>:Eb|wb>

Notice that, according to the fundamental theorem for self-adjoint operators,
the complementary sub-spaces B and $ \ B are mutually orthogonal.

The Scattering Operator or Collision Operator or S—matrix is a unitary
operator S : 9, —> $our Which is defined by
S déf QothIn - Uint (007 _OO)
= w— lim lim exp{(i/h)Hot} U(t,t")exp{—(i/h)Hot'}

t—+o0 t/——o0

where U (t, ty) = exp{—(i/h)H (t —to)} is the time evolution operator,
whereas the limits are now understood in the weak topology of the Hilbert
space, that is

(¢|Y) = (vout | Stin) Vo, e

while the time evolution operator in the interaction picture is just provided by
Umt (tg, t,) =exp {(i/h)Hots} U(ty,t,) exp {—(i/h)Hot,}
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In the interaction picture the time evolution of operators is governed by the
free part Hy of the complete self-adjoint Hamiltonian operator H = Hy + V'
of the quantum mechanical system, i.e.

A () = exp {(i/R)Hot} A(0) exp { —(i/h) Hot}

where A is any linear operator acting on the Hilbert space ), while the state
vectors obey the evolution equation

ih at ’ z/}int (t> > - Vint (t) | wint (t) >
where
[9(1)) = e~ 1/" [4(0)) [ i (8)) = (1))

with the formal solution

| Vint (1)) = Uint (T, t0) [%int (o))
Uim(t,to):TeXp{—%/ dr vint(ﬂ}

to
Hence, the scattering operator can be written in the very suggestive form

S:Uint(oo,—oo):Texp{—%/_ dtVint(t)} (3.2)

which apparently maps the incoming states from ¢ — — oo into outgoing
states at t — 400, as nalvely expected.

o0

[e.9]

3.2 S-Matrix in Quantum Field Theory

Let me consider, for the sake of simplicity but without loss of generality, the
simplest interacting quantum field theory model, i.e. , the \¢j scalar field
model described by the classical Lagrange density

L=359"0,0(x)0,¢(x)— 5 (me/h)?$*(x) — 53 (\/he) ¢* ()
leading to the conjugate momentum field

oL ' 2= x)/c
(z) = 5@ o(x)/c” = Boo(x)/

and to the classical functional
H = Hy+V>0
Hy = [axd [0 (0) - 60) V26(0) + e/ (2)

V(p] = A/dx¢4(t,x)/4!hc (A>0)
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3.2.1 Fields in the Interaction Picture

To the aim of understanding the meaning of the interaction representation
in the quantum field theory of the interacting fields, let me begin with the
general Fourier representation of a real scalar self-interacting quantum field
on the 3-dimensional ordinary Euclidean space at a given time xg = ct =0 :

cvV he

) = oy 2wk [a(k)eik'x +alk)e 1| = p(x) (33)

¢(0,x

where

[a(k), (k)] = 2(2m)* =¥ 6 (k ~ k')

wik = c/k?+ (me/h)?

all other commutators being null. Notice that in the physical C. G. S. system
of units the creation and destruction operators have canonical engineering
dimensions given by [a(k)] = [af(k)] = em. Next I can introduce the field
conjugate momentum in a similar way, by means of the equality

(0, x) = \/%/ elkx aT(k)e_ik'x] = II(x)

in such a manner to satisfy the canonical commutation relations

[¢(x), II(y)] = ihd(x—y)

all the other commutators vanishing. Then we can easily build up the free
Hamiltonian quantum operator at 2° =t = 0 that reads

Hy =5 [dx s 20 + [Vo (P + e/ (x):
where the normal ordering means here that, when I substitute the normal
mode expansions for I (x) and ¢ (x) in the quadratic expression Hg, the
creation operators (k) stand always to the left of the destruction operators
a(k), in such a manner that Hyo|0) = 0. The perturbative (A = 0) vacuum
state at % =t = 0 is defined by a(k)|0) =0 = (0]a'(k) (Vk € R3).

We can define the Hermitean spin-less quantum field in the interaction
representation by the evolution law

Gims () = e@MHOt b (x) o (/M Hot (3.4)

which entails the free field theory relationships

CHint(fL‘) = 80¢int(gg) = i

hie [Ho, @int()] (3.5)
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From the canonical commutation relation, it follows that the self-interacting
real scalar quantum field operator in the interaction representation fulfills
the Klein-Gordon equation

(El —|—m2c2/h2) Gint () =0

so that we can write at any time z° = ¢ its normal mode decomposition
int int

dk d*k
pr def / c _/ 2 2 .2/32
/ k 2r) 20n 2n) 0 (ko) 6 (kK* —m*c?/h?)
ck® = wy = e/ k2+m2c2/h?

la(k), ol (k)] = 2(2@3% 5(k—k')

Gin () = \/%/Dk [a(k) e*ikuaf(/c)eiﬂ = ¢ (2) + oM (2)

[a(k), a(k")]=0=[a'(k),a (k)]

In so arguing, the transition and the correspondence from the non-relativistic
quantum mechanics to the relativistic quantum field theory seem to be quite
natural and straightforward. Actually, a deeper inspection neatly shows that
things are far more complicated, see the comments at the end of this section.

3.2.2 S-Matrix in Perturbation Theory

We can now use the suggestive relationship (3.2) in order to express the
scattering operator for the self-interacting real scalar field model in terms of
the creation and annihilation operators and, moreover, calculate its matrix
elements between states containing scalar field quanta of sharply definite
energy momentum. To the aim of calculating those matrix elements it is
convenient to deal with normal ordered products, in the interaction picture,
with all the creation parts ¢§:t) (x) of the scalar field operators standing to
the left of the destruction parts ¢i(;t) (x). This can be done by means of the
Wick’s theorem

Giancarlo Wick ( Torino, 15 October 1909 — Torino, 20 April 1992 )
FEvaluation of the collision matriz
Physical Review 80 (1950) 268

Wick’s theorem for chronological products states that the T— product of a
system of n linear free field operators is equal to the sum of their normal
products with all possible chronological pairings including the term with no
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pairings — each pairing of free field operators does correspond to the related
Feynman propagator, viz.,

A\

¢mt(13z)¢mt(l’g) DF( ])

When applied to the chronologically ordered product of n field operators,
then Wick’s theorem takes the well known form

1ﬁ¢hﬁ(x1>~‘-¢hm<xn) = : ¢nm( ) ¢un(xn)
+ Z DF([El—QT] H ¢1nt xﬁ) + -

1<1<y<n K#1,)

+ Dp(z1 — 22) Dp(xs — 4) : @ing(T5)Pint (T6) - - - Pine(20) © + -+
+ Z Z Dp(xy — 2, ) Dp(z, —x,,)

1<u<gi<n 1<1-<gr<n
y 1 for n=2¢ (¢eN)
¢1nt(l‘s) for TLZQE—’—]_ (87&7’17&"'7&]7")

Notice that for n = 2¢, ¢ € N, the very last term in the RHS contains the
sum of (2¢ — 1)!! products of n/2 propagators, the arguments of which are
always distinguished.

(3.6)

The above rather cumbersome formula can be readily checked by direct inspection for n = 2
and can be proved by induction in the general case. For a very detailed and exhaustive
proof, which also includes the cases of the spinor and vector fields, see the classic textbook
by N.N. Bogoliubov and D.V. Shirkov, Introduction to the Theory of Quantized Fields,
Interscience Publishers, New York, 1959, §16.2 pp. 159-168, §19.2 pp. 233-235.

Check. For n = 2 we find

Tom (@) om(y) = 0o —10)(65) @)+ 00 (@) (o5 @) + 040 )
= 0o —0) (65 1) + o1 ) (61 @) + 0 @)
and from the canonical commutation relations
(6% (@), 650 W]=0  [o{) (@), o5 )] =0
[0 @), 65k ()] = (=) DO (@ —y)

we obtain
T o (@) b (1) = {80 — o) 0 (@65 () + 61 @0 ) ]
00— yo) | 611 @01 (1) + 05 )6 (@) ]

bao —y)(—1) D@ —y)} +{z = y}
:¢int (x)¢int (y) : +DF(CL‘ _y)

+

_|_
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where use has been made of the well known relationships
: ¢int (m)¢int (y) o= d)int (y)d)int (ZL’) :
0(xo — yo)(—i) D (w = y) + 6(yo — wo)(—i) D (y — x) = Dp(x —y)
This completes our check. O

A much more compact and convenient functional expression is
TF[$i) = exp {4 [ dodyDr(w = y) (6? /00 (2)00m(v)) | : Flom :

where F [ ¢y | is any functional of the real scalar field in the interacting
representation. Functional differentiation with respect to the operator ¢,
has been introduced here. It is a straightforward generalization of the usual
functional differentiation, the only important difference being that one must
keep in mind that the field operators at different times do not commute.

Proof. To start with consider for example

FP(@1)d(@2) 1 = dr2)d(21) : = 5 d(w1)p(2) + P(w2) (1) :

where we understand in what follows the quantum scalar fields evolving in accordance with
the interaction picture, which means that their evolution is governed by the Klein-Gordon
differential equation, in such a manner to omit the label ;; for the sake of simplicity. If
we take the quadratic functional

cFolo]: = /dxldxg Fo(x1,x2) : ¢(21)d(22) :
where Fy is any regular and symmetric function of the two variables (z1, ), then we get
exp {4 [ dwdy Dile — ) [62/56(2) 56(s)]} s Fal 0]
- / Ay dars Fo(n, 22) © 0(a1)6 () :
+ 4 [ dedyDee - ) [62/50(0)50(0) | [ dordaaFa(or,zz) : dlan)oes)

= :Folo]:+ %/dﬂ?dydl’ldszz(Ihxz)DF(I*Z/)
x [6(x —x1)0(y —x2) +0(x — 22) 6(y — 71) ]
- / da1das Fo(wr,@2) [ Dip(er — 22) + ¢ 6(a1)(e2) :]

/dxldl'g FQ(iL'l, ZL'Q) TQS({El)(i)(iL'Q) = TFg[d)]
Consider now the cubic normal ordered functional

:Fs[o]: = /d1‘1d$2d$3 Fs(x1,29,23) : &(x1)o(x2)p(x3) :
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so that we obtain

exp {3 [ dedy Dp(z —y) [6®)/5¢(z) 36(y) |} : Fa[4]
= :F3[o]:+ %/dxdydxldxzdxg F3(x1,22,23) Dp(z —y)

x {[5@ — 1) 8y — w2) + O(x — 22) 0
x—x2)0(y —x3) + 0(x —x3) 6(y
d(y

(y — 1) é(xs3)
x—x3)0(y —x1) +0(x — x1) -

) 1o(z1)
)Jo(z2) }

= /d$1d$2dﬂf3 F3(x1,22,23) [DF(»’Ul —x2) ¢(x3) + Dp(w2 — 23) ¢(71)

T2
T3

+ Drp(ws — 1) ¢p(w2)+ : ¢(21)d(22)0(73) : }

= /dxldxgd.’lﬁg F3(.7J1,.’132,$3) qu)(a?l)(b(.’lfg)(b(l'g) = TFg[(b}

Hence one can readily convince oneself and check that the very same manipulations lead
to the very same formula for the n—th normal ordered functional: namely,

cFu[o]: = /dxldxg...dxn Fo(z1, 2o, ... xn)  d(x1)d(x2) -+ Pp(ay) :

exp{lfdydzDF( 2) [6®/6¢(y) 66(2) ]} : Fy,
[n/2]
= :F,[é]:+ Z /dy1 dz ...dy,dz, Dp(y, — z,) [5(2)/5(;5(%) 6¢(z])]

X

/dmldxg cooda, Fo(zy, 2o, . ) 2 plar)d(a) - ¢p(zy) :

= /dmldxg cooda, Fr(zy, 2o, .oy my) To(xr)p(a) -+ p(xn) = TFL[ @]

where we have taken into account that the functional derivatives vanish for all j greater
than the integer part of n/2. Thus, for any analytic functional of the form

=Fo + nz::l % Fpnl¢]
the above relation holds true, viz.
exp {3 [dady Dp(z —y) [P/ 6¢(z)dp(y) |} : Fl¢] : = TF[¢]

which endorses the most general functional expression of the Wick theorem. O

Now, in particular, if we take the functional

Flowm] =exp {i[dz ¢ (z) ()}
J (x) being as usual some classical external source, we find
Texp {i[dz ¢u(z) J(2)}
= exp{—1 [dadyDp(z —y)J(2)J(y)} : exp {i [ dz ¢ () J (z) } :
= cexp {i[dz ¢wm(2)J(2) }: Zo[J] (3.7)
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where Z[J] is the previously introduced generating functional of the Green’s
functions for the free field theory, whereas a repeated use has been made of
the identity

sy o (i dw G (0) T ()}
=iJ(x):exp {i [ dw @iy (w) J (w) } : (3.8)
It is worthwhile to recall the Symanzik functional identity (1.6)
hi(x) Zo[J] =Ky (6/i0Ts) Zo[J] (3.9)
in which I have denoted the Klein-Gordon differential operator as

K., = (0,4 m*c*/n?)
Proof: as a matter of fact, on the one hand we have
J (@) Zo[J] = J(z) exp{—12 [dy [ dzDp(y — 2)J(y)J ()}
while on the other hand we get
(6/i87(2)) Zo[7) =i [ dy Dr(e ~ ) J(5) Za[ ]
Application of the Klein-Gordon operator yields
K2 (8/18(@)) ZalJ) = iKs [ dy Do~ 4)I(w) Zo[J]

- i/dy<—ih>5<x—y> J(y) Zo[J]
— hJ() Zo[]]

which completes our proof. O

Hence, we can rewrite the functional relationship (3.7) in the form
T exp {i[dz ¢pue(z)J(z)} = (3.10)
exp { %/dw Gt (2) Ko (5/76.7,) } L Zo[J]

Now, once again, we can take profit of the very same expedient which led
us to the Feynman rules. Let me start from the basic definition (3.2) — which
holds rigorously true in non-relativistic quantum mechanics — and let’s try
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to understand it within the framework of perturbative quantum field theory.
After turning to natural units we get

o0

S = Uint(oo,—oo):Texp{—i/ dtVint(t)}

= T exp { —i/Zdt/dx Z%gbfnt(t,x)} (3.11)

1
_ exp{_%/d% (%)4} Texp{z'/d4y¢int(y)J(y)}

It is worthwhile to stress that the very last line expression for the collision
matrix turns out to be manifestly Lorentz invariant, at variance with the
expressions in the first line of the above equality chain. As a consequence,
we can eventually express the scattering operator (3.2) in the suggestive form

J=0

S = exp{(—i)Al)[d'z(6/i6].)"}
x cexp{if d'z gu (z) K, (5/i5Jx)}:Z0JJ:0
= :exp{z’fd‘l:c(bmt(x)le (5/@'5Jm)}:
x exp {(—iNAl) [di2 (/i J.)"} Zo |,

e ;exp{@/&mm(zmx <a/m>}: zJ (3.12)

J=0

in which I have used in the last step the formal definition (2.5) with v = 1 of
the generating functional for the Green’s functions of the real self-interacting
scalar field theory.

As a matter of fact, it turns out that in perturbation theory one can safely identify the
Fock spaces §i, and §out of the asymptotic spaces for the self-interacting quantum scalar
field to be isomorphic to the Fock space of the Klein-Gordon field. This means in turn that
in perturbation theory the absence of bound states and the asymptotic completeness of the
scattering states is always tacitly assumed. In the present context, owing to the repulsive
nature of the \¢] contact interaction for A > 0, the above assumption is admittedly
legitimate and coherent. Hence, within the framework of the perturbation theory we can
always safely and suitably assume that |0in) = |Oout) = |0) and thereby

Z[J] = (out0|0in); = (0| T exp {i[dx ¢(z) J(z)} |0)
exp {(—z‘/\/4!)fd4z (6/2‘5JZ)4} Zo[ J]

Notice that the above form of the generating functional differs from the previous one
(2.5) only in the (divergent) normalization constant, which appears to be irrelevant in the

calculation of the relevant connected n—point Green’s functions.
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From the exponential Taylor’s expansion (1.1)

217] = <Texp{/dm<> <>}>0
d

def Z n'/dxl T / T, J ()
0)

1)
n=0
X (0|T (1) (an)]
we eventually come to the fundamental and celebrated formula that relates
the scattering operator, which describes spin-less massive particles collisions,
to the n—point Green’s functions of the self-interacting neutral spin-less field

Z;—/dm/dxz.../dxn
o (@

)gbmt( ) gbint(xn):
K(x) K(x2) ... K(xy)
{

0[Té (1) ¢(w2) ... ¢(2a)[0) (3.14)

in which the symbol K (z,) = (O,+m?) (7 =1,2,...,n) denotes the
kinetic differential operator, i.e. specifically the Klein-Gordon operator. As
a final remark it is worthwhile to stress that the above definition (3.14) of the
scattering or collision operator is merely formal, since in perturbation theory
the Green’s functions as derived from the Feynman rules out of the classical
Lagrangian are plagued by severe ultraviolet divergences and mathematically
ill-defined. It turns out that only after the procedure of the removal of the
ultraviolet divergences from the Green’s functions in perturbation theory it
will be possible to set up a renormalized S—matrix, the matrix elements of
which could be eventually and actually compared with the experimental data.

(3.13)

3.2.3 LSZ Reduction Formulas

The calculation of the matrix elements of the scattering operator is now
straightforward. Let the initial state involve N identical spin-less massive
particles while the final state N’ of such a kind of particles: then we have

N

| Ki) = lkiks - kn) = (N) 72 TT af(k,) [0)

1=1

(Kpl=(kiky - kyo| = OIH )2

98



If we suppose that k, # k/ for all pairs® (z, 7), then solely the term in the
series with

:¢int(x1)¢int(xé) ¢int(xlN/)(bint(xl)(bint(xQ) ¢int(xN):

will indeed contribute — see Exercise here below. Among the (N + N') field
operators in the interaction representation, N will act with their destruction
parts

O (2)  (1=1,2,N)

int

whilst N’ with their creation parts

oWy (y=1,2,---,N")

int 7

Owing to the identical nature of the scalar neutral bosons attending the
scattering process, the number of term which is produced in the reduction of
the matrix element

(Kil: i (1) - Gine (T ) Gine (1) -+ - Gine (T ) 2 | )

is just (N + N’ )!. As a matter of fact, the result is that the only non-
vanishing matrix element is provided by

(K - ki |0 () - 0 (2 )0k (1) - 04 (@n) [ -+ k)
= exp{—iky-x1 - + iky, -z}, } + permutations (3.15)
all the others being equal to zero, the total number of terms being equal to

(N 4+ N'")! as expected. Hence, turning back to the expression (3.14), we
can write

(kjky - ki | S|kiky - ky) =

iN+N’(N!N'!)flﬂfdx{...fdxﬁ\,,fdxl...fda:N

exp{ —iky - @1 — -+ —iky-an + ik x{ + -+ iky - xy}

K(z{) ... K(xy)K(zy) ... K(zn)Gnran (x4, oo yx’yis w1, o0 o)
(3.16)

in which all the temporal components of the incoming and outgoing momenta
are understood to be on the mass shell, i.e. ,

k) =w(k,) (1=1,2,...,N)

2This means that we disregard the case in which any of the incident particles is not
scattered at all.
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0_ _
kY =w(k)) (7=1,2,...,N")

It is now convenient to introduce the Green’s functions in momentum space
according to the standard definition

_ [ dlpr [ dpe [ dipy
(0]T ¢(z1) $(a2) . ¢($n>|0>—/(27r)4/(27r)4 /(2704

n

2m)*6(P) G (p1,p2 - ,pn) H exp{ip,-xz,}

J=1

= Gn(x1,29 ... ,2y) (3.17)
where the d—distribution of the total energy momentum
P =pi+p+ ... +p

does vindicate the translation invariance of the n—point Green’s functions
in the configuration space. Notice that the canonical engineering dimensions
of the Green’s functions in natural units are

[Gh(xy ... ,x,)]=eV"

[Gn (pl 7pn)] = Cm3n—4

Then, by substituting the Fourier transform (3.17), it is straightforward to
recast the above equation (3.16) into the final form

(kyky - kyo | S|hiky--- ky) =
NEN(NIN'D T em)t 6 (K, — KG) %

N’ N
IT (o =) TT i (o 62
X G (ki oo ks =k = ki) (3.18)

This remarkable formula is known as the LSZ reduction formula, the
acronym being associated to the names of Harry Lehmann, Kurt Symanzik
and Wolthart Zimmermann who originally derived that fundamental relation.

H. Lehmann, K. Symanzik and W. Zimmermann
Zur Formulierung Quantisierter Feldtheorien
Nuovo Cimento 1, January 1955, pp. 205-225.

If the initial and final states do not truly correspond to sharply definite
values of energy and momentum, then some normalized wave packets have
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to be suitably introduced according to

| N initial ) = || /Dkz filk)at (k) [0)

(N’ final| = (N'!) 1/2H/Dk/~* 0] a(k))
where I used the previously introduced notations

cko = w (k) = c/k? +m2c?/h?

dk cdk
Dkz _ 7 _ 7
(2m)3 2 k0 (27)% 2w(k,)
dk’ dk’
Dk; — J — € (3.19)

(2%)3214;;0 (27T)32w(k;)

la(k), o' (k)] = 2(%)3% (k—k') et cetera

F(t,x) :/ﬁ F(k) exp{—itw(k) + ik -x}

(4. 9) = [axr(ex0180 103 = [ Dk Fi) 2 =

It is worthwhile to recall that, according to the above definitions, we have to
assign the following canonical dimensions in physical units: namely,

[a(k)] = [a'(k)] = cm [Dk] = cm ™2
[f]=cm™ [f]=cm
[|kiky - kn )] =cm® [| N initial ) ] = dimensionless

[Gn]= (\/eV/cm>n [én} — AT/ gy /2

As a consequence, the LSZ reduction formula for the dimensionless matrix
elements of the perturbative scattering operator between normalizable states
and in natural units becomes

. ’
ZN+N

J(NINT) ~

N/
H/Dk;’g;(k]’) lim  (m?—k/?)
1=1

k!2—>m?2
7

(N' final| S | N initial) = (3.20)
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H/Dk:zﬁ(k:l) lim  (m? - &?)

k2 —m?2
1=1

X éN-i—N’ (k17 7k:N;_ki7 ey T ;V’) (2W)45(K1_K})

The disconnected n—point Green’s functions do involve also trivial parts,
that correspond to the absence of any scattering process. Hence, what we
are really interested for is the reduction formula for the connected Green’s
functions, that means, the truly interacting part which actually contribute to
the scattering amplitudes. For example, in the 4-point Green’s function we
find terms which are related to the products of two 2-point Green’s functions,
i.e. two full propagators: such terms do not describe neither scattering nor
interaction. To see this, I first decompose the 4-point Green’s function into
disconnected and connected parts as shown graphically in the figure. The
first three graphs represent the non-scattered or straight through or even
forward propagation of the particles, albeit with fully interacting or dressed
propagators, i.e. 2-point Green’s functions that include all order radiative
corrections which describe emission and absorption of virtual particles, in
accordance with the energy-time uncertainty relation of quantum mechanics.

The final graph represents the processes that give rise to the scattering,
once we have again removed the four dressed propagator factors to define an
amplitude which is named truncated or amputated 4-point Green’s function.
In conclusion, from the reduction formulsee we have learned that the basic
ingredients we have to build up in perturbation theory by means of the
Feynman rules, in the aim of computing the scattering cross sections to be
compared with the experimental data, are the connected, truncated, on shell
n—point Green's functions in momentum space.

One of the fundamental inadequacies of the previously discussed and
presently known as the customary perturbative approach to the quantum
field theory of truly interacting field is the necessity to introduce into the
formulation fictitious non-interacting particles, states and fields and to treat
the interaction as some additional small perturbation, which slightly modifies
the dynamical quantum system and which may be switched on or switched
off ad hoc and ad libitum. At first glance it might appear that this procedure
does not give rise to any basis for criticism of the theory. Indeed we know
that the elementary particles interact intensively with each other only if they
are extremely close, typically at a relative distance of few fm. Therefore, it
would appear that at large distances among the particles, where large might
have the realistic size of few um, the field interaction could be disregarded
and in a certain reliable approximation it is legitimate to neglect it and to
regard the particles realistically as being free.

102



ST
o
T = + permutazioni +
G,
— i

%m)b

Figure 3.1: the full 4-point Green’s function in the ¢} theory

However, by arguing in this way we omit from consideration the crucial
fact that the particles continuously interact with the vacuum, as it were a sort
of a material medium through which the particles move. This is a typical
quantum mechanical and relativistic effect, an unavoidable consequence of
the Heisenberg uncertainty relations and of the equivalence between mass
and energy in the Special Theory of Relativity.

It appears therefore to be rather longing for a development of the theory
to deal from the outset with real interacting particles and to avoid carefully
the introduction of such a kind of artificial concepts like the fictitious free
particles, fields and corresponding quantum states. As a matter of fact, the
separation between the free and interacting parts of the total Hamiltonian,
as well as the very existence of a well defined total Hamiltonian operator, are
non-covariant and frame dependent assumptions. The free Hamiltonian H
would be an ill defined part of the total energy-momentum vector — the true
generator of space-time translations — and it won’t be neither conserved in
time nor referable to any observable quantity. Hence, owing to these reasons,
the interaction picture in the quantum field theory is merely a poorly defined
fictitious device to recover the collision matrix and the reduction formulas.
Actually, it has been rigorously proved by Rudolf Haag 3 that the interaction

3R. Haag, On quantum field theories, Det Kongelige Danske Videnskabernes Selskab
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picture does not exist at all in Quantum Field Theory, once a few very basic
and general features are postulated about the nature of the interacting fields,
viz. covariance, locality, micro-causality and spectrum conditions. The above
sketched serious criticisms have led to some important developments such as
e.g. an axiomatic non-perturbative formulation of the theory of collisions
for massive interacting fields, the main pillars of which are the Lehmann-
Symanzik-Zimmermann asymptotic conditions and the adiabatic switching
of the interaction. Nonetheless, admittedly, the ultimate reason why all the
above considerations have to be trusted stands in the comparison with the
experimental data.

Exercise. Evaluate the quantity

(a(ki)a(ky) : ¢(z3)¢(x])d(1)d(x2) : al(kz)a’ (k1) )o
where ¢(z) = ¢(7)(z) + ¢ (z) is a real scalar free field with

¢ (x /Dka e ikz ¢<+>(x):/Dkaf(k)em

4
ko = wi Dk = (%;kzwk = (;177’; (ko) 6(k* — m?)
[a(k), a'(p)] = (27)° 20k 6(k — p) [a(k), a(p)] =0

Solution

Let us first calculate the simpler quantity

)o
k()¢ (@1)0 ) (2] )al (k1))
Now we have the non-vanishing commutation relations

[¢(_)($)7GT(/€)] :e—ikz [a(k)7¢(+)(x)] :eikw

whence we readily obtain that the first line in the right hand side of the previous equality
does vanish, while the very last line yields

(a(k{) s ¢p(ai)p(z1) s al(k))o = exp{—iki @1 +ik{ ]}
+  exp{—iky - x| +ik{ 21}

0

Next we find
(a(k{): ¢(x])p(x1)p(22) : al (ka)al (k1) )o =
(a(k])p T (@])¢ T (21)0 ) (22)al (k2)a' (k1) )o +
(a(k])p ™M) (2])¢ ) (21)9 T (z2)al (ka)al (k1) o +

Matematisk-Fysiske Meddelelser 29 (1955) nr. 12, 1-37
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(a(k])p ™M) (21)¢ ) (w2)p ) (2] )al (ka)al (k1) Jo +
(a(k])p ™M) (22)¢ ) (2] )T (z1)a’ (ka)a’ (k1) )o +
(a(k])p ™M) (2])¢ P (21)p T (22)al (k2)al (k1) Yo +
(a(k])p ) (21)¢ D (22)0 ) (2] )al (ka)al (k1) Yo +
(a(k{ ) (22)0 D) (2] )¢ ) (1)’ (ka)al (k1) )o +
(a(k])p ™M) (2])¢ P (21)p ) (22)al (k2)al (k1) )o

The last four lines evidently vanish so that we are left with

(a(k{) : p(x1)e( )()aT(kz()>
= (a (k1)¢( N(21)¢ ) (@1)al (k2) )o exp{—iky - a2}
+ (a(k])¢ D (@])o 7 (x1)al (k1) )o exp{—iks - x2}
+ exp{ik{ 2]} (67 (1) (@2)al (k2)a ( 1))o
+ exp{ik] -z }<¢( N(@2)¢ 7 (21)al (k2)al (1) )o
+ exp{iky 22} (67 (2])9 7 (21)al (k2)a (k1)>o

Again, the first two lines in the right hand side of the above equality do vanish and going
on with the process of reduction we obtain

(a(k{) : (2] )p(x1)(x2) = al (k2)al (k1) )o

exp{ik{ - w{} (¢ (z1)al (k2)p 7 (z2)a (k1) )o + k1 & ko
cyclic permutations of 1,1, 72

exp{iky - @] —iky - 11 — ik - 22} + k1 < ko

_|_

+ cyclic permutations of x7,x1, T2 (3! terms)
Turning now to the evaluation of the quantity

(a(k{)a(ky) : ¢(z3)d(x] )d(x1)d(x2) : al(kz)a’ (k1) )o

the iteration of the above described process of reduction clearly shows that the only non-
vanishing contributions read

(a(k{)a(ks) : dp(z5)p(x])p(x1)d(x2) : a' (k2)al (k1) o
(a(k{)a(ky) : ¢ (@) (@{)¢ ) (21)¢ ) (2) : al (k2)al (k1) o

permutations (4! terms)

_|_

exp{ik{ - ] + iks - x5 — iky - 1 — ik - X2} + permutations

3.2.4 Feynman Rules for External Legs

The fundamental LSZ reduction formula for the scattering operator matrix
elements actually entails the formulation of the so called Feynman rules for
the external legs. The latter ones are essentially determined by the process
of reduction of the matrix elements of the type (3.15) that appear indeed
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in the generalization of the master formula (3.18) to the case of fields with
arbitrary spin and internal quantum numbers, such as U(1) electric charge,
SU(2) flavor, SU(3) color, U(1) lepton number, U(1) baryon number and so
on. To this concern, it is very convenient to write the most general covariant
normal mode decomposition for a generic quantum field, which transforms
according to some given representation of the Poincaré group 10(1,3) and of
a general internal symmetry group G: namely,

O, (z) = /Dk‘ [Ao(k)uw(k)e_ikx—l—Bl(k‘)Uw(kj)eik’”]

@j(x) :/Dk [Bg(k)z}ja(k)e*ikx_i_AL(k)uro(k)eikx}

in which repeated indexes are summed over and I have set as usual

/Dk: (271r)3/dk G(ko)(s(/ﬁ_mz):#/%

Here the quantum field multiplet index ¢+ € J, where J is some discrete
and finite set, does label the number of components of the charged quantum
field multiplet. For example, a charged scalar field has + = 1, a Weyl left
spinor field has + = 1L, 2L, while any flavor doublet of Dirac spinors in the
fundamental representation of SU(2)gavour has {4 = (1L,2L,1R,2R)} x {2 =
(up,down)} = 8 components, in such a way that + = 1,2...,8. A gluon
vector field

{A%(z) [p=0,1,2,3, a=1,...,8}

is a set of eight real vector fields that transform according to the adjoint
representation of SU(3)color S0 that + = {u,a} = (1,...,32).

Conversely, the inner quantum number ¢ = 1,2,...,n does label the
number of polarization states, or helicity eigenstates. It is worthwhile to
stress that this number is in general gauge dependent, i.e. , it depends upon
the subsidiary condition which is imposed in order to define the perturbative
expansion for the gauge dependent vector potential. For instance, a mass-less
left Weyl spinor, e.g. a mass-less neutrino, has only one single left polarization
state 0 = L of negative helicity h = —%, a massive bispinor, e.g. an electron,
has two polarization states o = 1,2. In the case of the massive vector boson
triplet V,*(z) (a = 1,2,3) which mediates weak interactions with

WE(z) = Vul(x) ) Vf(a:) Z%(z) = V3 (x)

Ju Jz 7

the inner quantum number takes the values o = 1, 2, 3 because we have three
polarization states for each component — the two massive charged Wf(:v) and
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the massive neutral Z?(z) — gauge boson triplet, while the index » = {1, a}
takes 12 possible values.

The generic quantum field @, (x) is supposed to evolve in the interaction
picture, so that it satisfies a homogeneous free field equation

Ki(x) @, (x) = 0

where IC/(z) is a general matrix-like differential operator such as e.g. the
Klein-Gordon or Dirac operators, while canonical commutation relations (—)
or canonical anti-commutation relations (+) are assumed to hold true

[Ag(k), AT (E") ]2 = (27)° 2wk 0 0o 6 (k — k') (3.21)
[B,(k), B, (k")]+ = (27)3 2wk 000 6 (k — k) (3.22)
all the other commutators or anti-commutators being null. Finally, in the
case of self-conjugated Hermitean fields there is only one type of creation

and destruction operators, because the particles and antiparticles actually
coincide.

The smeared normalizable 1-particle polarized states of a general quantum

field are defined by

\fa>=AE(f)\0>=/Dk f (k) AL ()| 0) (3.23)
19) = BJ(9)10) = [ Dk g0 BL0)0) (3.24)
<0’0>:1 <~ <fo‘fo/>:<galgo’>:500’ (3-25)

The normalizable wave functions or wave packets read
fio(z) = (0] ®(2)]|f,)
= ([®@). 41(D].),
= /Dk: f(E) g (k) e ™
gis() = (0| l(2)]g,)
= ([ol@), Bl)], ),
— [ D gl e

where, as usual, ky = wy = vVm? + k2. Notice that, by construction, the
normalizable wave packets are solutions of the very same free field equation
satisfied by the general quantum field ®,(z) in the interaction picture, viz.,

Kl(z) fyo(z) = K!(2) g,0(x) =0 (Vo=1,....n, 21€7)
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In the case of M different particles and N different antiparticles it is necessary
to consider the states

| fors-o forss Gorsev Gon ) = H HA (fa)B (96)|0>

a=1 c=1

If the 1-particle wave packets are normalized to unit and if the particles are
indeed different — which is necessarily true in the case of anti-commuting
fields — then the many-particle states are also normalized to one.

In the case of quantum fields with integer spin, i.e. boson fields that
satisfy canonical commutation relations, we have to treat separately the case
in which among the inner quantum numbers oy,09,...,0y5 there are some
identical ones, i.e. when among the N particles there are several groups of
identical particles. In the case of several groups vi,vs,..., v, of identical
particles we shall correspondingly obtain

ke ) = (T] 1w )5ﬁ AL (f) 10) (3.26)

where the following notation has been used

H[V!] = vyl v, (3.27)

and a quite analogous formula evidently holds true for antiparticles.

Spinor Examples. To understand how to handle the reduction of the matrix elements
of normal ordered products of quantum fields in the interaction representation, let me
consider some simple enlightening examples. Let us first calculate the simplest quantity
involving a pair of Dirac bispinor fields, viz.,

(0] er (') B(a") (@) : ¢} (0)|0)
= (0ler () (PN +80 @) (09@) + 0D (@) < er (1) 0)
= (0]er ()@ )6 (@) el (9)]0)
+ (0] () B @) P @) el () |0)
= (0fer ()@ B @) el () |0)
+ (0]er ()PP @) 6O (@) el (1) ]0) (3.28)

where of course



<+> /ch Vs (q)e
with -
{wa(‘r) ’ ¢ﬂ(y)} = Saﬁ(x - y) (Ol,ﬂ =1L,2L, 1R, 2R)
{er (@), cl} ={de ("), AL (p)} = (21)° 2wp 6(p — P') 6,0

all the other anti-commutators being null. A little though is sufficient to gather that only
the very last term in the right hand side of equation (3.28) does contribute and gives

(0 crr(p") : 9(a') ¥(@) - el (p) |0)

= (0[{cr(p"), P (" H{e (@), ¢ (p)}0)
= U, (p")u,(p) exp{—ip-z+ip' -z'} (3.29)

Q

A quite similar calculation for antiparticle states immediately yields
(1) (0] dy(p'):9p(a") ¥(x) = df(p) |0)

= (=1)(0[{d ("), P (@)D (x), dl(p)}]0)
=  (=1)0,(p)vr (p') exp{ —ip-z+ip"-z'} (3.30)

the minus sign being due to the anti-commutation of the spinor field operators. Of course,
had we employed normalizable wave packets it is immediate to obtain

(0 crr (f') 1 (") () 1 L (£) [0)

(Ol {er (7). D @HHY (@), eh(D}0)
o (") ur () expl—p-z +ip 2} [T 1)) F o) (3.31)

|
§ |

together with
(1) (0] dy(g"):9(a") () = df(g) |0)

= (=1)(0[{dr(g"), P (@) {T(2), d(9)}]0)
= (Do, (p)v. (p") exp{—ip-z+ip"-z'} 3" (p)g" (»") (3.32)

Hence we end up with the following momentum space Feynman rules for the external legs
of a Dirac bispinor quantum field: namely,

vl —rp) +  ur(p) incoming particle (3.33)
———
Y| +rp) & 0.(p) incoming antiparticle (3.34)
———
(pr —|¢¥ < u,(p)  outgoing particle (3.35)
———
(pr+1v + ov.(p) outgoing antiparticle (3.36)

and the corresponding ones for normalizable 1-particle and 1-antiparticle states, viz.,

V| —rf)y & u.(p) fp) incoming particle (3.37)
—_————

109



ik

V| +rg) < 0.(p)g*(p) incoming antiparticle (3.38)

———
(fr—|v <« a.(p) f* (p) outgoing particle (3.39)
—_——
(gr+1v + v,.(p)glp) outgoing antiparticle (3.40)
—_——

Furthermore, the number of anti-commutations necessary to embed all the field operators
at the right place will settle the overall sign of any matrix elements of normal ordered

products involving anti-commuting spinor fields in the interaction representation.

A straightforward extension of the above described procedure, leading to the
Feynman rules for the so called external legs of a Dirac bispinor field, can be
simply implemented to treat the general field @, (x) and yields

O, | —of)y < u.(p) flp) incoming particle (3.41)
—_———

Of | +0og) < v 2p)g (p) incoming antiparticle (3.42)
—_——

(fo -] « ultp) f ) outgoing particle (3.43)
—_—

no

(go +|P,, < v,,(p)g(p) outgoing antiparticle (3.44)
—_—

For example, the gluons are massless quanta of a real vector field multiplet,
which transforms according to the adjoint representation of the non-Abelian
group SU(3)colour - It turns out that the exchange of virtual gluons between
quarks, antiquarks fermions and gluons themselves does actually produce,
according to the gauge theory of Quantum ChromoDynamics (QCD), the
strong interaction and eventually the nuclear forces. In this case we find
P, (v) ={Aj(z)|a=1,2,...,8} with

A%(z) = /Dk: e (k) as(k)e ™ + he. (3.45)
where the index A = (1,2, L, S) runs over the two transverse and physical

gluon polarization, as well as over the longitudinal and scalar non-physical
ones. Moreover, in the Feynman gauge we have

[aa(k), af(k")] = nap (27)* 2|k| 5(k — k')

AVIBf) < e,p(k) f(k) incoming gluon (3.46)
—_——
(fBlA, <+ e,pk) fr(k) outgoing gluon (3.47)
———
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with

napepa(k)elp(k) +cc.=—g., 6% (3.48)
—g“”el‘jj}(lﬂ)s,ﬁB(k)+c.c. = nap6® (3.49)

As a final remark, it is worthwhile to note that when a field theory involves
both kinds of fields, i.e. quantum free fields in the interaction picture, which
satisfy canonical equal time commutation relation

[(bl(t’ X) ) (I)](t> Y) ] =0

as well as canonical equal time anti-commutation relations

{\I’%<t,X) ) \I/g(t,y)} =0

then it is assumed that they always commute at any times: namely,

[®,(2), U(y)] = [@,(x), W) = 0

3.2.5 Yukawa Potential

Soon after the discovery of the neutron particle by James Chadwick in 1932
at the Cavendish Laboratory in Cambridge (UK) it was Werner Heisenberg
Who immediately put forward the idea the proton and neutrons were two
different states of one single particle called Nucleon.

Heisenberg, W. (1932) Uber den Bau der Atomkerne. I, Z. Phys. 77, pp.
1-11; Uber den Bau der Atomkerne. II, 7. Phys. 78, pp. 156-164.

As a matter of fact, the mass of the neutron (symbol n) and the proton
(symbol p) are almost identical: they are nearly degenerate, and both are
thus often called Nucleons. Experimentally one finds

(M —my)/(my, +m,) ~0.7x 107°

so that we can set m, ~ m,, ~ M ~ 939 MeV/c?. Although the proton has a
positive electric charge while the neutron is neutral, they are almost identical
in all other aspects. The strength of the attractive and very strong interaction
between any pair of Nucleons is the same, independent of whether they are
interacting as protons or as neutrons. According to this phenomenological
framework, the two kinds of Nucleons can be supposed to be point-like and
arranged into a doublet of Dirac fields



Figure 3.2: The lowest order diagram corresponding to Nucleon scattering
in the Yukawa theory
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transforming according to one of the fundamental representations of SU(2)
that is called the Isotopic Spin or Isospin internal symmetry group, according
to the original Heisenberg title to indicate this new quantum number. The
point-like Nucleons are supposed to interact through the Yukava force carried
by a spin-less isoscalar real meson field 7°(x), so that the classical Lagrangian
of the present Heisenberg-Yukawa model model for nuclear matter reads

L = Vi(@)w(id—M)¥(z)+ 10, (2)0"7"(x) — Im?[°(z) ]
=y (@) ¥ (2)y¥(x) (y€R)

The Lagrangian is invariant under the full Lorentz group, under the charge
conjugation symmetry, the SU(2) isospin transformations on the spinor fields

U(z) +— U'(z)=exp{lio,b.} ¥(x) (a=1,2,3)
and the overall phase transformation on the SU(2) spinor doublet
U(z) — V'(z)=e“V(z)

where o, are the Pauli matrices while

0<0<27m 0<p<2r 0 =1/602+ 635+ 63

are the canonical coordinates of the internal symmetry group SU(2)xU(1).
The invariance under the Abelian group of the phase transformations leads
to conservation of the barion number B. Thus, if we measure the charge @
in units of the proton charge e, then we can write the relation @) = T3 + %B
where

T3 = /dX\IJT<t,X)%US\Ij(t7X)
= %/dx[pT(t,x)p(t,X) —n'(t,x) n(t,x)]
N /dx[pT(tX)p(t,X)+nT(t,X)”(taX>]

— /dx pT(t,x)p(t, X)

ol W

The momentum space Feynman rules are the very same for both kinds of
Nucleons as well as the Feynman rules for the incoming and outgoing particles
and antiparticles: namely

e scalar propagator: Dp(k) =1i[k? —m? +ie]™!
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e spinor propagator: S;(p) = i(yf + M)ag (p*> — M* + ie)”!

e meson-Nucleon-Nucleon vertex: — 1y (pr+k—py=0)
e for each loop of internal line labeled by ¢ : [ d*¢/(2m)*

e a factor (— 1) for each fermion loop

e incoming Nucleon: wu,(p;), us(p2)

e outgoing Nucleon: @,/ (p1), s/ (p3)

e incoming anti-nucleon: v,(p1), Ts(p2)

e outgoing anti-nucleon: v,/ (py), vs(pg)

Let us now consider, for the sake of pedagogical simplicity, the pn collision
for incident Nucleons momenta much below Mc, i.e. in the non-relativistic
approximation. In such a circumstance, by comparing the amplitude for this
process — up to the lowest order in the Yukawa coupling y — to the scattering
amplitude of non-relativistic quantum mechanics in the Born approximation,
we can extract the potential V' (r) created by the Yukawa field theory model.

As the two colliding Nucleons are distinguishable, only the diagram of
Fig. 3.2 does contribute to the lowest order y2. Actually we understand the
incoming particles as free spinor particles of given energy momentum and
polarization (p,r) and (g, s), while the outgoing free particles will carry the
energy momentum and polarization labels (p’,r’) and (q’,s’) respectively.
Hence, the application of the basic formula (3.2) to the Yukawa interaction
with two kinds of spinor fields yields

S = I- Zy f dz 7Tmt )[ﬁint (1") pint(x) + ﬁint(m) Nint (l‘) ]
y? [ da [ da’ T 7y () Ding (2) Pine (1) 735 () Wi () Mine ()

and the further application of the Wick’s theorem to this scattering operator
matrix element gives rise to only a single non-vanishing term, viz.,

(=iy)2 (0] err(p') Cur(a’) 0 ) 50 p$) - Ol (g) e(p)10) Daw
= (D)) (0]e(p)Csr(a)aly 0 el(p) pSP p$) Cl(q) [0) Dy
S——— —

= (+1) (*iy)ch/(p/)nr/ Mg Cp ( ) Daar Csi(q )ﬁm pzcl(‘])
‘W—/\—v—" \—,_/\_v_./

02

= @) unlp) s T )use) (pra=p+d)
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where we have indicated with small and capital letters the creation and
destruction operators of the neutron and proton particles respectively. Here
the Dirac bispinor indexes have been always understood, to avoid too heavy
notations while, of course, we have r,s,r’,s' =1,2, p2 =¢> =p'2 =¢'%? =
M?. In the non-relativistic limit we can approximate as follows:

hp ~ (Mc,hp) hqg ~ (Mec,hq)
hp' =~ (Mec,hp') hq" =~ (Mec,hq")
| M
(p—p’)2 ~ —’P—P/’2 u,(p) = &, TC et cetera
_ Me _ Mece
u7"'<p/)u7“(p) ~ 2751”1“’ U’s’(q/)us(Q) ~ 27553’

in such a manner that the particle spin is conserved in the non-relativistic
regime. Putting all pieces together we find from the Feynman graph the
dimensionless transition amplitude

—inhQ / ! !
5 U (") ur (p) (p+q=p"+4q") (3.50)

Tl ueld) o a

where k = p — p’ = ¢’ — ¢ is the so called transferred four momentum; thus,
in the non-relativistic approximation, we are left with
iy h? 2Mc
h?k? + m?2c? h

2M 2
he

2
) 57"7“’535’ 547-‘-7;T‘k 57“1”635’

with p+q =p’+q’, in which I have suitably factorized the non-relativistic
center of mass energy 2Mc? | as well as the conversion factor fic, so that the
transition matrix for relative motion in the non-relativistic approximation
reads

h y? 2Mhc
o =T =21
SFMCMPHP “T4r m?p-p’ |2+ m2c?

(3.51)

which has the dimensions of a length in physical units. In non-relativistic
quantum mechanics, the scattering amplitude in the Born approximation for a
spin-less particle in a time independent potential V(r) is given by 4

V(ip—p')

M /
fO0) = — 5= (P'IVIP)= —5
M

- 27rh2/dr exp{—i(p—p’)- -1} V(r)

4 See e.g. Eugene Merzbacher, Quantum Mechanics, John Wiley & Sons, New York
(1970) §5 p.497
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where M is the reduced nucleon mass, while € is the scattering angle for the
elastic process with

p-p =ppcosd pP=p*=2MER"?

Hence, the differential cross-section for a scattering process by a static fixed
target potential is simply provided by

— =1f(0)] dQ =sinfdfde

Consider the attractive Yukawa central potential

Vir) = + 00 for0<r<a
"= — Vip(ro/r) e~ /T for r>a

in which a is the hard core repulsive barrier of nucleon impenetrability, while
the characteristic length ro = h/puc may be identified with the range of the
potential. Thus we get

f0) = —voro/ dT/ rdr exp{—(r/ro) +irr|p—p'[}
— 2MV07°0/ ar SUPZPIT) oy
a B2 p —p’|
a—0 2M Vg 2M Voro

Y =

R|p—p’|?+ p2c? 4R2p2sin?(0/2) + p2c?

because of the relation p = p’, which holds true in the non-relativistic limit,
that implies

lp—p'|?=p>+p'*—2pp'cosf =4p?sin®(6/2)

Now it is apparent that we have to identify

Voro  y°
p=m e ar f(0)=Tpp
y?
V(r)= —ﬁcﬁe_m”/h for r>a
in such a manner that we can eventually write
2mh? ~ hic \*
_ 7 Tk:V(p_p/):—hC(W) Mp—>p’ (352)
~ 27h? he (y?/4m) 2Mc
—_ / e J— .
Vp=p ( M ) |p—p'[?+m?c?/h? (853)
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and thereby

do  (y? 2Mch 2
dQ  \4r 4h2p2sin?(0/2) + m2c2
Hence, under the assumption of a nuclear force characteristic range of the

order
h

o= — ~1fm=10"%m
mc
we eventually find a Yukawa meson mass
h
me? = ﬁ & m ~ 197 MeV /c?

which is not too far from the neutral pion mass m o = 134.9766 + 0.0006
MeV /c? keeping in mind the crudeness of the approximation. Furthermore,
from the phenomenological evidence that the nuclear force overcomes the
Coulomb force at a distance of 1 fm of a factor thousand, we get the orders
of magnitude of the depth of the nuclear potential well

J
Vomex 10° x fie X — ~ 2720 ot ~ 4 x 10%m,c? ~ 4 GeV  (3.54)
To 1 fm

and of the Yukawa coupling

2
I 210 x 2,720 ~ 20 <= y~16
AT

which, unfortunately, is very unsuitable for a good perturbative expansion.
Thus the Yukawa ¢—meson exchange model can be used and trusted at
most as an effective description of the nuclear force valid at sufficiently low
energies and momenta. Conversely, the related process of nucleon off anti-
nucleon scattering leads to an amplitude with an opposite overall sign. As a
matter of fact we find

—(+)

(=) (0] cpr(p')dar(q') : B ) D T W 2 d () el(p) |0)
—(+)

)

)

= (—1)(=iy)? (0] e (p") dor(a) W T O T dl(g) el(p)|0) Do
~—_———— N—_———’

= (1) (=i)? (0] err(p") B dr(q) D T dl(g) vt (p) 10) Duy

= (Vi) (0B, ¥ elp) Dow T dl(g) durla) w5
— 2
= () urp) s T (a) (D) (e =y )

It is precisely this change of the overall sign that ensures, in the non-
relativistic limit, the charge independence of the Yukawa nuclear force for
Mec

Vot ! ~ —2—5 ’
Ve (q")vs(q) n Uss



Another quite useful example of application of the LSZ reduction formulee
is the nucleon-anti-nucleon annihilation and production by a virtual neutral

meson N + N — 7% — N + N that yields

(=ig)? (0] dyr(p") esr(q") O 08 Dy & w( Vel(g)dl(p)]0)
= (D (=) (0] csr(g) DS dor(p) 0D B dl(p) 0 elig) [0)

_ ’ ’ —iy®
= us(q )vr(p) GraR—m?

v (p)us(q) (p+q=p"+q")

with 7%(p + ¢)? = 4AMZc? > m2,c? that endorses the virtual nature of the
exchanged 7% neutral meson.

3.2.6 Coulomb Potential

As a simple application of these Feynman rules, let me repeat the analysis
of the non-relativistic scattering amplitude for quantum electrodynamics in
natural units, in close analogy with what I did in the case of the nuclear
Yukawa potential. The perturbative expansion of the collision matrix (3.2)
for QED with two kinds of spinor field carrying equal masses though different
electric charges reads

S = T+ie / Ay AL () i (1)t ()
. / dz A (2)F e ()70 i (2)
Z€ /dw/dyTA1nt wlnt( )’)/M’(/Jint(l') 1nt( )W ( ) V\I}int(y)

To the first order in e/ V/2he some processes might occur in perturbation
theory, in which three physical particles — one photon and two Dirac particles
— would appear in the initial and final states on the mass shells. It can be
readily seen, however, that those kinds of processes are impossible, owing to
energy momentum conservation. If we denote by k* the photon momentum
and by p”,q¢” the Dirac particles momenta respectively, then the energy-
momentum conservation is expressed by the equality k = p 4 ¢, the sign plus
being related to a particle-antiparticle pair, the minus sign being instead
referred to a 2-particles or a 2-antiparticles pair. The above equality is in
fact impossible because k? = 0 while for e.g. q = 0 we get

(p£q)*=2(M>£p-q) =2(M*£pogo Fp-q) =2M(M = po)
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and since py > M we find either (p+¢)? > 0 or (p —q)? < 0. Hence, the
first nontrivial term in the collision matrix becomes

S = —Ze2/dx/dy (TAﬁ‘nt(gg) A’fm(?J))
X (TP (i (0 T it ()90 Wi (9) ) o

owing to the commutation between photon and Dirac field operators.
Thus, for elastic scattering, the Wick’s theorem yields, up to the leading
order and in natural units,

" - v (+ _
— 22 (0]es(q) Cor(q') : 95 4 DE T 7w ) ot (p7) el(p) | 0)
— _ 7_‘,_ _ v
= —Z(0]ey(q) D5 3 ) Co(a) T 4wl (p7) el(p)[0) DI

)

_ _ v = (+ _
= 2620 cs(@) PP 7 v el(p) DI Co(g )T A, w el (p7) | 0)

= —Ze*uy(q)v" ur(p) ( Usi(q" )y Uri(p") (p+p' =q+4q")

p—p')?
where, of course, we have

1! 2 2 12 12 2

rs,rhs =12, pt=q¢"=pT=q¢ =M

Putting all pieces together we find from the Feynman graph the dimensionless
transition amplitude

_ . -1 = .
us(q) (iev")u,(p) ——5 Us(@") (iZev,) U (p") (3.55)
(p—q)

Notice that the Feynman gauge photon propagator, which represents the
electromagnetic interaction in the present lowest order amplitude, can be
suitably rewritten in the very suggestive form

9w
D v k’ -
wlk) = 2
where ¢ is the Mandelstam variable which corresponds to the invariant norm
of the transferred 4-momentum k =p — g = ¢’ — p’, viz.,

t=Rk*=h(p—q)*>=2M?c*|1— 1+E <0
- - r—q) = M2c2

Here the rest frame of the incoming particle p = (M¢,0,0,0) has been used,

without loss of generality thanks to the Lorentz invariance, to exhibit the
space-like nature of the transferred momentum ¢. This means in turn that the
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— _— z‘-.
Figure 3.3: Coulomb scattering

exchanged photon, which mediates the electromagnetic interaction between
the two charged Dirac spinor particles, is virtual and space-like, i.e. off its mass
shell k2 = 0, and that all the four kinds of polarization, physical and non-
physical, do indeed carry the Coulomb interaction in the manifestly covariant
Feynman gauge. In the non-relativistic limit we can approximate as follows:

hp ~ (Mc,hp) hq ~ (Mec,hq)
hp' =~ (Mc hp') hq' =~ (Mc,hq')
p')? =~ —[p-p'|?
0
O - Mc | 1
V| Rl I
0 1
so that
Mc Mc
ul(a)ur(p) = 25500 uli(aue (@) & 25500

us(q) " ur(p) = ul(q) a*u, (p) = 0
s (q") o (p) = ul, (¢") arup (p) ~ 0
for r,r’,s,8" = 1,2, in such a manner that the particle spin is conserved in
the non-relativistic regime. Then we eventually come to the non-relativistic
approximation
—iZe?c?

M
T —q? 2MOrs 2M by = 47i Ty el S
P—q

h
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and consequently

2McZa
Ty q=flO) = — —— 2
p,q ( ) ﬁ]p—q]Q
which corresponds to the repulsive Coulomb potential °
Ze? Q ~ Ze?
Vi) =— . (lp—al) p_ql
so that
MZ 2 ZQ 2%2 .2
do _ ( .aiic) _ q 71(: (p? = 2ME)
dQ2 4|p|*sin®(0/2) 16E2 sin"(60/2)

which is nothing but the celebrated Rutherford exact cross-section. For an
antiparticle-particle scattering we have to make the replacement

us(q)(iey")ur(p) < 0.(p)(—iev")vs(q)

and owing to
v,(q)v,.(p) =~ 2M6,, et cetera

the sign of the non-relativistic Coulomb potential is opposite as it does. As
a final remark I'd like to argue about gauge invariance. One is always free
to replace the photon propagator in the Feynman gauge with the the most
general expression in a Lorentz invariant non-homogeneous Lorenz gauge

0, AM(x) = £B(x) that yields

~ ihe 1—
D)C\;L(kvf)_ (_gAu_F—gk/\ku)

k2 44e k2 +ie

with £ =p —p’ = ¢’ — ¢. Now, if we recall the Dirac equations for the spin
states, viz.,

(7 — M)u.(p) =0 =1, (p" )y — M)
(¢ — Mus(q) =0=1us(q")(¢" — M)
then we obtain the matrix general element

us(q) (iey")u,(p) m us(q") (iZen” ) u, (p')

>< gw—ﬁ (p—a)u(d" —p")
_ GS(Q)’YMUT(P)(;f—zyﬂs'(q/)wuw(ﬁ/) (3.56)

> The Coulomb potential is obtained as the limit of the Yukawa potential in which
m — 0 with Vorg — Zahc — see e.g. Eugene Merzbacher, Quantum Mechanics, John
Wiley & Sons, New York (1970).
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which endorses gauge invariance, i.e. {—independence, of the lowest order
scattering amplitude. However, it turns out that this fundamental feature
holds true to any order, what corresponds to the so called Ward’s identity.
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3.3 Cross Section

3.3.1 Scattering Amplitude

In this section we shall consider, for the sake of simplicity, a self-interacting
real scalar field describing spinless neutral particles without further internal
structure. It is useful to express the scattering operator in the form

S=1+iT (3.57)

where the unit operator I is related to non-scattered, forward, straight-
through particle propagation, while 7" is the transition matrix, the matrix
elements of which do non-trivially depend upon the field interaction. Then
the S—matrix elements are defined to be

Spo={f|S|t)=06p+ (2m)*id (P} —PF) Mjy, (3.58)

where the invariant T'—matrix elements My, have been introduced for the
scattering process 1 +2+ ...+ N —— 1'"+2'+ ...+ N’ : namely

(pips ... pN/ T pip2...pN) = (27T)45(Pf'—PL) M(p, |—>pJ'c) (3.59)

in which the energy momentum 1-particle eigenstates of all the particles are
normalized according to the standard covariant convention

(alp) = 2(2m)°wp 0 (P —q) po=wp = /P2 +m?

whilst

N N’
=1 k=1

are the total momenta of the N incoming and N’ outgoing particles. It is
worthwhile to notice the canonical dimensions in physical units, i.e.

[S5.) = [Tr.] = em™™ [My,] = cm™N"1
It turns out that the scattering amplitude for the process Ny, —— N/, will
be given by the dimensionless complex quantity
A(f1, for- o v V> 91,92, ,981) =
H / 27(313)]2@ P / 27rdf’?§p°’ "o (P = R)
x [3(p;) 3 (p3) M(pla---apNQPD'--ap]/\/’) (3.61)
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where p} = w(p;), pi’ = w(py,) are the dispersion laws of the positive energy
incoming and outgoing particles, whereas

1 dp, =~ . B
f(x) = (27T)3/2w(pj) f,(p,) exp{—ip, -z} J=1...,N
gk(x) = (271)3/25?;2) gkz(p;q) exp{—ip,;-x} k= 17"'7N/

are the particle wave functions that satisfy the Klein-Gordon wave equation
and may be supposed to be real (e.g. Gaussian-like) without loss of generality.

Klein-Gordon probability current. We remind that for any complex solution f(¢,x) of
the Klein-Gordon wave equation one can define the probability current density tetra-vector

(%) e (1,%)1 0, f(t,x) (3.62)

which satisfies by construction the continuity equation
0t 9,(t,x)=0

in such a manner that its temporal component

o(t,%) % Jo(t,x) /e = f*(t,%) i Do f(£,x) [0] = cm™3

will be interpreted as the probability density, i.e. the probability of finding a particle in
the infinitesimal volume dx at the position x and at the instant xy = t, according to
the orthodox understanding of quantum mechanics. Notice that 9(¢,x) = 0 owing to the
Klein-Gordon wave equation, so that, by integrating over the whole space, we recover the
conservation of the probability during the time evolution because

% dx o(t,x) =0

Note that in the limit where f(p) is very sharply peaked at some wave vector & the
probability density can be approximated by

colt,x) = (2m)7 / dp / dp’ F*(p") F(p)

w(p) +w(p’)
dw(p)w(p’)
2w | f(t,x)]? (3.63)

exp{i(p—p') - x —it(wp —wp)}

Q

In the same approximation the probability current density takes the form

9(t,x) ~ 2ck| f(t,x) ] [7.] =cm™? sec™!
Let me now consider the scattering process
142 — 1+24+...+N (3.64)
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so that the quantity

(fhf? — glaQQa"'agN) =

d
H/ 27r32p; fi () H/Dpkgk P)

x (2m)* i6 (P —pl—pz) M (p1,p2;pis--->PN) (3.65)

will represent the amplitude of the process in which there are N particles in the
final state with wave packets g1, go, . .., gn for two incoming particles with wave
packets f; and f5. Here, as usual, the invariant measure Dp; is provided
by equation (3.19) with P/ = Zszl pj.. Moreover, all the incoming and
outgoing tetra-momenta py, po;pq,...,pyN are supposed to lie on the mass
shell, as required by the LSZ reduction formula.

At first sight it would appear to be natural to take the square modulus of
the above quantity in order to obtain the probability of the collision process.
However, on the one hand, while we can control in detail the structure of
the wave packets of the incident beams of particles, we have a very little
and roughly approximate knowledge of the particle wave packets after the
collision event. Hence, the above quantity and its square modulus can not
be practically neither evaluated nor measured. On the other hand, had we
attempted to consider the square of the related known and calculable part
of the above density of probability amplitude, i.e.,

fip)fa(pa) x 2m)* i (P} —pi—ps) M (p1,p2;ipis--\0k)

then one has to face the problem of squaring a Dirac d—distribution, which
turns out to be a mathematical nonsense. Hence, to circumvent this difficulty,
it is convenient to introduce the quantity with the dimensions of an area, viz.,

F(P}) = H/ ;ﬂp@,‘];wp" )(2W)45(Pf’—p1—p2)
- H/dpj[<2w>32w<pj>]-1ﬁ<pj>
x /dxexp{( —p1—p2) -}
= f[l/d4x exp{iz- P/}

. /dpj [27)* 2w (p;) ]~ f; (py) exp{—ip; - x}
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_ / d'x f(x) folx) exp{i P} -z} (3.66)

It follows therefrom that, if the matrix elements of the transition matrix
are smooth functions of the incident momenta, for two very narrow wave
packets f; and f5 centered around ki and ko respectively, it is possible to
approximate the above introduced quantity in the form

Ql(fl;fz = 01,92, . 7gN)

N
I1 [ Dok 5coi) PP i M (v i)

Q

so that we can suitably define and write down the differential probability of
the process in which there are N particles in the final state within the momentum
space infinitesimal volume elements dp;, around p; , which evidently reads

AW (fi, fo — pi,ps,--spoN) = (3.67)

dpk

‘F(Pf/)./\/l(f‘fflyf%Q;p{a-"apN 27T32wp)
k

u::]z

with £ = w(k;) . Notice that, for very narrow wave packets centered around
K1 and Ko respectively, we can further approximate

(21) [arirm)

_ /d4 /d4 /d4yf1 ) F3(2) i) foly) expliP - (z — )}

27T
- / 2| Alo) f2(o) |22 () w(a) | [ s o1(a) (o)
so that we can approximately set
\F(Pf’) |? = (27r)4<5(Pf’ — K1 — K2)
< wm)uee)] ! [ ds a@e)

because for any test function ¢ € S(R) we approximately get

! 4 2 (k1 + ko) 4
(2m)4 /d p | F(p)|=ep) = m /d x 01(x)02(x)
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As a consequence we eventually find that, for very narrow incoming wave
packets centered around k; and ks respectively, we can safely write

dW(fl>f2 '—>p1,7p2,77p]/\f) ~ (368)
(2m)* 0 (Py — k1 — Ka2) | M (K1, k25 1, D) |°
o1 (z)  02(z) 1 dp;
x 1 [ iy B2 L2 — —k 3.69
e 2 o) L ooy (3.69)

where the infinitesimal volume element in the 3N —dimensional space of the
wave vectors of the outgoing quanta is usually called the phase space volume
element of the final state in the particle physicists jargon. It is important to
gather that the quantity

/d% Lo1(2) 0a(x)/ A () w(ssa) ] (3.70)

is dimensionless. In order to compare different experiments, e.g. in a large
high energy colliding machine, it is convenient to define a quantity which does
not depend upon the details of the wave functions of the incoming particles:
the differential cross-section

oo dw (k) w (ko) k)2 — (e )21~ 172
do = fd4fUQ1 ) 02(x )dW [( 2 )]
= i[(&l-HQ)Q—mfmg]_l/Q|M(H1,H2;Pl17--'apﬁv)|2
X (20)16 (Pf — ky — H __dpi (3.71)

(2m)3 2w ( pk)

which has the dimensions of a surface area and turns out to be manifestly
Lorentz invariant. This provides the Golden Rule for the High Energy Physics
(HEP) and the Quantum Field Theory (QFT).

3.3.2 Luminosity

In an actual scattering experiment one has the situation in which two particle
beams collide, or one beam scatters off of some fixed target. In those cases
the densities g1 (x) and p2(x) equal the particle densities in the beams and/or
in the target, up to a normalization constant which accounts of the beams
and /or target geometric structures. With such a kind of normalization, the
proportionality factor in eq. (3.71) is then the integrated luminosity, which
turns out to be Lorentz invariant: namely,

[dte = dW(fi, fo — 1,2,...,N)/do
= \/(51'52>2_m%m§ /d4:v alo) &) (3.72)

w(k1) w(ke)
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for reactions with two incoming massive particles. In physical units we get
[do] = barn, [£] =barn's!, where 1 barn = 1072* cm?. The luminosity
is the quantity that gives a measure of the magnitude of scattering event
differential rate dR , within experimental settings described by two bunches
of incident particles with the particle densities g,(z) (» = 1,2) owing to

dW =dR = £do (3.73)

For instance [1] the luminosity at LHC for proton-proton collisions during the
years 2012-2015 has been designed to be £ ~ 103* cm2s7! = 101° b=t 57!
and it was first reached in June 2016. In general, present day high energy
colliding storage ring machines (collider in jargon) reach a luminosity within
the range 1028 + 103* cm~2s~!. The luminosity is one of the most crucial
parameters for a colliding beam storage ring accelerator machine. Cross-
sections at the GeV scale for the center of momentum energy are usually of
the order of 6 :

e 1 millibarn = 1 mb = 10727 cm? for strong interactions

2

e 1 nanobarn = 1 nb = 1073 cm for electromagnetic interactions

e 1 femtobarn = 1 fb = 10739 cm? for weak interactions

Typical event rates in these processes, assuming £ ~ 1034 ecm=2s7! are,

therefore, of the order 107 s™*, 10s™%, 107° s™! ~ 26 month™! respectively.
These numbers clearly illustrate the difficulty to measure weak interaction
effects in colliding beam experiments.

In order to understand the physical meaning of the cross-section and of the
luminosity, let us consider for instance the case of a fixed target experiment in
the target rest frame. We have a target of volume V;,4e¢ placed in a particle
beam. The particle densities po; and oy are supposed to be approximately
homogeneous and the number of target particles is Niarget = 02 Viarget , Where
02 is the particle density of the target. Then we have

/d4l' Ql(x) Q2(x) = / dt 01 02 ‘/target = / dt 01 Ntarget (374)

[e.e] —00

2

Let me now rewrite the kinematic factor (k1 - k2)? — m3m3. To this purpose we first

evaluate the related quantity wi kg — wo K1 with

K =E =\/k?+m3 =w(k)=uw K = By = \/K3 +m3 = w(ks) = wo

0—24

6 The standard unit of measure for the cross-sections is 1 barn=1 cm? and a typical
paradigmatic quantity is the Thomson cross-section o7 = 87r2/3 = 0.665245873(13)
barn. Moreover 1 unit of R at 1 GeV of center of mass energy is 0.3 nanobarns.
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that yields

(El Ko — E2 K/l)2 = Egh?% + E%KZ% — 2E1E2 K1 R
= B2k} + B’k + (K1 - ko — B E)? — (K1 - Ky )2 — E2E3
= (k1-k2)” = (K1-K2)”
+ (k3 +mi)RT + (kT +mi)k3 — (kT +mi)(k3 +m3)
(k1 -K2)? — (K1 - Ko )? 4+ KT K3 —m2m3 (3.75)

in such a manner that we can eventually write
2 2,2 2 2 2,2
(K1 - K2)® —mims = |wiks — wak1 |“ + (K1 - K2)” — KIK3 (3.76)

The last two terms in the right hand side of the above relation can be
dropped in the case of parallel momenta, which is the case in the fixed target
rest frame or in the colliding storage ring in the center of mass rest frame,
so that we can write

K2

w1 W2

\/(/ﬁ “K2)?2 —m2mi = EF, = w(k1) w(K2) Vrel (3.77)

where the relative velocity in physical units is provided by

c’Ky c’Ko
Vriel = -
w1(f€1) wz(f%)

in such a manner that in the non-relativistic limit we recover the familiar
formula
P1 P2 m,c

Vil N —— — — = hk, fo K
1 mi o b, 3 oKl < 3

(j:172)

Combining eq.s (3.72),(3.74),(3.77) we eventually find that the luminosity is
given by

£ = Obeam Vrel Ntarget = Jbeam Ntarget (378)

where the beam current density jJpeam i obviously defined as the number of
incoming particle passing through a unit area orthogonal the relative velocity
vector per unit of time. The luminosity in a fixed target experiment is much
higher than for colliding beams in a storage ring machine. Typical beam
current densities, also called flux factors, are

e 1019 em=2 ¢! for hadron beams
e 108 cm™2 st for electron beams
e 106 ecm™2 st for neutrino beams
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whereas a target contains 1026 < 103° protons. This explains why the huge
number of protons in a target leads to event rates R much higher than those
ones in colliding beam machines. Here, if two bunches containing N; and
Ny particles collide with frequency f, so that vyel = 2Upcam = 2f Rying Where
R.ing is the storage ring mean radius, then the luminosity is roughly given
by

NN, NN

2 N Urel -
‘/beam 47T0h0v

(3.79)

where o;, and o, actually characterize the Gaussian transverse beam profile
in the horizontal and vertical directions, in such a manner that the torus
volume of the two bunches is approximately Vieam =~ 40,0, - 27 Rying . More
precisely, the luminosity of the LHC machine is defined by

Ky,
N1 Na,
L=fy — (3.80)
1=1

4 oyo,

where f = 11.2 kHz is the revolution frequency of the single bunch, N, =
10" p/bunch the number protons of the n—th beam, k, = 2808 + 3564 the
number of bunches each At = 25 ns, while 0, = 375.2 ym and o, = 16.7 pum ..

3.3.3 Quasi-Elastic Scattering

To examine the kinematics further on, let me now consider a quasi-elastic
scattering 1 +2 —— 1’4+ 2’/ of two incident massive scalar particles with
masses my, My in two final massive scalar particles with masses m/, m/ and
suppose that all masses are different. The space-time translations invariance
entails
P1+p2 =i +py

Then, in the center of momentum frame p; + p2 = 0, we have that the total
energy square is given by

s = (p1+p2)? = (p] +95)? = [wi(p1) + wa(—p1) | (3.81)
(pr-p2)® —mimi = 1 [s — (my —my)?] [s — (my +my)?] (3.82)

with [s] = eV?. Notice that the last quantity vanishes, as it must, at the
reaction threshold s = (m; + m3)?. Since the total 4-momentum is conserved
in the scattering process we evidently obtain

s = (p1+p2)* = (p| +py)? (3.83)
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detector

Figure 3.4: a schematic setup for a quasi-elastic scattering of two particles in the center
of momentum frame
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In addition to the square of the total energy in the center of mass frame, it
is convenient to define the invariant 4-momentum transfer squared variable

t=(p) —p)’ = (P — p2)* (3.84)
together with the invariant 4-momentum exchange squared variable
w=(py = p1)* = (h — p2)? (3.85)
A little algebra shows that
s+t+u=m?+mi+m*+ms (3.86)

The kinematic relativistic invariant quantities s,t,u are the Mandelstam'’s
variables 7. For the special case of two particles in the final state, we can
nicely simplify the general expression of eq. (3.71), by partially evaluating
the so called phase space integrals in the center of momentum frame in which

p1+p2 =0=p)| +p;
P=pi=-—DP2, P =p)=—p)
By + Ey = /s = E{ + E,

so that the square energy factor becomes

4101\454\/(]71'2?2)2—7”%7”%
= 4hc| Eyps — Eapi| = 4hc|p| Vs (3.87)

where use has been made of the previously derived relationship (3.76). On
the other side one can rewrite the so called phase space of the final state in
the center of momentum frame as follows: namely,

d
H [ GESEBEL (on)! 30l + 0~ 1 = )

/ ' e pddQCM (0 55 ()
1672 B By L\P %2

X

5 (Vs —E{(p') - Ej(p')) (3.88)

where dQcyv = dp sinfd @ is the solid angle element of the momentum p’
in the center of momentum frame of the two outgoing particles, while g;(p;.)

7 Stanley Mandelstam, Determination of the Pion-Nucleon Scattering Amplitude from
Dispersion Relations and Unitarity. General Theory, Phys. Rev. 112 (1958) 1344
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are their momentum space wave packets. Note that this integral vanishes
unless s > (m{ + m4J)?, i.e. the incoming energy in the collision must be
actually enough to produce two physical particles at rest with masses m;, .
In order to calculate the value of p’(s) for which the argument of the
d—distribution vanishes, we have to obtain the inversion formulas

2
s = (\/p/2+m{2+\/p’2+m2’2)

= 2p"2+m{*+my>+2E/(p’) Ey(p’) (3.89)
that is
(s—2p"—m{* - m£2)2 =4 (p”?+m?) (p'?+mjy?) (3.90)
which finally yields
P17 = [ (mft = mf) 25 (mi? + mi?) ]
o {LF(S m! m')}2 = [p'(s)]? (3.91)
2y/s bR
pI? = L[4 (m} - md)?—2s(m? +md)]
def {LF(S my mg)}2 — [p(s) ] (3.92)
2y/s

In the case of equal masses, i.e. identical incoming or outgoing particles, the
above inversion formulae reduce to

p|=30(5—2m)Vs—4m? (3.93)
Ip' | =30(vs—2m') Vs —4m'? (3.94)

where the so called reaction thresholds have been emphasized by the presence
of the Heaviside step distributions. Now we have

[%dﬁ9@0¢@35U@ﬁ)=F%%%T fp)=0  (3.95)

and applying it to the integral (3.88) in the limit g, go — 1 we get

1 / (s) dQcm
672 ) J{p2() +mi2|[p2(s) +mi%]
p'(s) p'(s) -
<¢m 2(5) + my? '*ﬂp<>+mJ)

_ ey — cos6) (3.96
= Tonnyi <;5 cos .96)

X
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where | p’| = p’(s) can be expressed as a function of the Mandelstam variable
s by the inversion formula (3.91). Another equivalent memento formula for

the two final particles phase space volume is given by

dpl, dpé 4 ! I o _
/ <27r>32w<p{>/ <27r>32w<p;> et )

/ dQem _ [P'(s)| [*"
F(s,m]* mj? )/ 39 g 167r2\/_ qu/ — cosf) (3.97)

with
1
p'(s)| = 2—\/5F(8,m1',m£) s=(p+p)*=(p{ +p3)

Note that the 2-particle phase space volume is a Poincaré invariant and
dimensionless quantity. Hence we eventually obtain the main formula for the
differential cross-section for the quasi-elastic collision in the center of momentum
frame: namely,

(d_0> _< fic )2|M(stu)|2’p/| (3.98)
dQ) o, \87Ecy T p| |

Ecov = v/s = c(p} +15) = c(py" +py) pi+p2=0=p]+p;
and taking also into account that the incoming current density or flux factor
can be expressed by (3.87)

4ICM = 4| pl \/g = 2F(s,m1, mg) (399)

the basic formula (3.71) for the two-particles quasi-elastic scattering in the
center of momentum frame takes the form

do 1
0 — t F 12 /12
(dQ)CM 4ICM [ Ms,t0) |* g5 F (s,mi%,m3”)

12 /2
bl )
F(s,m{%,my”)

= o Mt )

3.100
Fls,mZ,m2) (3.100)

which coincides with eq. (3.98). In the special limits of equal masses and
elastic scattering we eventually come to the very suggestive formulae

do\ _ [M]? | M]?
do _ _ 101
(dQ) G4r2s 7~ 16ms (3.101)

It is useful to remark that in the case of equal masses the characteristic
function F(s,m?,m3) becomes

F(s,m?) = +/s(s —4m2) >0 & s> 4m? (3.102)
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which is positive as it does only above the threshold, i.e. two equal massive
particles at rest. By the way, in the case my = mgy = m., m{ = my =m,
we have

[F(s,m2)/F (s,m2)] = i:—i:’; (3.103)

When s > 400 GeV? and taking into account that (m./m,)? ~ 23 x 1076
we can safely approximate

_ (ZZ‘;)Q _J1— (%)2 — (%)ﬂ =8, (3.104)

ECM:2,/p2+ml2L

Another very important situation occurs for the collision of a fast and
light particle with mass m off of a much more heavy particle of mass M > m
at rest in the laboratory frame. Then, if we disregard the recoil of the very
heavy particle after collision, the kinematics reads

where

pP1=Dp Ey=+vp*+m?=FE, (3.105)

Py =0 By= M (3.106)

ps = p1—p; ~ 0 Ey ~ M (3.107)

p{ =P’ El = /p?+m? = E, (3.108)

with |p|=p~|p’|. Turning back to the main basic formula (3.71) for the
differential cross-section, in the present case of a 2-particle final state with
one very heavy particle we can use the above kinematics with p-p’ =~ p? cos ,
where 6 is now the scattering angle of the light particle in the heavy particle
rest frame, so that

4]54\/ (p1-p2)? —m2M? =4|p| M

d / /
H / pk gk pk (27?)45(])1 + Py —p1—p2)

Q

gl<p'>gQ<p—p'>/dﬂ<¢,e> | st 0 (B - )

al<p'>gz<0>/d9<¢,9>/om‘wl’—<m 5(E'~ )

Q

16m2 M
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Thus, in the limit g;, go — 1 one eventually finds

d / /
H/ %gi’j (2m)* & (P + 1y — p1 — p2)

- P’ ~ \p|/
~ P [a00) ~ B [a40(s,0) (3.109)

and according to the main formula (3.71) we end up with the remarkably
simple expression

do M (s, tu) |
(d_Q) ep 6472 (Mc/h)? (3.110)

As a final important comment, I remark that the generalization of all
the above formulas to the case of scattering of particles with spin is really
straightforward. In such cases, in fact, the amplitudes have spinor and/or
4-vector indexes, which need thereby to be saturated with the corresponding
suitable quantities describing the polarization states.

Specifically, for spin % Dirac fermions (r,s =1,2) :

e u,.(p) for an incoming particle

(p)
e U,(q) for incoming antiparticles
e u,(p) for outgoing particles

)

e v4(q) for an outgoing antiparticle

for spin 1 real vector bosons :

T

[ J
€u

(k) (r=1,2,3) for incoming massive vector particles

o cM(k) (A=1,2,5) for incoming massless vector particles

S

o [ei(k')]* (s=1,2,3) for outgoing massive vector particles
A/

S (K] (A"=1,2,8) for outgoing massless vector particles

o [c

both in massive and mass-less cases, where the polarization vectors are real
for linear polarization. Let me discuss quite a few enlightening examples.
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3.4 Elementary Scattering Processes

Here below we will see some important collisions involving charged fermions
and photons, to the lowest order in the fine structure constant

e? 1
= 7.297352568(24) x 1073 ~ ——
Arhe (24) 137

o =

These electromagnetic scattering processes play a key role in the development
of Quantum Electrodynamics and of the Standard Model of Particle Physics.

3.4.1 e e' into putu~ Pairs

The annihilation of an electron positron pair into a muon-antimuon pair is
the simplest of all the quantum electrodynamics processes, but also one of the
most important in high energy physics. It turns out to be fundamental for
the understanding of all reactions which occur in eTe™ colliders. As a matter
of fact, it is used indeed to calibrate such a kind of machines. The related
process of the electron positron pair annihilation into a quark anti-quark pair
is extraordinarily useful and crucial to unravel elementary particle physics
properties. Here below, the lowest order non-polarized cross-section will be
obtained, up to the accuracy for the electron mass can be disregarded with
respect to the muon mass — remember that (m./m,) ~ 0.5%. According
to the Feynman rules and the LSZ reduction formulae we obtain at once the
lowest order O (e?) amplitude, see figure, viz.,

(ie)*{0|Cq,s Dy, sfﬂgs Y piPel )’YAGHC” ch 10)AT =
)

(0] Cq, i 4" Dy gD el d* K e(” 10) AT
—— ~ W—’

-~

where p(y) and e(x) are the muon and electron spinor fields respectively,
while the small and capital letters denote the e"et and p~u*t creation and
destruction operators respectively; moreover A{¥ does indicate the mass-less
photon propagator in the Feynman gauge. Then we get

Miss (p,0"50,4")

e? _

= @ ()70l (0) 75 950 () vt (p) (3.111)

which is dimensionless, where p+p’ = k = ¢+ ¢’ is the virtual (i.e. off shell)
photon energy momentum such that

= (q+q' ) =s>4m’ >0
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Figure 3.5: the lowest order eTe™ annihilation into a u*p~ pair

the Mandelstam variable s = (pg + pg)? = 4(p? +m?) being the total energy
in the center of momentum frame of e.g. the e“et pair. To compute the
differential cross-section we need an expression for the square modulus of the
above amplitude (3.111) : we find

(177’\u)* = uTy’\TyoTv = quyov’\ (70)2 v = ﬂvkv

that vindicates the great advantage of the adjoint spinor notation. Thus the
squared matrix element becomes

64

|/\/l|2 = S_QgMVgPU
X (ﬂw(p’)v“ur(p)ﬁr(p)v”vw(p’))
x (s(0)1 ver ()00 (a) 1 us())  (3112)

In this expression any spin state of the involved four fermion Dirac particles
is specified. However, in actual experiments it is very difficult or even not
possible to keep polarization under control. For instance, one should prepare
the initial state from accurately polarized materials and/or analyze the final
state using e.g. spin dependent multiple scattering.
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In most experiments the electron and positrons beams are non-polarized,
in such a manner that the measured cross section is an average over the
incoming electron and positron polarization r and r’ respectively. On the
other side, muon detectors are usually blind to polarization, so that the
measured cross section is a sum over the negatively and positively charged
muon spin indexes s and s’ respectively.

In other words, I will be here mainly interested in the squared matrix
element, which greatly simplifies when averaged over the initial electron and
positron polarization and further summed over the final muon spins

%Zrzl,Z %Zw:m Zs:l,z 25/21,2 (M (r,r" — 375/)|2 (3.113)

By making use of the completeness relations

> {ur(p)®ﬂr(p):ﬁ+me (b= V2t m2)

& Lo(p) @, (p) =y —me

—
SIS
)
® X
S~

i (= farem)

s=1,2
we readily arrive to

4
e
P20 IMP = 50 9,0 % (3.114)

r,r’ s,s’

Tt [ =me) v (F +me) vt [(d+m)y" (¢ —mu) 7]

The general method of calculating traces consists of successive displacements
of identical matrix four vector. In particular, the trace of an odd number of
gamma matrices does vanish, while we easily find

tr (YH4Y) = g"trl = 4gH” (3.115)
tr (YY) = 4(9“9“” — g g™+ g”"g”‘) (3.116)
Hence the ete™ trace is
4[p"p?+p"Ppt—g" (p-p'+m?)]
and similarly the muon pair trace yields

4 [qlaqy+qluqa_gya (qq/_’_mi)}
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After contractions of the Lorentz indexes we come to the simple expression

iZZ\MV:Si

[ (p' ")+ (p-a")p" -q)+(p-p")m,
+(q-q")ym? +2m>m ] (| M(s,t,u) |?) (3.117)

Since we have p? +m? = q? —|—m il follows that p-p’ > q-¢' > m? and
thereby the last two addenda in the RHS of the above equality are absolutely
negligible in respect to the former ones for high energy collisions. Hence, by
neglecting the electron mass, in the center of momentum frame of the ete™
and putp~ pairs we have for m, =~ 0

electron: p po = Vp:+m? = |p]|

positron: p’'=-—p Po="Do~ |p|
muon: q, ¢o=/q*+m,=FE
antimuon: q'=—q qéZQO:pozpézE:%\/g

The Mandelstam’s variables are

s=p+p )V =(q+q) =44 =2m +2q-¢' = 2p-p’
t=@p-qP=0"—q¢)V~ml—2p-q=m—2p"-q'
u:(p—q/)2:(q—p/)2%mi—Qp.q’:mi_Qp/.q

with s + ¢ +u ~ 2m?, . Then formulee (3.100) and (3.104) yield

do _ stwy)?y . 1l
()0 = rgep (MEt0P) (37 @1

Since we have
k?=s=4F"*
p-p’ = E*+[p|* = 2E”
p-q=p-q¢ =E(E—|q|cosf)
p-¢=p -q=FE(E+|q]cost)

where 6 is the angle between the directions of the incident eTe™ pair and the
produced ptp~ pair in the center of momentum frame, we eventually obtain

2et
s

{([M(s,t,u)|?) = —
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X [(E—|q|COSQ)2+(E+|q|COSQ)2+2m3]—I—O(me/mu)Q
4
~ -2 (E2+E2 COSQQ—mE 00829+m3)
S

that leads to the differential cross-section

do _at
dQ oM 4s E?

m? m?
1 1 2
and integrating over the solid angle we get the total cross-section

2

. 47’ B m_ﬁ 1+ m;,

3s E? 2FE?

47’ 4m? 2m?
e Y S i (1 + “) (3.120)
3s s S

The differential cross-section can also be written in the equivalent form [1]

d 2
(d—g>CM = Z_s B [1+4cos®@+ (1— %) sin’6]
where 5 = v/c = |q|/ qo is the muon velocity in the center of mass frame
which, in a colliding machine, is the laboratory frame too. In the high energy
limit (go > m,,) these formulee reduces to

do a? 5 9
<E>CM ~ T (14 cos”0) (s> 4m})

5 (PR o e

In the high energy regime the only dimensional quantity in the process is the
energy scale /s = Ecyp, in such a manner that dimensional analysis requires
o X Egﬁ and since we knew that o o< «? the only remaining geometric
factor to calculate is 47 /3, the volume of the unit 2-sphere.

The remarkable energy dependence of the cross-section o (ete™ — utpu™)
sets the scale for all ete™ annihilation processes through a virtual photon and

consequent spin % point-like fermion-antifermion pairs production
efe” = v = ff
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At the center of mass square energy Ecy = /s it is given by

_ - 81 Aree?
o(ete 5 ff) "R N.QF —— (o)
86.8 nb
= N.Q?
Qf (ECM in GGV)2
= N.Q7 - 1 unit of R(s) (3.121)

where e @)y is the fermion charge while NN, is one for leptons and three for
quarks, because each quark in the Standard Model appears in three colors.
Experimentally, the easiest quantity to measure turns out to be the total
rate for the production of all hadrons, the strongly interacting particles. The
present understanding of strong interactions is provided by a field theory
model named Quantum Chromo—Dynamics (QCD) that corresponds to a non-
Abelian generalization of Quantum ElectroDynamics (QED) according to
which all hadrons are composed of elementary Dirac fermions called quarks

Melinda Y. Han & Yoichiro Nambu

Three-Triplet Model with Double SU(3) Symmetry

The Physical Review 139, B1006 - B1010 (1965) [Issue 4B — August 1965]
Harald Fritsch, Murray Gell-Mann & Heinrich Leutwyler

Advantages of the color octet gluon picture

Physics Letters 47B (1973) 365

Quarks appear in a variety of six types, called flavors, with its own mass and
fractional electric charge [1]

Quark Mass Charge
u 2.2 MeV % e
d 4.7 MeV —1Le
S 96 MeV —Le
¢ 128GeV  Ze

b 418 GeV = —

~+

173.1 GeV  Ze

Quarks also carry an additional internal quantum label, named color,
taking three possible hues: conventionally, red, green and blue. Eventually,
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colour is the charge of the strong interaction. In Quantum Chromo-Dynamics
(QCD) the simplest fundamental process which occurs inside all hadrons is

efe” = A = qq

namely, the ee™ annihilation processes through a virtual photon with the
consequent production of a quark anti-quark pair. Once they are created,
the strong interaction among quark anti-quark pairs is such that the latter
ones combine to form colourless mesons and baryons.

The astonishing feature predicted by QCD is that in the high energy limit
the effects of the strong interaction on the quark production processes can be
completely neglected: this amazing property is called the asymptotic freedom

Hugh David Politzer

Reliable Perturbative Results for Strong Interactions?

The Physical Review Letters 30 (1973) 1346-1349 [Issue 26 — June 1973]
David Jonathan Gross & Frank Anthony Wilczek

Asymptotically Free Gauge Theories

The Physical Review D 8, 3633 - 3652 (1973) [Issue 10 — November 1973]

It is truly quite remarkable that the non-Abelian gauge field theories, based
upon special unitary groups, turn out to be the only consistent local and
renormalizable models which exhibit the property of the asymptotic freedom
in four space-time dimensions. Asymptotically we expect

o(ete” — hadrons) g1 )
~ 3 3.122
o(ete = utu ) < Z Qf) ( )

flavors

where the sum runs over all quarks, the masses of which are smaller than
Ecm /2. When the value of Fy /2 is very close to one of the quark masses,
then strong interaction cause large deviations from (3.122), the most striking
effect being the appearance of bound states just below Ecy = 2my, , endorsed
by sharp spikes in the cross-section — see Fig. 3.7 and [1] for an up-to-date
review Actually, experimental measurements between 2.5 and 45 GeV agree
quite well with the naive prediction (3.122) and, in particular, the factor 3
is a strong evidence for the existence of color

4 1 1 4 1 11
*e~ — had ’3313-(— b4 —)R:—R
o(e’e adrons) 9+9+9+9+9 5
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o and R in ete™ Collisions
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Figure 3.6: the total cross-section ete™ — hadrons vs. /s GeV
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Figure 3.7: the ratio o(ee™ — hadrons,s)/o(ete” — utu=,s)
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Figure 3.8: the lowest order amplitude for e~ ™ collision

3.4.2 Mott Scattering

Let me now consider another closely related electromagnetic process, i.e. the
electron versus muon scattering

e u — e u
Again, the Feynman rules give at once the lowest order O (e?) amplitude,
see figure: namely,

MT‘T‘/SSI (pl?p]{7p27pé)
2

= Us(py)Vpus(p2) m a, (py) Y ur(p1)  (3.123)

Taking the square modulus as well as the average over the incoming particle
spin and the sum over the final particle spin we find

e2\”
}12 Z |Mrr’ss’(pl7p{;p27pé) |2 = (7) Guv Ypo X (3124)

!/ !
rr!’ s,s

7t [+ me) v (P +me) v tr [(Fs+mu) " (2 +my) 7]
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in which I have employed the momentum transfer Mandelstam’s variable
t = (p{ —p1)?. It is worthwhile to gather that (3.124) coincides with the
previous expression (3.114) under the replacements

p—=pm P = =pi g = q o —p s ot
so that, setting once again m, ~ 0,

8et
2
122 IMIP = 5
[(p1-p2) (01 -p3) + (pr-p3) (p1 - p2) = (pr-p{)my ] (3.125)

This trick, which allows to build up the amplitude of the process

e u — e u
from the knowledge of the amplitude of the related one

efe” — ;ﬁ wo
is a first example of use of a general rule named crossing symmetry. In general,
in fact, the S—matrix element for any process involving a particle of energy
momentum p in the initial state is equal to the S—matrix element for an
otherwise identical process, but for the exchange of the antiparticle with
4-momentum — p in the final state.

Conversely, the kinematics in the center of momentum frame will be
rather different. Actually we have

incoming electron: p; =p Ei=~|p|=p
incoming muon : py; = —p Ey,=,/p>+m

outgoing electron: p; = p’ E| ~|p’|
/

Ey=/p'?+m?

ECM :E1+E2 ~ p+E =~ EII—FEQ/ ~ |p'|%p

outgoing muon: p, = —p

and thereby
pr-p2=p-py=p(p+E) p1-py=0p,-p2=p(pcosfd+E)
p1-p; =p°(1—cosh) t=(p1—p;)*~—2p*(1 —cosh)

in such a manner that we can write

4
1 2 . __ ¢
4 Z ; | M 2p2sin*(0/2) 8

ror!

[(p+E)2+(E—l—pcosQ)z—mi(l—cos@) (3.126)
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V5 = 10GeV

da/d? (nb per steradian)

=

10

Figure 3.9: the Mott differential cross-section

Now we can use the basic formula (3.98) with |p’| ~ | p| = p which yields

do
(E)CM T 64 ( p+E ZZ M

’I"T‘ SS

&2

2E%, - 482 sin*(0/2)

X [(14—6)2—1—(1+ﬁCO89)2_2<%>2SiHQg]

Q

where 8 =v/c =~ p/E . In the ultra-relativistic limit F ~ p we find

do B—1 a? A
do 2 1 0/2
<dQ>CM 2p2 - 4sin’(0/2) ( + cos(0/ ))

Consider now the very same process in the incident muon rest frame and
retaining the electron mass m. < m, but treating the muon mass as very
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large. Then, if we disregard the muon recoil, the kinematics reads

incoming electron : Pi=DP E, = p2 +m?=FE
incoming muon : p2=0 Ey = (3.127)
outgoing muon : ps ~ 0 E; =~ mu '
outgoing electron : pi = p’ El = F < m,

with |p|=p=~|p’|, whence
pr-p2 = Emy = pl-py & p1-py = pi-po
p1-pl = E? —p?cosb t=(p1—p])?~—2p*(1—-cosh)
in such a manner that now we have
Set
1 2
DD T IMPP = =5

[(pl-pz)(p{-pé)+-(p1-pé)(p{-pz)-(pl-p{)ﬂl

— (p2~p£)me2+2m3m62 (3.128)
4
e
M e —
; ; il ¥ 2p4 sin®(0/2) 8
[2E2mi—mi(E2—p2 cos@)+mime2] (3.129)

If one of the two incident particles is sufficiently heavy, like the muon
in the present example, so that its state does not change after the collision,
then its role in the process is equivalent to a fixed target for which recoil
can be disregarded. Turning back to the main basic formula (3.71) for the
differential cross section, in the present case of a 2-particle final state with
one very heavy particle we can use the kinematics (3.127) where 6 is now the
scattering angle of the light particle in the heavy particle rest frame, so that

I=+/(p1-p2)? —m*M? = |p| M
2

dp; 4 /
II/‘%%zw (2m)" 0 (p) + P — p1 — p2)

k=1
- [acwo | WSPTPE@ME;/—@)
:l/dQWﬁ{Amg@igzﬂE“—E

16m2 M

|p|
1672 M

- 2L a0, ~

T dQ(e,0)  (3.130)
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Thus, according to the main formula (3.71) and the above fixed target (FT)
kinematics, as well as the related final 2-particle phase space integration, we
eventually come to the remarkably simple expression

2
doy  _ [Ms,tw|” (3.131)
A0) ., Gdn?i

Inserting the spin averaged and summed amplitude (3.129) and setting
M = m, yields

do B a? 9 . o0
(E)M = 1pET st (0/2) (1‘5 sin 5) (3.152)

where [ = |p|/E, which is the celebrated Mott formula for the Coulomb
scattering of relativistic electrons.

Sir Neville Francis Mott (Leeds, 30.09.1905 - Milton Keynes, 8.8.1996)
The Scattering of Fast Electrons by Atomic Nuclei
Proc. Roy. Soc. A 124, 425-442 (1929)

In the non-relativistic limit and for a fixed target of atomic number Z we
readily recover the Rutherford formula. Actually, for

v
b=- prmv E~mc?
c

we get the leading term

d Z2 2 A 2
da 630 o f) (3.133)
d§2 Rutherford 4m2 U4 S (9/2)

Sir Ernest Rutherford, First Baron of Nelson
(Brightwater, 30.08.1871 - Cambridge, 19.10.1937)
The Scattering of o and [ Particles

by Matter and the Structure of the Atom
Philosophical Magazine, 21, 669-688 (1911)
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Figure 3.10: the lowest order e~y collision

3.4.3 Compton Scattering

The electron-photon scattering is described, to the lowest order, by the two
tree-level diagrams which differ by the 2-photon exchange, see figure. Making
use of the rules of correspondence we construct the matrix element

iMAA (kK = —iezgl‘f'(k’)m/(p’)M‘“’EVA(k)ur
e (k") a (') (ien™) S(p + k) (iey”) u, e (k)

+ [photon exchange {kpA} S {(—k")vA'}] (3.134)
wo _ WA EEm)Y W = F A me)

R P S A e e A

where the initial electron four momentum is p* = (m,, 0,0, 0). Since p?> = m?

and k? = 0 we can simplify the above denominators as
(p+k)?>—m2=2p"k,=2km,

(p—k')?—m2= —2p°k, = —2k'm,.

where k = |k|, k' = |k’|, while the numerators can be rearranged using a
little Dirac algebra

( +me) 7 us(p) = (2" =9 +7"me)us(p)
2p" us(p) =" (f —me)us(p)
= 2p"us(p) (3.136)

By doing the same for both numerators we get

VEYT 29 pY Ry =29
M =
kae * 2]{;,Tn/e
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in such a manner that by putting altogether we can write

;2
S AfAA e AA
ZMT,,,/(k,k,) = Wur/(k—k/)M u
where
MY = ke (k) [y 4+ 2" Y e (k)

+ kek) [V A =29 pr el (k)
= kKgVEVEdNE) +hI AR I () (3.137)

in which we have taken properly into account that

p=0 eMk) =0 e (k') =0 (A,A'=1,2)

In calculating the probability of the process we have to average over the
initial electron spin index r and sum over the final electron spin index 7', so
that we obtain

4

AA' k k/ _ €
2 > | )| S(kk m.)?

X Z i (k— k') M4 4, (aT/(k—k’)MAA/uT)*
- k;k;/ SThk m, Z @ (p") My, M w0 (p”)

4

e _ ’ I ’
= SOk e Z wpr (p') iy (p') MA4 Z Uy Uy MAA

64 ’ — ’
- Wtr[(z]'—l—me)MAA (i +me) M|

64 AA!

where
MAY = KgAK ) B AR) + kg AR KGR
MY = kAR g A (K + kg A (k) B g A(K)
QAA’ _ (]/,—I—me)MAA/(#—}-me)MAA/

The matrix ) may now be suitably presented as the sum of three matrices

Q=01+ Q2+ Qs
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where, by omitting photon polarization indexes for the sake of simplicity,

Q1 = (f+me)M(§ +me) M (3.139)
Q= (k—F)MyM (3.140)
Qs = me(k—F)MM (3.141)

The matrix )3 contains the product of an odd number of Dirac matrices and
therefore

tl"Qg =0

and for the same reason we have
tr@Qu=tr[y My M]+m2tr[M M]

For the calculation of traces we can make use of the transverse-like conditions
for the electromagnetic field

ktet(k) =kt e (k') = k' el(k) = ke (k') =0

where k# = (k,—k) is the dual light-like four vector, with A, A’ = 1,2, and
the relations

Pkt = km, PPkl =me k' ke kb =k k=
k

g™ e k) et (k) = g e

v

In order to calculate tr (), it is sufficient to anti-commute the first two terms
in 1, which yields

yM = k'yd'kd+kydk g’

—k'g kg — kg k'’

= (=2mek)k'd'd + k'qd i d
(=2mc k" kg g’ + kg k'yd’

= — My —4kk'm.(e-¢")1 (3.142)

+

and therefore

tr@Q; = tr[f My M]+m2Ztr[M M]
= —tr[MyyM]+m2tr[MM]
— dkk'm.(e-e")tr [y M
= —dkk'me(c-e") [k Y g kg +hyd K d]
= 32m2k%k'? (e -€')? = 32m2k>k’? cos? 0 (3.143)
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where the shorthand notation (a - b) = a* b, has been used, while 6 denotes
the angle between the incident and scattered photon momenta. Moreover,
for the calculation of tr ()5 it is convenient to write

trQe = tr[ (k=K )My M]=tc[M(F—})My] (3.144)
and by carrying out the anti-commutations in such a manner that the iden-
tical factors turn out to be next to each other we get

(F=F)I)M=(k—F) (K¢ kg + kg d")
K(k'g" kg + kg k") -k (K'd fd +kd k' d')

K kg kg +kkg kg -k} d kg —kE dK g’

Rk, d' g —kdkE g+ kg K kg —k{k', g}k g’
KK kg —kgfl' g +2(k-") k" g —2(k" ) k'’

Hence, if we set

a=k"g k' kg kg ki’

b=2(k-e"Vk'}d —2(k"-e) k' g’
we readily obtain
tr[ May |
tr[(k'g kg + kG K K g K kg —kdkF T p]
SRV AN W EES ARSI EAE M SR )
kk'tr[g kg kg k'd'y]— Kkt [g k' gk g kT p]
— kP [fE Ry ]+ R [ERE Y]
20k-e" )bkt [FF Y] — 2(k"-e)kE [} K ]
8kk'me (k- k") (k—Fk")
S8kk'm.{k(k'-e)?—k'(k-&')*} (3.145)

+ 0+ 0+

tr [ Mby ]
tr[(k'g kg + kg K g2k ")k kg —2(k"-e) k}' g}y ]
2(k-e") Kt ({97 Ky Ky 1L/2—2(k"-2) kk"tx [ KKy ]

=+ 1

20k ") kk'tr [ B k] —2(k"-e) K2t [{}', d} F /]
Ak-e" VR 2t [k ]+ 20k &) kk'tr [§y]
— Ak e R [y -2k ) Kk tr [F ]

16(k-e") k" kme+8(k"-¢)* k*k'm,
16(k"-e)* k"k*m.+8(k-¢")* kk'*m,
= —8kk'm{k(k'-e)*—k'(k-&')*} (3.146)

153



By adding all the above trace calculations we get

tr@Q = 32m2k*k’? cos?0 +8kk'm. (k-k")(k—Fk")
32m2k?k'? (e-e" )+ 8kk'me (k-K')(k—k') (3.147)

Next, by writing the energy momentum conservation in the form

— L./ /2 2
{k+me—k + /P2 + m] (3.148)

k:k/_|_p/

and eliminating p’ we come to the famous Compton kinematic relation

k'k, =kk'(1—cos) =m.(k—Fk") (3.149)
or, in physical units,
c(v—v')y=2r A vv' (1 —cosb) (3.150)
where
Ae = mhc = 3.861592678(26) x 10~ ¥ m (3.151)

is the celebrated Compton wave length of the electron.

Arthur Holly Compton (Wooster, 10.09.1892 - Berkeley, 15.03.1962)
A Quantum Theory of the Scattering of X-rays by Light Elements
The Physical Review 21, 483 - 502 (1923)

Notice that after scattering the photon frequency is always shifted towards
the infrared. The Compton relation can also be suggestively rewritten as a
photon wave length shift: namely,

AX=X —XA=27 )\ (1 —cosb)

Solving with respect to the scattered photon frequency we get

k' = i

141 —COSQ)ﬁ
Me

Hence we eventually obtain the final result

QM = 32mlk kg e k) e (k') g7 e k) e (k')
koK
27.27.12 _
+ 8m2k’k (—k,+—k 2>
% ko k'
= 8m62k2k:’2{4 (€A'€A> —2+?+E}
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in accordance with N.N. Bogoliubov and D.V. Shirkov, Introduction to the
Theory of Quantized Fields, Interscience Publisher, New York, 1959, p.279.
If one is not interested in detecting photon polarization, then it is convenient
to average over the incident and sum over the scattered photon polarization
that yields

g g’ Y genk) etk Yo et (k) e (k)

A=12 Al=1.2
= 59" g7 I, (k) I, (k') (3.152)

where

kukh 4k ko,

L *
(k) = Gup T (ki =k")
Thus, from the relations
(k-k*)=2k? (k' k) =2k"? (3.153)

we find

g - ] (b (€152 s
B (E* K k! k!
LA S U R
and since we have
(k-k")=kk'(1 —cos) = (k*-k.)
(k-k,)=kE'(1+cosl)=(k* k")
we come to the result
ST, (k)T (k') = 4 (1 + cos®6) (3.155)
and consequently
1 AA’ sk K
LY wQM = 16m2k%k <F+E—Sm 9) (3.156)

A AT =12

It turns out that the non-polarized differential cross-sections will be given by
the general Golden Formula

dk’ dp’ L
- /(27r)32k’/(27r)32E’ (2m) 000 p = =)
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SETPR VR SIS SR PV ST

AA’ 1,2 rr’'=1,2

- /Ooo (I;;)fgl;’/QEd/?k/) (27)5<kl+El(/§/)_m€_k>

1 et ko k'
X -1 Qka/2 r 0
ST e R <k’+k s )

in which

E'(k") = \/k'2 + k2 — 2kk' cosf + m?2
dQ = d¢dcosb (0<O<7m,0<¢p<2m)

From the theory of the tempered distributions we get the well known relation

/Ooo Ek(d:) 5 (k' +E'(k') —m. — k) f(k')

k' f(E")
[\E’<k’>+ k?’—k’cos«9|]k, -, [VfeSR)]

where
km,

me + k (1 — cos )

E+E(K)=k+m. = k' =
in such a manner that

k! L’ ']5/2
{]E’(k’) + k' — kcosd | } - B me + k (1 — cos ) " kme

It follows that we finally obtain the non-polarized differential cross-section

do RN kR ey
dcost) gnonishina  16mmZct \ K k'ok

2.2 I 2 /
_ 1ha (k—) (k—i-k——sm 9) (3.157)

m2c? \ k k' k
k' 1
k- 14 hk(1l—cosf)/mec

which is the celebrated Klein-Nishina formula, first obtained in 1928 at the
Niels Bohr Institute of Coopenhagen

Oskar Klein (Stockholm, 15.09.1894 - Stockholm, 5.02.1977)
Yoshio Nishina (Hamanaka, 6.12.1890 - Tokyo, 10.01.1951)
Uber die Streung von Strahlung durch freie Elektronen
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Angular Distribution of Scattered Photon
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Figure 3.11: Klein-Nishina differential cross-section vs. angle

nach der neuen relativistischen Quantendynamik von Dirac
Zeitschrift fir Physik 52, 853 - 864 (1929)

Y. Nishina, Die Polarisation der Comptonstreung nach der
Diracschen Theorie des Elektrons

7. Physik 52, 869 - 877 (1929)

Notice that in the low frequency limit & — 0 which entails k’/k — 1 the
non-relativistic Thomson formula for the differential cross-section of light by
free electrons: namely,

do 9
= ma’)\%(1 20 3.158
(d COs 8) Thomson e 6( s ) ( )

and after angular integration

or = 2ma’Al = S r? = 0.665245873(13) barn (3.159)
where 7, = a ), = 2.817940325(28) x 1073 c¢m is the classical electron
radius, while 1 barn = 1072® m?. The Thomson cross section of nearly half
a barn is used as the paradigmatic reference scale for all cross sections of
the high energy sub-nuclear particle Physics. Note that the photons of the
visible part of the electromagnetic spectrum have energies of the eV order.
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Figure 3.12: the direct and exchange diagrams for e”e™ annihilation into a
~7 pair to the lowest order

3.4.4 Annihilation into v~ of ¢~ ¢t Pairs

The two photon annihilation is described, to the lowest order, by the two
tree-level diagrams which differ by the two—photon exchange, see figure. In
the center of momentum frame of the eTe™ pair we have

electron: p;=p Ey =/ p? +m? lpl=p

positron: ps = —p Ey=F =F
first photon: k; =k, k= |k|
second photon :  ky=—k, Kk =k =|k| = k
Moreover, since we will finally sum over both photon polarization states, we

associate to the two final photon the real and physical linear polarization
vectors

en(k) (A=1,2) eB(k) (B=1,2)

that satisfy
—g“”e‘;‘(k)ef(k):éAB AB = 1,2
The Mandelstam variables are
s = (pr+p2)? = (k1 + k2)® = 2m® + 2py - pp = 4B = 2k - ky = 4k*
that evidently yields E' = k together with
t=(p1—ki)?=(p2—k2)> =m* —2p; - ky =m® — 2py - ko
u=(p1—k:g)z:(pg—k1)2:m2—2p1-k:2:m2—2p2-k1
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with s+t +u = 2m? . Making use of the rules of correspondence we construct
the matrix elements

iM = —ie’c,e,.(—p) M" uy(p)

= U,(p2) (—ier”) e, (ko) S(p1 — kn) (—ier”) e, (ki) us(pr)
+ [photon exchange k; <> ko A < B p o vl

= —2ie’ 0, (= p) Qus(p) [ (t = m?) (u —m?)]™
where we have set

Q= (p1-ke)d2(r—Fr+m)gd1+ (pr k1) g1 (g1 — K2+ m) g

Notice that we have

Qus(p) = (p1-k2)d2 (1 — b1 +m)grus(pr)
+ (p1- k) g1 (1 — K2+ m)daus(p1)
= (p1-k2)e2(2p1-&1 — f1d1) us (1)
+ (p1-k1)er (2p1 -2 — Kad2) us (P1)

in such a way that we can write

Q = (pl'k2>&72[2(p1‘51)_k1§’7/1]
+ (p1-k1)d1[2(p1-e2) — Kad2]

where = means equality up to evanescent terms when acting upon u(p). If
we are looking for annihilation of non-polarized ete™ pairs then we have to
average with respect to the polarization of the incident e~ e™ pair so that we
can write

[@r<_p>Qus(p>]* :as(p) Q Ur(_p)
so that

Q = (pl'kQ) [2171 "1 — 6/1%‘1]§/2

+ (p1-F1)[2p1- 62 — d2K2]dh
As a consequence, after summation over spinor polarization and making use
of the property of the cyclic property of the trace operation, in accordance

with the Golden Formula (3.98) for the quasi-elastic scattering in the center
of momentum frame, we can definitely write

(do—) B <a>2_tr[<m—m>@<ﬁl+m>é1

0 ak [(t =m?)(u—m?)]?

22 —m) Q1 +m) Q]
16pk (t — m?)2 (u — m?)?
a?tr Y /[ 16 pk (t — m?)? (u — m?)?]

k
p
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where tr[-- -] refers to trace over spinor indexes. Making use of the law of
the conservation of tetra-momentum

p2 =ki+ ks —p1
we shall write T in the form of the sum
T="T,+7T9+ T3

where

T = (b +k)Qy Q
Ty = — @ +m) Q@ +m) Q
Ty = m(f+H)Q Q

It is immediate to check by direct inspection that T3 is a sum of products of
an odd number of Dirac matrices, whence tr T3 = 0. Moreover, after setting
ki1 + ko = K, we have

0Ty = tr [(f+ ) Qi Q]
= tr{(pl'k2)K42[2(p1'51)—k141]

+ (1 k) K200 22) — o g}

< { k) (201 21) — 1 )92

+ (k)Y 201 2) — T2 k)6
= tr{ (k) Kgal2(01 1) — b 1] }
< Lo k) (20 e) —di k] 72 )
ot { ko) K220 21) — a1
x Lok [20 )~ S2 k] 91 )
+ {1 o 2}

This expression contains the sum of two groups of sixteen terms which are
related by the exchange operation {1 < 2}. In turn, each group is done of
traces of products of four, six and eight Dirac matrices. The general method
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of calculating traces consists of successive displacements of identical matrix-
four-vector. The calculation of tr T; and tr Ty is then straightforward and
elementary, although tedious. For this calculation we shall use

tr (v#47) = ¢"™trl = 49"
KU AV KV AU

Lir (V") = g™ g™ — g™ g™ + g%y

as well as the forthcoming relations, which are a direct consequence of the
corresponding definitions: namely,

k2 =k =0, ki -ky = 2k*
ki-e1=Fky-e9=ki-co=ky-e1=0
ki-pr=kw,—ki-p1=k(k—pcosh)
ko -pr=kw,—ky -p1=Fk(k+pcosh)

where 0 is the angle between the vectors k; and p;. The result is

tr Yy = 32k%(p1- k1) (p1 - ko)
X [2(e1-&2)(p1-e1)(pr-2) + k% + (p1-€1)® + (p1 - €2)°]
tI‘Tg = —32 l{?2 (pl . ]{31) (pl . k?g)
x [2(e1-e2)(p1-e1)(p1-e2) + (p1-€1)” + (p1 - €2)7]
— 32[2k* (p1-€1)(p1-e2) + (e1 - €2)(p1 - k) (p1 - ko) P
/{34
trY = 32(py-ky)? -kQ{
A (P TS
4k (p1 : 51)2(]71 : 52)2 _ 4k> (61 : 52)(]91 : 51)(]01 : 62) }
(p1 - k1)*(p1 - Fo)? (p1 - k1) (p1 - k2)
The very last expression contains a shorthand notation, though the various

addenda do actually depend upon two physical polarization indexes, just like
in the Compton scattering. For example we have

— (51 .€2)2 —

(e1-2)* = g"e, (k)= (k) g7 (K)eg (k)

m o
so that the sum over all the physical polarization indexes yields
9" g” Y en(k)ef(k) D el(k)el(k) = g™ g Ty, (k) 1T, (k)
A=1,2 B=1,2
where projector on the physical polarization two dimensional space is
kuky + kok )y

Htp(k):gup_ P (k::/{ju)
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Now, since we obtain
I, (k) 1P (k) = tr 1T =2

we definitely get

2. 2 (e =2

A=1,2 B=1,2

Quite analogously we obtain

ST o(moe)’ = Y (e

A=1,2 A=1,2
= G 9 i Pl D (k)5 (k) = pf p{ 11, (k)
A=1,2
-k -k
= m?— (p1 L(Qpl ):mz—(E—pCOSQ)(E—{—pCOS@)
= —p?sin?h

Finally we get

Yo D eted) (el ) (e

A=1,2 B=1,2
= pipf HL (k)Hicr(k) 7 =pi'pf HL(/{:) = —p?sin?4

Putting altogether we obtain

Z Z tI‘TAB = 4(2}?1 'kl)z (2]91 'k2)2 X

A=1,2B=1,2

" k24 p? (14 sin?0) 2p*sint
k2 —p2cos?d (k%2 —p2cos?f)?
In the center of momentum frame we have
pl-krlsz—t ke =m? —u s=4k?

so that, by substituting the above expression for tr T we obtain the mass
independent formula for the differential cross-section for the annihilation of a
particle-antiparticle pair first obtained by Paul Adrian Maurice Dirac (1930)

do A (kB 4p*(1+sin*g)  2p'sin’d

dQ CM_4k’p k? — p2cos?6 (k% —p2cos?f)?
according to [7] § 23 eq. (23.12) p. 282 and [6] § 88 eq. (88,13) p. 431.
Let us calculate the lowest order total cross-section for the process of e~e™
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pairs production out of quantum electromagnetic radiation in spinor QED.
Actually we have

! do ma? (1
et & 2y) =2 dcost | — =— (= +pL — J
ole e « 2v) W/O cos (dQ>CM ok <2—|—p 1 2)

where

U dx 1 I+x 1
L = = 1 = — Arcth
! /Ok:Q—]DQac2 2pk nl—x pk rethy >0
1 dz 1 oI 1 X
2 /0(11‘2—]9%2)2 2k Ok 2pk3[1—xz+ e X}

with x = p/k (0 < x < 1) whereas

1 2(1 — 22 2 1 k2 _ p2 2
/dx{p; 2952)} :/dx[l— 2 ];2]
0 k2 —p3x 0 k? —p3x
= 1-2k2(1 =D)L + k*(1 — )1,

1 2
= 1—1—5(1—)(2) (1— St X Arcthx)

J2

so that we definitely obtain

o’ 1 1 3+ x2
O9yse—et = oh {XArcthX 5 5(1 ) (1 — XX Arcthx) }

yiyes 7T062

271 1
_ Loy T 3.160
pk{ 5t 2Hx)+ ] opk (3-160)

which becomes very large close to the threshold Ak = m.c < p=0.
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3.5 Appendix A

Here we shall first report the so called heuristic memento derivation of
the differential cross section formula — V.B. Berestetskij, E.M. Lifsits and
L.P. Pitaevskij, Teoria quantistica relativistica, Editori Riuniti, Roma, 1978,
§ 65 eq. (65,18) p. 302. From the basic formula

Spe. = (f|S]t) = b+ (2m)"id (P} — P)M(p, = p})

for the scattering process 1 +2+ ...+ M +— 1"+2'+ ...+ N', we
immediately obtain that the transition probability over all space-time is then
formally given by

dwy, = [(27)* 6 (P{ — P)]? | M(p, — p;)|* dP,dP} (3.161)

where
M N
dP, = []l@n) 2w(p;) ] dp; dP; = J][(27)*2w(p})] ™" dp;
j=1 k=1

The square of the d-distribution is understood in the sense that (27)* ¢4 (0)
is nothing but the space-time total volume. This can be readily seen in terms
of the formal identities

L
2rd(p) = lim e dx

L— o0 I

.2
= ngrloo Z—)sm(pL)

1171_1)1(1)27r(5(p) = Lh_r}noo 2L
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Notice that in natural units A = ¢ = 1 we have the following canonical
engineering dimensions:

[|k)]=cm,  [M(p, = pp)]=cm™

[|M(p, e pf) [26(Pf = P)] = cm® 424

It follows that the transition probability per element of space-time is
AWy, = (2m)* 6 (P} — P,) | M(p, — p}) |* dP, dP; (3.162)

In scattering experiments one is usually interested in the differential cross
section of two incident particles into many. For two incident particles we
have

1 Ap1Ap,

AW, = ——8(P!—p — ot pl) |2 —2RIEP2 gpy
f 1672 (P =pr=p2) [M(p1,p2 = pf) | w(p1)w(p2) d
M(p1,p2 — pj) |?
— 1 271'4(; P/_ _ ’ ) f dP/
1 GV 0Py == p2) w(p)w(p2) AVI AV, 7

where Ap;, Aps are very small regions in momentum space centered around
p1 and py respectively. Then, taking eq. (3.77) into account, we eventually
find the differential cross-section in the form

de(14+2 — 1"+2"+...+N')
(271‘)3 (27’(‘)3 dWﬂ_L o L
Apl APQ Urel ﬂrel
= 1{(p1-p2)® —mim3] V2 2m)* (P} - P)

N
< | M(pr,p2 e pp) |2 ] [(27)° 2w(p)) " dpf (3.163)

k=1

in perfect agreement with eq. (3.71).
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Chapter 4

Radiative Corrections

4.1 Evaluation of Feynman Integrals

The Feynman rules lead to loop integrals which are admittedly poorly defined
divergent expressions. The divergences we have to face with are caused by
the bad large wave number behavior of the loop integrating functions: these
are the ultraviolet divergences of quantum field theories. In the case of field
theory models involving mass-less particles, e.g. photons, another kind of
low 4—momentum non-integrable singularities indeed appear, the so named
infrared divergences, which will not be treated in the present context.

The simplest examples arise immediately in the real scalar self-interacting
field theory and in the Yukawa spinor-meson field theory. Specifically, from
the lowest order expressions (2.27) and (2.28) for the 2—point and 4—point
connected Green’s functions in momentum space, after truncation of the
external free propagators, we can pick out the divergent parts

A d*e i
2002 5 [ oy mor

4
H (k2 —m?) G (k1 kg, ks, ka) +iX ~ 3 (—i))? Z (2m)*
=1 (27)

d4e : 44 :
/ ! ‘ / b ‘ 5(l+ 0y —k, — k)

(2m)* 02 —m? +ie | (2m)* 03 —m?+ e

where the sum (7)) runs over the three pairs (12),(13),(14), which turns
out to be related, as we shall see further on, to the first radiative correction
to the self-interaction coupling A .
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Finally, the first two divergent terms arising in the perturbative expansion
of the fermion determinant (2.36) in the Yukawa field theory formally read

def . d'p i :
r = — 1 4.1
2(0) zy/ 2n) tr T M i (spinor tadpole) (4.1)

def . o d*p ? i
28 = iy /(2w)4try—M+ze';/+k—M+ie (42)

which corresponds to the so called 7° meson (neutral pion) self-energy.

In order to give a precise mathematical meaning to the above listed ill
defined integral expressions, we have to introduce from the outset some kind
of REGULARIZATION PROCEDURE, the aim of which is to build up absolutely
convergent loop integrals. Thus, I will briefly review here below the most
commonly used ultraviolet regulators, by applying the latter ones to the
above written paradigmatic simple divergent loop integrals.

4.1.1 Cut—Off Regularization

This is the most intuitive and physically motivated ultraviolet regulator,
that I have already employed in the discussion of the vacuum energy and the
cosmological constant — see the First Semester Course. It is based upon the
rather plausible belief that the validity of the principles of modern quantum
field theory, as well as the classical theory of gravitation based upon Einstein
general relativity, can not be pushed beyond a very high energy scale such
as the Planck scale

Mp = +/he/Gy =1.22090(9) x 10 GeV/c?
= 2.17645(16) x 10" g ~ 20 pg

Gy = 6.6742(10) x 107 cm?® g~ ! 572
= 6.7087(10) x 10~ hc (GeV/c?) ™2

where Gy is the Newtonian gravitational constant. The matter is that at
the Plack scale some new physics is expected to govern the quantum gravity
phenomena, a realm which does not seem to be experimentally accessible
nowadays !. If we trust in general relativity and in quantum field theory up

I Nonetheless, at the moment there are indeed big efforts in trying to detect ultra-high
energy cosmic rays (UHECR), ultrahigh energy y—ray bursts as well as black hole particle
physics effects at LHC, due to the possible existence of space-time extra-dimensions.
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Figure 4.1: the amputated scalar tadpole

to the Planck scale but not beyond, it turns out to be quite natural to cut-off
the loop integrations at a very high wave number of the order

K~ \/c3/8thGy = (87Gy) V2

Consider therefore the cut-off regularized scalar tadpole

reg¥i(0; K) = (—i)(k*—m?)GP (k; K)

ef A de 2 2 /oo 7
oz K*>—# e
2/(2@4 ( ) e 2P —m2tie

A de 2 2 2 2\~1/2
_ Z/W‘)(K 02y (€ 4 m?)

/\ K 2 (2 2\—1/2
A d(p)
— 2 2 = —
- dm/ R4 V2 +m? pni (4.3)

where the quantity (p) is nothing but the vacuum energy density that I
have already introduced in the first part of these notes and which is related
to the so called zero—point energy of the quantized scalar field. From [14]
eq. 2.2723. p. 105 we obtain

2

A
reg¥ (0; K) = 2{\/1+m2/K2—ﬂ

167 K2

x {1n§+1n<1+\/m>}} (4.4)
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and from the explicit expression of the vacuum energy density

K* K*m? m? K 1 m\ 2
. = —>+2+0 (—)

1672 167 327T2{nm TR ]

we eventually understand the ultraviolet cut—off regularized scalar tadpole
as follows : namely,

(p)=

e A K 1 2
reg>y(0; K) = o 6.2 {KQ—m2 {lng—§+ln2+0<%> ]} (4.5)

which means a quadratic divergence and a logarithmic divergence at the
Planck scale. It follows that if we remove the zero-point vacuum energy
through normal ordering then the divergent scalar tadpole disappears.

The spinor tadpole can be treated in the very same way: namely,

)/OO tr (g + M) dpg

oo PE— P2 M2 +ic

regly(f) = #/dpeu@—p?

_ 4gM/K p?dp
ot o V(PP M?)

AgM
= {K\/K2+M2—M2 In

2472

K &
M M?

_ 22,975‘24 {K?—M2 lln%——+ln2+0< > ”
4.6)

which means, as expected, that we have again a quadratic divergence and a
logarithmic divergence at the Planck scale.

4.1.2 Pauli—Villars Regularization

This method for the ultraviolet regularization of fermion cycles has been
introduced in the quantum field theory by one of the main Father Founders
and one of his students

Wolfgang Pauli & Felix Villars
(Swiss Federal Institute of Technology, Zurich, Switzerland)

On the Invariant Regularization in Relativistic Quantum Theory
Review of Modern Physics 21, 434 - 444 (1949) [ Issue 3 — July 1949 |

See also : Claude Itzykson and Jean—Bernard Zuber, Quantum Field Theory, McGraw-
Hill, New York, 1980, § 7-1-1 p. 319 ; Nicolai Nicolaievic Bogoliubov and D.M. Shirkov,
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Figure 4.2: the pion self-energy 1-loop diagram

Introduction to the theory of quantized fields, Interscience Publishers, New York, 1959,
§ 30.2, p. 364 ; Ludwig Dimitrievich Fadde’ev & Andrei Alexe’evich Slavnov, Gauge
fields. Introduction to quantum theory, Benjamin, Reading (MA), 1980, § 4.3, p. 131.

To implement it consider the spinor propagator in momentum space

i (Y 4+ M)

S M) = =
r(p, M) Y — M +ic p?— M? +ie

and let me define the pion self-energy, or the vacuum polarization scalar, for
the Yukawa theory with the Pauli—Villars regularization, viz.

o o [ dp §
regX(f; A) & zy2/# ZCS trSp(p, My)Sr(p+Fk, M)
s=0

where My = M, Cy =1 while { My = A\, M|Xs > 1 (s=1,2,...,5)}is
a collection of very large auxiliary masses. The set of constants C will be
suitably selected, as we shall see in the sequel, in such a manner to obtain a
specific and mathematically meaningful form for the ultraviolet divergences
that will manifest themselves in the limit Ay — oo. Further, we have denoted
the collection of very large auxiliary masses Mg (s = 1,2,...,5 ) by the
symbol A. Then we get

reg(f; A) =
B Z-yQ/(d4p i Cotr[(f + M) (f + §+ M)

27)4 (p2 = M2+ie)[(p+k)2— M2+ ic]

s=0

Taking into account that we have
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tr (yH7) = g*trl = 4g*” try = 0

we can write

regD(fi A) =
Y 2/ i i Co(p>+p-k+M?)
) em & P ME ) [(p k)P - M e

It is convenient to introduce the Feynman parametric formula

1
(p>— MZ+ie)[(p+ k)2 — MZ+ie]
1 dz
o {e(p?—M2)+(1—a)[(p+ k)% — MZ] +ic }2

/1 dz
o [P2—M2+2p-k(1—2)+(1—2)k?+ic]?

and by exchanging the integrals

regS(f; A) —4@2/01@/(012“7@

Cs(p®+p-k+M2)
(p2—=M242p-k(1—2)+ (1 —x)k?+ic]?

Mco

s=0

Let us shift the integration variable
p—=p=p+tk(l-uz)

which yields
d4 /
reg Y (F; A) = — diy? / dx/

ic 2 x| 1—m)k2+p’2 p' k(1 —2x)
’ — M2+ x(1—2x)k?+ic]?

s=

The very last term in the numerator is odd and vanishes after integration.
Thus we are left with

regX(f;A) =
. p?+ M2 —2z(1—1x)k?
_ 42y/dx20/ 22— (7 — ) R+ e ]2
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@ Re p,

Figure 4.3: the oriented contour y*

Notice that, for k? < 4M?2, the integrating function does exhibit two double
poles for each s =0,1,2,...,5 at

0 \/p2+k‘2R(as,as) — 1€ 99
— =Mk
Ps { — /P2 + k2R (z,a,) + ic (a o/ )

because
k*R(z,a5) =k* (z° —z+as) >0 & k? < 4M?

To go further on let me first wisely perform the Wick rotation, that is,
let us consider the closed oriented contour v+ in the complex energy plane.
Note that, thanks to the causal prescription, the set of pairs of double poles
{p%]s=0,1,2,...,5} of the integrating function lie outside the contour v*
for k2 < M? = min {M2?|s = 0,1,2,...,S}. Since the contributions due
to the two arcs of the large circle of radius R do vanish when R — oo we
obtain

S

d'pg Mg +x(1—x)ki — p;
Sp(kp; A) =4y [ 22 - e
regXp (kg; A) Y /(2ﬁ)4;OS [p + M2+ (1 —x)kE]?
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in which I have set k° =ik, , p° =ips and pp, = (p, pa), pp =p>+p3.
Let us now consider the Pauli—Villars regularization for the generating
integral representation that reads

4 5 ex 1 E " RE
I(ze, A) = (—1)"/{‘12719)’2l ;cs (i%ffA?)"} (4.7)

in which I have set for short A2 = N2M? 4+ z(1 —z) k. It follows that we
can write

1
reg¥p(kp; A) = 492/ dz lim (2A212+Il)exp{ikE-zE}
0

ZE—)O

where

A2125/01% XSJC A2 &P {ipe - 25}

(2m)t 2= 0 T(pr v A7)

Taking the Mellin transform we find

I, (zp, A) = d*pp 0k
X / dt t" texp{—tppr —t A2 +ipp- 2}
0
(=) [ :
= dt ¢"1 Cy exp{—tA?
ol 2 Coexp{—tal)
1 4 . RE 2R
8 (27r)4/dpE eXp{ t(pe—i 2t> 4t}
(=1 -
_ - n—3 _ 2 2
= 167r2F(n)/ dt t ;C’S exp{ —t AL —z5/4t}
21" 2A,
B 167r2F(n ZC (|ZE> Kon(Asl20])
where

|zE|:\/z2+zZ:\/z2—z§: — 22 (22 <0)

For n =1 and 2z, = A, |z | we obtain

II(ZEaA) - (271'2’5) ZC ZsKl Zs
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- (QWZE)Qi o(%)
Iy(zp, A) = WZC (4.8)

where K is the modified Bessel function of the third kind, also named
Basset—McDonald function, of order zero, the series representation of which
is provided by

=1
:Z(;{;lz

k=0
while
2k+1 1 z 1 1
= - —— |In-— =Y ((k+1) — =
+Z< ) Kl(k+1)! [nz ¢+ 21/’(]”2)]
Now if we fix the auxiliary constants Cy, Cy, ..., so that
s s
Y Co=0 d Al =0 (4.9)
s=0 s=0

then we eventually obtain a regular and finite generating integral I,,(zg, A)
in the limit zp — 0, viz.,

1 \?2
]1+2A2]2 = (27TZE) ZCS [ZSQKO(ZS) - ZSKI(ZS)]
s=0
1)’ < d
= (QWZE) ;Oszs (Zs_}_d_,ZS) KO('ZS)
3/ 1\28
= -3 2—) ZC’A2lnzs+O( z)
and finally
— lim {28° 1y (25, A)+ 11 (25, A)} =
3M2 S ) k2 J2
1— 2 — )L .
622 SZOCS [)\ +z(1—2x) le ln[)\ +z(l—2)— Ve (4.10)

174



with
S S
Yo, = -1 d A= —1 (4.11)
s=1 s=1
the minimal choice being S = 2 that yields

A —1 A2 —1

Co=X=1 C = )\2 )\2 Cy = )\2 )\2

Turning back to the invariant polarization function we obtain

3y M2 S 1 L2
Yp(kg A) = — Cy [ dx | A2 1—z) £
regXp (kp; A) S /0 T | A+ a:)MQ
x In|{ AN +z(l-2)-L i
M?2
and thereby
3y2A42 k2
L2
In[1+2(1- —E
X n{ —|—:U 9[: e }
SQQMQ > 2 k}%
T e Are=a)gn

which clearly suggests how to segregate the divergent and finite parts in the
limit Ay — oo (s =1,2,...,5) of very large nonphysical auxiliary fermion
masses. As a matter of fact, we can rewrite the very last term of the right-
hand-side of the above expression in the form

/ deOAQ {1—1—:17(1—33) J\ZQ}lnAQ [1%—:5(1—:16)]\]?/;%}

0 s

2

k
§ Oy \? 1nA§/ dx{l—l—x(l—x) E}
— 0 M?

S 1 k2 k‘2
+ ZC’S)\SQ/O dx[l—i—x(l—x)]\f}ln[l—kx(l—x)Mz]
s=1

S
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so that

s

S 1 k%
Cs)\fln/\g/ dx[l—i—x 11—z ]
; i (1-2) 353

a 2 2 k%
= E Csln XS | A2+
s=1 s[ ) 6 2]

i(})\ /0 d:c{1+x(1—x)]\]{;2]ln[1+x(1—x) z\kf?}

_ Zc/ dm1—x){1+x(1—az)]@%}+0(/\ ‘)

S

k2
= + evanescent terms
 6M2

Then we eventually come to the suggestive result

5 s
regXp(kp; A) = g [k‘%—z Cs ln)\f(ké%-fiMf)]

2
s=1

3y2A[2 1 k2 k%
- T /de 1+a:(1—x)M2 In 1+IE(1—I')M2

and turning back to Minkowski space

82 M?
3y2 1

5 de [M?—z(1—2)k*] In(z® —2x+ M?/k%) (4.12)
™ Jo

It is convenient to rewrite the above expression in a more convenient and
standard form. To this purpose let me define the quantities

a = — R=a—x+2? (4.13)

- ! a - ! a
Ioz/o dz lnﬁ Igz/odxx(l—x) lnﬁ (4.14)

so that the vacuum polarization function for the Yukawa field theory in the
Pauli—Villars regularization can be eventually cast in the simple form

regX(f,M; ) = Z CsIn A2 (k* —6M7)
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y2k? - 3y2
82 472

(M?1, — k*I5) (4.15)

Consider the finite part of the pion self-energy

27.2 2 1 2
y-k 3y 9 9 kR
_ _ 29 M2 — 1— In ——
8w2  4xn? ), do | kol -a)] RVE

reg 5 (k%; M)
and let me look at the analytic structure of the integrand in the complex
s—plane with Res = k2. One can readily verify that the argument of the
logarithm is always positive definite for k2 < 4M? and 0 < o < 1, while it
becomes negative definite for

1 B 1 B
Res>4aM? Vv - — S < <-4 = =4/1
©s I b

402
>

0<pB<l1

It follows that for k? < 4M? the vacuum polarization invariant function is
real and analytic Vo € [0, 1], while the logarithm develops a branch point
when R = 0, viz.,

{(*=4aM?* v o= U {k*>4M?> vz =1£5}

Notice that k% = 4M? precisely corresponds to the threshold for a creation of
a fermion-antifermion real pair, in such a manner that the complex s—plane
has a cut just above the threshold, i.e. for e s > 4M?. As a consequence,
the imaginary part of the the vacuum polarization invariant function can be
readily obtained above/below the cut by

K200 [ M? k2 -
1“{W(“’“’—“m”—m[m“m}” (£<0)

which yields
3y? (1+8)/2

Sm S (k2+i0, M?) = + 2L dz [M? — k*z(1—2))
Ar Ja-g) /2
27.2 2\ 3/2
y-k 4M
= + 1— 4.1
87 ( k;Q) (4.16)

Moreover, the parametric integrals of the Appendix eventually yield

3y? - 3y _
ﬁ[o ~ k2L (L4 D) (4.17)

regS(k%: M) = M? 7
m
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The first addendum in the right hand side of the above equality is closely
related to the invariant polarization function of Quantum Electrodynamics
and can be rewritten for 0 < k2 < 4M? as

y2k? 1 2M?
A2 | 3 T k?
4M2 1/2 4M2 1/2

X ( T 1) arcctg( T 1) -1

Ezercise : let me compare the second and third line of the above equality with eq. (7-9) §
7-1-1 p. 323 of the book by Claude Itzykson and Jean—Bernard Zuber, Quantum Field
Theory, McGraw—Hill, New York, 1980. We find

2 2.2 o1
—k:23il_2: Y-k /%(4x4—8x3+3x2)
0

oy k2 b AM? M2 AMZN ] Ydz
T m w3 e BT ) 3R
for 0 < k% < 4M? we have

1 2
dx 4 a4M
\/0 f = marcctg\/A Azﬁfl

472 2. 472

y? k2 44 4 —16a +8a% [ dx
M Attt [T
4 27 L 6 2 0o R

1 1
dzx 3 — 6a dz
12— (4—12 s }
( a) ; R+ + 5 /0 7

and thereby

3y? - 22 (td
—k24y72[2 = g / % (4$4—8$3+3l’2) =
4 0

2-4m?
2 2 2 2
Y k 5 4M 4M
= 9 {— 2 k:2 (2+A)—2 \/A arcctg VA
2M*?
= 4 { 2(1+k2> \/Earcctg\/z}
™
k2 (1 202 am? N2
U e |
47 27 | 3 2 k2
4M2 1/2
X arcctg (k2 — 1) -1
which is in perfect agreement. Quod Erat Demonstrandum

It turns out that the very same first addendum in the right hand side of
eq. (4.17) can be eventually recast in the form

3y? _  3yM? AM? 1/2 AM? 1/2
2
M 12 Iy = 52 1-— T 1 arcctg T 1
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so that putting altogether we finally obtain

S
regX (k% M?*; A) = é Z Cs In AZ (k*—6M7) (4.18)

s=1

3y2 M2 4M2 M2 1/2
+ 52 1-— arcctg k2 -1
y2k? [1 202 AM? 1/2 AM? 1/2
- 123" 1+ 12 2 -1 arcctg 2 -1 -1
3y° < y
= Wy comz(be-m2) + L - e
T
s=1

2]{52 4M2 3/2 4M2 1/2
_ Y ( - 1) arcctg ( - 1) (4.19)

472 k2 k2

4.1.3 Dimensional Regularization

The technique of dimensional regularization has been invented by

Gerardus 't Hooft and Martinus Justinus Godefriedus Veltman
Regularization and renormalization of gauge fields
Nuclear Physics B 44, 189-213 (1972)

C.G. Bollini and J.J. Giambiagi

Lowest order divergent graphs in v-dimensional space
Physics Letters B 40, 566-568 (1972)

J. F. Ashmore

A method of gauge invariant reqularization

Lettere al Nuovo Cimento 4, 289-290 (1972)

G. M. Cicuta and E. Montaldi

Analytic renormalization via continuous space dimension
Lettere al Nuovo Cimento 4, 329-332 (1972)

The basic idea behind this tool is very simple : by lowering the number of
dimensions over which one integrates, it might happen that the divergences
trivially disappear. Then we can give a precise meaning to some divergent
loop integral trough the method of analytic continuation in the number of
space-time dimensions D that could be eventually turned into a complex
number 2w € C. In so doing, the divergences appear as poles in the complex
w—plane. Let me do a simple calculation to understand how this technique
is at work.
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Consider a D—dimensional Minkowski space RYP~1 with D — 1 space
dimensions with negative signature and one temporal dimension of positive
signature. Then we can perform the Wick rotation to calculate any Feynman
integral and produce an absolutely convergent integral in a 2w—dimensional
Euclidean space with w integer and sufficiently small. A paradigmatic case
is actually provided by

dekE
J = 42w/ k2+A -2
w <2W>2w ( E )
with A > 0, which is absolutely convergent for w < 2. The arbitrary mass
scale 1 has been introduced with a suitable power, in such manner to deal
with a dimensionless quantity I . The spherical polar coordinates of kg, are

k,$,01,05,...,05, 5 and we have

( ki = kcos
ko = ksin 6, cos 65
ks = k sin 0, sin 05 cos 63
kow_1 = ksinf;sinfy---sinfy,_5cos o
koo = ksinfysinfy - - -sinfy,,_osin ¢

\

with 0 <0, <mfore=1,2,...,2w—2and 0 < ¢ < 27w while k = |kg| > 0.

It turns out that

a(k17k27"'7k2w)

a(ka¢79h"'792w—2)

Hence we immediately obtain

M4_2w © dk k2w_1

(2m)2w / (k2 4+ A)?

2w—2

< (2m) [] / de, (sing,)?~ =
g=1"0

_ ka—l(Sm QI)QW_Q(Sin 92)2w—3 e (sin 92w_2)

I =

Now we have

™ 1
/ df, (sinf,)** 7! = 2/ dt, (1—t7)« 12
0 0

= /Odyy_l/Q(l—y)“"l"/Z=B(1/2,w—j/2): ['(w—3/2) V7

Nw—j/24+1/2)

where
I'(2)I'(y)

Ble.y) = Iz +y)
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is the Euler Beta function, so that

(2m) ﬁ /07T do, (sin@,)?< 7!
_ 27:;F(1)F(3/2)F(2) o T(w—1/2) 27

T(3/2T(2)  Tw—-1/2Tw)  TI'(w) (4.20)
and thereby
_ 27Twlu4—2w o) (k,2>w—1
r= F(w)(27r)2“/0 kdk (k2 4+ A)?

Y /°° dg g™
C @m)eT(w) Jo (g+A)?
R G (_i) /°° dggqv!
(4m)«T(w) dA ) J, g+ A
A2 d 0 [
= —(47r)wF(w) (_d_A>/0 dq q /0 dt exp{—tq—tA}

M4_2w d * n [T 1 —¢
= ————-— dt e~ dg q“ et
<4w>wr<w>( dA>/o / 1

_ ‘(‘;;Z /OOO dt 11w e tA = % (%2>2_w (4.21)

which is legitimate in the strip Rew < 2 of the complex w—plane. Expanding
around 2 —w =€, 0 <e <1, we find

I'(—n+e€) = %{%er(wrl)
+ %{%—Hﬁ(n—i—l)—w'(n—l—l)]}
+ O (€?) n=0,1,2,... (4.22)
where d
Y(z) =, nT(z)
Y+ =T4 5+ 5+ 4o —C
W) =43 7 [0 =7/6]
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Figure 4.4: the Sweet Candy 1-loop diagram

C being the Euler—Mascheroni constant
P(1)=—-C=—-0.5772...

Hence we finally come to the expansion

1 1 471
I = 16W2<E—C+~~~>(1+eln A —i—>

L (1 — C+n 47ZL2) + O(e) (4.23)

€

which shows that the divergence can be segregated as a simple pole in the so
named e—expansion.

4.1.4 )¢ Elastic Scattering Amplitude

Consider now the so called Sweet Candy diagram which corresponds to any of
the three diagrams contributing to the 4—point connected Green’s functions
in momentum space

Jio (k) = l(—z’A)Q/(dg ! ! (4.24)

2 2m)4 (2 —m2+ie ((—k)>—m?+ic

where k = ki + ko and after setting for the sake of brevity

def 2¢ d2w€
= i —9_
/g p / o le=2-w)
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we come to the dimensional regularized Feynman integral

A2 1
Jo(k) = —./g e TR —nE i i) (4.25)

21

the index s standing for the Mandelstam variable s = (k; + ky)*. Using
Feynman parametric formula we get

)\2 1 1

and after a shift of the integration variable

U'=0—(1-2)k

we end up with

A2t 1
R 49
Is (k) 22'/0 x/g = ol — )k 1 ie ] (4.26)

The denominator in the integrating function can be rewritten as

2 2
{62 — k? (xQ —x+ %) +i5} = [(* -k’ R(z,a) —I—z's}z

where a = m?/k? and 0 < z < 1. Since we have

dR d’R
£:2$_1 @:2 R(0,a) = R(1,a) =a
we find that the 1-parameter family of parabolas y = R(x,a) exhibits the

vertexes at x = % with

A >0 for 0 < k? < 4m?
4 <0 for k?2<0V Ek%2>4m?

in such a manner that we eventually find
k*R(x,a) >0 for 0<x<1Vk?<4m?

1.e. below the threshold for two real scalar particles production, so that the
integrand (4.26) has two double poles at

\/52 + k2R(z,a) —i0"
lo =
— /£ + k2R (z,a) + i0*

183



Now we can safely perform the Wick rotation for k? < 4m? with £, = il
and get

A2t 1
Jo (k) = — d
(k) 2 /0 x/gE (02 +m? + 2(1 — 2)kE)?

with kg = iky and k2 = k2 + k2 > 0. Taking the Mellin transform

2 1 00
Js(k) = %/0 d:v/o tdt exp{—t[m*+2(1 —2)kp]} e exp{—tl3}

2e

/\2 1 00 L
_ 7/ dx/ 179 dt exp{—t[m? + 2(1 — 1)k}
0 0

(4m)«
)2 1 2 €
= F(e)/ dz Amp
3272 0 m2+z(1—x)k2

A2 1 ! 47t 2
= -—-—C+ dz In TH + irrelevant
€ 0 m?
1

3272 —z(l—x)k?

A2 m? ! k’R
= 2) —1 — dz {1+ 1In——
327r2{e+¢() n47r,u2 /0 x( +nm2)}

Notice that in the very last integral the argument of the logarithm is such
that

—2’ =0 for {xi:%i%\/—A|A<0}\/{k2:0}
m <0 for z2_ <z <xp VEZ>4m?

Now, for example, when 0 < k% < 4m? and A > 0 we obtain

A2 (1 4 i Uda
Js(k) = -—C+1 — (22% —
(k) 327r2{e +nm2+/0R(x m)}

A\? 1 Ay

= 353 {E—C+ln 3 +2<1—\/Zarcctg\/Z>}
A2 1 m?

- T hy2) -1
32m? {e+w() n47r,u2

4Am? 3 4m?2
+1-2 (%—1) arcctg k—";—l} (4.27)

We have to remember that in the evaluation of the 4—point connected Green’s
function for the self-interacting real scalar field theory, there will be three
such contributions with
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corresponding to the s, u and ¢ channels respectively, owing to
s = (k1 + kg)* t = (kg + ks)? u= (ki + ks)°

all four momenta being incoming.

Unitarity Relation and the Optical Theorem.
From the definition (3.57) we can translate the requirement of unitarity for the scattering
operator into the suggestive relations

SSt=818=T=(1+4iT)(I—-4T")
that yields the so called unitarity relation for the transition or reaction matrix
—i(T-TH =TT (4.28)

which must be satisfied order by order in perturbation theory. Hence, going back to the
LSZ reduction formulas (3.18) for e.g. the elastic scattering of two neutral scalar particles
we obtain

(kska|S|k1ks) = (2m)*0(ky + ko + ks +ky)
4
X % H k]2h_r>nm2(’m2_k]2) X Gc(4) (klka; _k37_k4)
g=1

that yields for e.g. the s—channel with (ky + k2)? = s = (k3 + k4)?

<k3k4|T‘k’1k2> = (27‘()45(]{51+k2+k3+k’4)M(k1k2—) ]{13]{34)
4
iMis) = 1] k2 lﬂnmz P k]) x G (ki ks — kg, — k)

=1

= —Li{A—J(s)}+0(N?)

where, using dimensional regularization, we understand

A2 (1 4 p? ! sR
J(s):327T2 {e—C—l—ln 3 _/0 dz 1n}+0()

To the lowest order we obviously have M(s) = —2\ so that the unitarity relation (4.28)
is trivially satisfied. Turning to the second order in A on the one hand we can write

(—i)<k3]{i4|T—TT|k1k2> = %(271’)45(]4?1+k2+kj3+kj4)[J(S+iO)—J*(S—Z'O)}
2
J(s+1i0) — J* (s —1i0) = 2iSmJ,(k)= A (—im)(zy —x_)
1672
2 2
= (i1
167 S

where x4 are the solutions of sR(z,a) = 0 with s # 0, so that

A2 4m?2
—i T-T1" = 4/1-
(— i) (ks ka | k1 k2 ) 397 .
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On the other hand, taking equations (3.97) and (3.102) properly into account, we readily
find up to the same approximation

(kskg |TTT k1 ko) = (20)*0(ky + ko4 ks +ky)
< [ Do [ Do’ (kaka|T 109"} (9P| T [ ko)
= (2m)* 6 (ki + ko + k3 + k)
X /Dp/Dp' @2m) (ki +ka+p+p') | M(kika — pp’) |?

where
/Dp/Dp' (kska| T |pp') (p'p| T |k k2)

_ (—%)\)Q/Dp/Dp’(271')45(k3+k4+p+p/)
= L1X2F(s,m?) [dQ/32n%s
/\2 ) 4m2

321 5

which vindicates the unitarity relation O(\?) as expected.

For the important special case of the forward scattering, in which k1 +ks =0 = ko + k4,
we obtain a simpler formula. Taking the supplementary kinematical flux factor (3.99) into
account, with k = k; = —kg, we can write the relationships

Iy = k| Vs =2|k|Ecyu = 3F(s,m)

do | M(s) 2 A2 1 4
_ = — )" — + — )\
<dQ)fw 64m2s 4 64m3s +O(Y)

so that we come to the standard form of the so called Optical Theorem
%m/\/l(klk‘g — ]flk‘g) = F(s,m) 0'( kiks — anything)

This important equality connects the forward scattering amplitude with the total cross
section for production of all the final states. Since the imaginary part of the forward
scattering amplitude describes the absorption of the forward going wave as the beam
crosses the target, it is intuitive that this quantity has to be proportional to the probability
of the diffusion. This is nothing but the requirement of conservation of the probability
i.e. the unitarity of the scattering operator. Finally, it is worthwhile to notice that to the
lowest order in perturbation theory and in the non-relativistic limit, taking eq.s (3.51) and
(3.52) suitably into account, we can write the non-relativistic potential the corresponds to
the \¢} interaction: namely,

h fi
f(6) =Ty = o M(kiks — koky) ~ o (= 1))
7 27Th2 1 h )\hB
Viks —ky) = — ——- (—1x)- o = V)=o)

that represents the so called repulsive contact interaction.
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Figure 4.5: the 1-loop vacuum polarization diagram in QED

4.2 Vacuum Polarization

The calculation of the 1-loop diagram called vacuum polarization or photon
self-energy is truly very instructive, since it allows to appreciate one of the
most surprising consequences and predictions of perturbative quantum field
theory: namely, the charge screening effect, just provided by the emission
and absorption of virtual particle-antiparticle pairs, leading to a modification
of the classical Coulomb interaction between point-like charges in the non-
relativistic limit. It turns out that charge screening by radiative corrections
is an observable effect that leads to the spectacular energy levels hyper-fine
splitting of hydrogen-like atoms. On the other side, in the high energy-
momentum limit, the vacuum polarization effect drives to the effective fine
structure coupling, which appears to increase with energy in a way which is
experimentally verified in the High Energy Particle Physics.

4.2.1 The Self-Energy Tensor in QED

Consider the photon self-energy diagram in quantum electrodynamics that
gives rise to the vacuum polarization tensor which is defined to be

ireg 1177 (k, M, u) = (—1)(i6)2/ try”Sp(p, M)y Sp(p+ k, M)

p

where

Taking the traces
tryt~y? = gMtrl = 2% g
tr,yn,y)\,yu,yl/ — 2w(g/i/\g/u/ . gn,ug)\u + gnug)\u)



we readily come to the expression
. 2ptpY + pHk?Y 4+ pVkH
reg 1" (k, M, = 2“@62/ ‘ .
g ( 1) L (P2 — M2 4ie)[(p+ k)2 — M2 +ic]

w 2 9" [p-(p+k) — M?]
) ze/p(p2_M2+i8)[<p+k)2_M2+i8]

To calculate the integrals it is convenient to employ the Feynman parameter
in such a manner that we can write

2p“p”+p“k”+p”k“+(M2—p2—p-/€)g“”
/ (P = M2 +ie) [(p+ k)2 — M? +ic]
/ /2p”p +ptkY 4+ pUkt + g [M? —p- (p+ k)]
(P2 — M2 4ic+2p-k(1—2)+k2(1—2x)]

A translation of the integration variable /# = p#* 4+ x k* yields

/ /QMV— g0 = 22(1 — D)k kY + g™ [ M? + 2(1 — 2)k?]
[02 — M2+ 2(1 —x)k? +ic)?

up to terms linear in ¢ which are irrelevant for we evidently get
/6“[62—k2R(:c,a)+i€]ZEO (VzeC)
¢

owing to symmetric integration, where R(z, a) = 2> —x +a, a = M?/k?.
Moreover, the obvious replacement holds true, owing again to symmetric
integration: namely,

/pp“p”f(pQ) = /pg‘“’ g f(p?)

Then we can write

regll# = 2wie2{g“”[J2 + 1] - k“k‘”Jo}

Jo(k, M, p) - = (é 1)/‘1"”/ 02— k?Rx a)—l—za]

! 22(1 —x)
M pu—
Jolk, M p) d‘””/m —k2R(z, a) + ic |2

B 1 MQ—{—Z‘( )I{EQ

where




Re p,

Figure 4.6: the oriented contour y*

As we have already seen in the previous paragraph, for k2 < 4M? we can
evaluate the above integrals by performing the Wick rotation and referring to
the oriented contour v+ in the complex energy plane. Since the contributions
of the two large arcs do vanish when R — oo, for ¢y = iy, ko = iky, after
settlng KE“ (61, 62, Ce 7€2w—17 64) and kE,u (/{31, ]{52, 1{33, ]{74) we get

Jo(k, M, p) = —'(——1)/ dw/ dt t e~ tM *+a(1-x) /62 il
= —i(4m)™ /dx/ dt £~ e UM +a(1-2)k]

- (4mp®)" T(e )/ Az [M2+ (1 — 2)k2]'

167r 0
= ot [ asiae e o) (VAT
= 16m2 Y 8 k2R
Tk M) = — F()/ld (1 — ok (TN
1\lv, , Y — 1672 € . i T €T 2
Z’ 1 47_{_#2 €
Jo(k, M, ) = Wf(e)/o dz2x(1 — x) (W)
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Then we definitely obtain
reg I1" (k, M, pu) = (k> g" — k"k" ) regIl(k* M?) (4.29)

in which the invariant vacuum polarization or photon self-energy function in
D = 2w space-time dimensions is provided by the parametric integral

regll(k* M?) =

(22 F(e)/o dzz(l— 2) {M2 _Zf_ o (4.30)

It is very important to gather the fact that dimensional regularization
provides an expression for the photon self-energy tensor which satisfies the
Ward identity (see in the sequel)

k,regII" (k,M,u) =0

which is nothing but the expression of gauge invariance in QED.
The Laurent expansion of the nvariant vacuum polarization function
around w = 2 yields

regll(k2, M?) = (-2)%/01@1;(1—3;)
{l_c_ln[w—x(l—x)m}+O(€)}

€ 27 p?

X

_ 1 27 12 ~
- _“ {——C—Hn ]7\;“ }+H(k2,M2) (4.31)

37 |e€ 2

where the finite part of the invariant vacuum polarization function reads

(k2 M?) = (k2 M?) —T11(0, M?)
—2a (! M?
= — i dzx(1— 1) IHW (4.32)

Consistency check. From ref. [14] eq. 2.172 p. 81, eq. 2.1741. p. 82 with

M? 403
for 0 < k? < 4M? we get
1
~ dz 2a0 =
(k2,M2%) = = [ (40t —823+322) = - 227
(k*, ) 37 /. R(a: x° + 33) - 12

—a (5 4M? M? 4M? 1 bz
= — {4 |1+ =)= —
3r |3 k2 k2 k2 2] /o R
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a 1 PIVE 4M? 1/2
= Q) o1 ) (2
3r { 3 + ( + k2 > l( k2 >
4M2 1/2
X arcctg ( 2 1> -1 (4.33)

in agreement with [16] § 7-1-1 eq. (7-9) p. 323. Notice that in the neighborhood of
the photon mass shell k2 = 0, that means in the vicinity of the light-cone, we have the
behavior

ak?
157 M?2

—a [tdz

? o R (4x4 — 81'3 + 31'2) ~

(k% = 0)

O

Now, in order to unravel the analytic structure of the invariant polarization
function it is convenient to come back to the integral representation

200 (! k2
?a/o dzxz(l—2)In MJ;)

After setting k2 = Re s, it appears that the integrating function is real and
analyticin s € C for k2 < 4M? v 0 < 2 < 1, while it exhibits a branch point
when the argument of the logarithm does vanish, which drives to a cut in the
complex s—plane when the argument of the logarithm is negative: namely,

(k% M?) =

Res=k? > 4AM? v

40?2
B = \/1-— 12

As a consequence, the imaginary part of the the polarization function can be
readily obtained above/below the cut by

[0< B8 <1]

2

1n<x2_;p—l—k2ii0):ln(—3):{:iﬂ (R<0)

which yields

~ (1+8)/2
SmIl(k* +£i0,M?) = 42204/ dea(l —2)
(

1-8)/2
Q 2M* 40?2
= Fo 1+ )y 1- = 4.34



in accordance ? with [22] § 7.5 eq. (7.92) p. 253 and [16] § 7-1-1 eq. (7-11)
p. 323. It turns out that the discontinuity across the cut

reg IT(k? + i0, M ?) — reg IT(k* — i0, M%) = 2 SmII(k2 +i0, M ?)

does not depend upon regularization, i.e. it is finite. Furthermore, it is not
by an accident albeit just because of the unitarity relation (4.28) that the
discontinuity across the cut has exactly the same energy dependence, up to
the substitution k* <« F2,, = 4FE?, of the cross-section (3.120) for the
production of a fermion anti-fermion pair, the parameter § being precisely
the fermion velocity in the center of momentum frame.

Ezercise: it is quite interesting to calculate the one loop photon self-energy in QED using
the UV cut-off regularisation. To this concern one has to suitably introduce a very large
cut-off for the photon wave number, of the order e.g. of the inverse of the Planck length
K= l;l, where cMp = ﬁl;l ~ 10 GeV/c. The starting point is again

reg 177 (k.M. ) = i (ie)? | tr97Se(p, M) Si(p+ k. M)

p

/p:i/ 2m/ O 7

so that manifest Lorentz covariance is evidently lost in the intermediate steps of the
calculations. By taking trace over gamma matrices we get

where p# = (E, ) with

2ptp” +pHE” +pVEH
—M2+ie)[(p+ k)2 — M? +ic]

4i€2/ g™ [p-(p+k)— M?]
p (P> = M2 +ig)[(p+ k)2 — M2 +ic]

regll"(k,M; K) = 4i€2/( 5
b (P

To calculate the integrals it is convenient to set
reg 1" (k, M; K) = A(k, M; K)k?*g" + B(k, M; K) k"k"

where the Lorentz invariant and dimensionless form factors A and B can be obtained by
the Lorentz contractions

ky bk, (K*) 2regll" (k, M;K) = A(k,M;K)+ B(k,M;K)
4ie? 2p- k(K2 +p-k)—k’p-k—k*(p? — M?)
B (k2)2/ (p* = M2 +ie) [(p+k)*> — M? +ic]
4ie? p-k(k*+2p-k)
B @W/fﬁ—Muwnm+m%wﬁ+m
4ie?

1
k?/p (p+k)2—M2+ic

2Notice however that the two textbooks use opposite signs, i.e. @(k?, m, A) = —II5(¢?) .
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B 4¢e2/ p-k[(k+p)*—p?]
(k2)2 ), (p? = M2 +ie)[(p+k)?— M2+ ic]
4ie? 1
l#/p(p+k)2M2+i5
4ie? p-k (k+p) -k
- (kQ)Q/[p2M2+i€_(p+k)2M2+i€

Now, it turns out that the first addendum in the above expression vanishes owing to
symmetric integration, viz.,
/ E dE
E?2 — 52 - M2 +ic

- 2 P _
/dpg(MP* )E2 pr—M2tie

Moreover, if we translate the integration variable in the second addendum of the above
expression according to p= ¢ — k,E = £ — kg then we obtain

- - [ Eko—q-k
d7O(K? — g2 — k2 2*-/@/ de 0
/ qO(K" —q NN By v pr

- - S d&
= —k- | qd7O0(K?>—-q%2—k%2+27k / 0
/q q ( q +2q ) _005276'2,M2+Z‘5

the latter identity being evidently true, either because the Heaviside distribution vanishes
or by symmetric integration when the step function equals one.

As a consequence A + B = 0, which means that gauge invariance of the vacuum
polarization tensor holds true even in 1-loop QED with UV cut-off regularisation, viz.,

regIl"(k, M; K) = A(k, M; K)(k?g" — k"k")
so that we can definitely write

Ak, M5 K) = g (3K*) " reg I (k, M; K)
% AM? —2p -k — 2p?
3k2 J, (P2 — M2 +ie)[(p+ k)2 — M? +ic]

From the customary Feynman parametrisation formula we obtain
4ie? 4M? —2p -k —2p?
Ak, M;K) = ’—82/ dx/ P P S
3k% Jo p [(p+ak)?2+2(1 —x)k? — M? +ic]

in such a manner that, after setting p = ¢ — zk with ¢ = (F,¢) and disregarding terms
which vanish owing to symmetric integration, we readily get

A4M? —2p -k —2p? = 4M?* —2k-(q—xk) —2(q? — 2xk - ¢ + 2°k?)
w 4AM? 4 22(1 — 2)k* — 2>
so that
dq - -
Ak, M:K) — K2 _ 52— 22F2 4 9nd
(k, M; 3k2/ / q°—x"k*+2x7- k)
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/°° dE M? 4-2z(1 —2)k* —[E? — §* — k*R(z,a)]
o (B -4 a(l— ) — M+ ]2

8e2 [ dq
= —_9UAK? — @I — [M? +22(1 — 2)k? ]I
iz | 4o [ o 0n? = a {1 = 02+ 200 -0k 1)

where R(z,a) = 2% — x4+ a (a = M?/k?), whereas

;oo 1 /°° dE o1 o6
YT omi ) o E?—q2—k’R(z,a) +ic T oM oM

while, in order to find a general UV upper bound which could be homogeneous for all
0 <z <1 and for any photon wave number within the UV cut-off | k| < K, we can always
conservatively and safely set | §| < 2K . From the basic elementary Cauchy integral

1 b dz 1

S >0
27t J_oo 2 — 2 4140 2n (n )

Hence, for k? < 0 we find

(72— 2(1 - a)k? + M2]7V/?
[(j’zfx(lfx)k2+M2]73/2

L=-
I =

= N

and consequently

2 gl 2K
Ak, M; K) = ——— d d
(k, M; K) 37T2k2/0 x/o qq

M? +2x(1 — z)k? 2

X +
{[q2 —z(1—2)k2+ M2 [q2 —z(1 —z)k? +M2]1/2}
4
= _ 3% [As(k, M;K) + 24, (k, M; K)]

Consider u = /v + y2 where v = [ M? —xz(1—x)k?*]/4K? > 0, then from [14] eq.(2.2724.)
p- 86 we get the elementary result

1 2 1 _
o1y o B
/Odyu?,—{ u+1n(y+u)}0—erln(lJr\/erl) In /v

For a very large cut-off K — oo we obtain

1
As(k,M;K) = /dx[a—l—?m(l—x)]
0
1 4K?
X {1+21n2+21nk;2R($7a)}+evanescent
. 1. 4K? 1
1 k*R

1
- 5/0 dx[a+2m(lfx)]lnm
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Moreover we have from eq. (2.2723.) of Ref. [14]

1 2 1 1
Y Y v
2 dy =— = {—— | } =———vin(l 1 =1
/0 v, o v In(y + u) SlVie=r vin(l+vVou+ )+2 nov

= l—g—vln2+glnv+0(v2)

that yields

4K?% ! 1 M? — (1 — z)k?
241 (k, M;K) = —— [ dzdl1—(=+1In2
1( ) ’ ) A 37{ (2+ n > 4K2

+ 1 lnMQ—gc(l—x)k;2
2 4K? 4K?
4K? 1 4K?

1
= 2 o dr|14lndtm
k2 2/0 x{+n T R

. 4K7 1 1+2In2+1 4K !
= —5 — = n n—-¢— - =
22 a2 ) \“ 76

1 1t k2R

Summing up we eventually find out

} -+ evanescent

] R(x,a) + evanescent

regH;w(kaM?K)‘Uv = (g;wk2_k/’uku)regn(kaM§K)|UV
A MK) = — 2 Ak, M: K) + 241 (k, M K)|
yis

 —a[U4K)? | K? 4 M2 62

3k

20 (" k>
+ ?a/o dxx(l—x)ln[l—x(l—x)w}
= regll(k, M; K)|yy

It is interesting and instructive to make a comparison between the results of the
dimensional and UV cut-off regularisations. We have

«

—a (1 22
regII(k, M;pe)|pg = {—C+ln M}

3r |e M?

20 1 k2
+ ?a/o dzz(l —z)ln [1 —xz(l — x)M2]
It turns out that

& DR uv
divergent part {—a/3re} {(— a/37) [(4K)?/k* + 2In(K/M)]}

finite arbitrary {—C + In27p?/M?} {41n2(4/3 — M?/k?) — 1 — 6M?/k?}
finite physical I(k, M) I(k, M)
~ 2c k2

(k, M) = 7T/Oldxa:(l —x)In [1 — (1 —x)w]
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the physical part being distinguished by the behavior limg2_,q ﬁ(k:, M) = 0 and by the
crucial feature that it develops an imaginary part for k2 > 4M? , i.e. the threshold for the
producion of a fermion-antifermion pair.

Ezercise: let us calculate the 1-loop neutral meson 7°—self-energy of Yukawa theory with
dimensional regularization and compare the result with Pauli—Villars regularization of
eq. (4.19). Accordingly we start from the expression

regS(kimw) = iy?ut > (20 [ 42p(Se() Se(p+ )
_ _Zwiyz/ PP+M 4p-k
p (P2 = M2 +ig)[(p+ k)2 — M2 +ic]
_ _wa2/ 2M2 +p-k
p (P2 = M2 +ig)[(p+ k)2 — M2 +ic]

1
2“’iy2/ .
o (p+ k)2 — M2 +ic

where the Clifford algebra is understood in 2w space-time dimensions. By making use of
the list of integrals in the Appendix we readily get

regS(kip,w) = —4iy® {g" I, (1,1) = k" I,(1,1)+ M*I(1,1)}
o 3yPM2 /1 2
= I <€C+“+3)
21.2
yke (1 2
_ 2 _Cae6l, 2
82 (e +6I2+ 3)
3y o 1,2y (L dmp? 2
= o2 lk?) (- —C+1 :
A2 ( 5 k%) p = T3
RIT -
- %(ngQ—IOMQ)
3y 9 139 1 4 p® Ty2k?
= o (m2-lk?) (- —C+1 -
1 k) (L CHingp 2472
3y2M 2 y2k2 [ 4M? 3/2 AM? 1/2
+ 972 T 4n2 2 -1 arcctg 2 -1

It is important to realize that the sign of the divergent part, as well as the whole non-
polynomial part, i.e. the very last term

y2k2 [AM? 3/2 A2 1/2
— —1 arcctg —1
4r2 k2 2

exactly coincide with the corresponding quantities (4.19) which has been obtained in the

Pauli—Villars regularization. In other words, it turns out that the arbitrariness in the
finite part of the above 1—loop regularized quantity does merely concern the polynomial
part in momentum space, that is the local part in configuration space. This feature will

represent, as we shall see further on, the key point of the renormalization procedure.
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Figure 4.7: the 1-loop correction to the Coulomb potential

4.2.2 Vacuum Polarization Effects

Next let us examine how the finite part of the invariant polarization function
(k% M?) does modify the electromagnetic interaction. Actually, it turns
out that in the non-relativistic limit it makes sense to compute the potential
V(r), that will contain the modifications to the classical Coulomb potential
caused by the Heisenberg Uncertainty Principle and the Theory of Relativity:
the emission and absorption of virtual pairs, that is the vacuum polarization
effect. Let me recall that for two incoming and two outgoing distinguishable
particles of equal mass M but unlike charges —e and — Ze respectively, the
leading order contribution to the scattering amplitude is given by eq. (3.55)

_ N — 1w N Y

U (p") (iev*)uy (p) 7——55 s (¢') (i Zev”)us(q)

(p—»p')

Now, after inclusion of the lowest order radiative correction of Figure 4.7 we
readily get

@ (p') (iey")un (p) G —p ) (a') (i Zen" ) us(q)  (4.35)
~ —1 k,k,
G@(k) = o7 | 9wt regIl(k2, M?) (g,w — #) } (4.36)
As already emphasized — see equation (3.56) — the very last term in the RHS
of the above equality does not contribute for k = p — p’, owing to the gauge
invariance and the Ward identities, so that we can safely write

B ig;w

kE2[1—regll(k2,M?2)]

~ 9uv
G (k) = 25 [1+ regIl(k*, M?)] ~

. Thus, once again, in the non-relativistic limit we can write
F=((p-p)~-K upr (p") Y ur (p) = 2M 8,0
where M is the particle mass in such a manner that we can write
—iZe? ,
—2M5M/ 2]\/[538/:47T’LT /2M(5rr/(5ss/
lp—p’|? ep
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and consequently

—2M Za«
Ty, o= f(0) = ——
PP ( ) |p_p,‘2
which corresponds to the repulsive Coulomb potential
Ze? o
Viry)=2"=27=
() 4 r r
so that
do Z%a?
(dQ)CM [ 70)] 4 M2v* sin*(60/2) (p v)

which is nothing but the celebrated Rutherford classical cross-section.
Now, to the aim of taking into account the radiative corrections in the
non-relativistic limit, I can write in analogy

. Z€2 eik-r
-2 [k
V0 = Gy | e ]

_ iZez oo k eikr
o~ }Liino oy /Oodk e [1+regll(—k*, M?)] (4.37)
where I have introduced the small photon mass u as an infrared regulator
for the Coulomb potential. To calculate this integral — see the exercise here
below — we consider the complex k—plane and a big half-circle in the upper
half-plane centered at the origin, with diameter on the real axis and very large
ray R — oo. Notice however the the upper half-plane has a cut starting from
Sm k = 2M to infinity, for the invariant polarization function has a branch
point at —k? = (ik)> = 4M?, as I have discussed before. Furthermore
there is a simple pole at k = iu, leading to the Coulomb potential after
removal of the infrared regulator . Since the real part of the finite quantity
regll (— k%, M?) takes the same value on both sides of the cut, it follows
that the modifications to the Coulomb potential are solely due to
the imaginary part of the invariant polarization function, i.c. to its
discontinuity. Consequently, it is crucial to gather that the vacuum polarization
effect does not depend neither upon the divergent part of the photon self-energy
tensor, nor upon the regulator mass or length scale - e.g. 1 in the dimensional
regularization - as it does for a true and real physical effect. Hence we readily
obtain from eq. (4.34)

~ Z€2 o0 e_]” o = 2 . 2
oV(r) = 277r /0 dk ’ SmIl(k“—1i0,M?*)
27a2 [ e~ kr 2M? 4AM?
= dk 1+ — 1— —— 4.
7 /ZM 2 < * k?) e (438
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and changing the integration variable according to k = 2M (1 + ) we find

5V(r) = 2ZC“Ze—WT/OOdse—"’MTfﬂ@
0

3rr

G = PR . YV (S |
1 +4¢ 2(1 4 &)? 14+¢
At large distances r > 1/M this integral is dominated by the region where

¢ ~ 0, so that we can safely approximate the the integrating function f(&)
with its leading value around £ = 0 : namely,

FO~2V/1-(1-82~3\/2¢ (£~0)

in such a manner that we can eventually write

> Za? —ontr [ —o2Mr¢
SV (r) —e d€e \/2¢
0

Q

Tr
Za® oy 3
— 25 -2Mr =3/21(3
o € (Mr) I'(3)
Za? —-3/2  —2Mr
~ (Mr) e (Mr>1) (4.39)

4ry/m

Thus we see that the range of the correction term is of the order of the
Compton wavelength h/Mec of the particles. The radiative correction to the
Coulomb potential is named the Serber—Uehling potential

Robert Serber

Linear Modifications in the Maxwell Field Equations
Physical Review 48 (1935) 49 - 54 [ Issue 1 — July 1935 |
Edwin A. Uehling

Polarization Effects in the Positron Theory

Physical Review 48 (1935) 55 - 63 [ Issue 1 — July 1935 |

We can interpret the result as being due to charge screening effect. When the
two point-like charges, for instance two electrons, are at the distance of the
electron Compton wavelength A\, = h/m.c = 3.861592678(26) x 107!3 m ~
386 fm, then the continuous emission and absorption of virtual e”e™ pairs,
owing to the energy-time uncertainty principle, is such that the vacuum acts
as a dielectric medium, in which the apparent finite charge e is less than the
divergent bare charge ey or, in other words,
@

h
eft (1, M) ~ — 4.40
O‘ff(r ) 1 a ( T’>_3/2€_2Mr > Ve ( )

Ve
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Figure 4.8: the charge screening effect in QED
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At shorter and shorter distances we begin to penetrate the polarization cloud
and see the bare charge, which is bigger and bigger as far as we penetrate
closer and closer. This is known as the vacuum polarization effect, which can
be unraveled experimentally in the famous Lamb shift discovered by Lamb
and Retherford in 1947 in hydrogen

Willis E. Lamb, Jr. and Robert C. Retherford (1947)
Fine Structure of the Hydrogen Atom by a Microwave Method
The Physical Review 72, 241-243.

The radiative correction to the Coulomb potential breaks the degeneracy
between the 25/, and 2P/, states of the relativistic hydrogen atom, as it is
described by the Dirac equation. The current experimental value is

AFE

7 = Avi, = 1,057.845(9) MHz

to be compared with the theoretical value
Avy, = 1,057.86 MHz

Actually the pair of very accurate experimental findings, i.e. the discovery
of the 25,/ and 2P/, level shift in hydrogen along with the anomaly in the
magnetic moment of the electron discovered by Foley and Kush in the very
same year, did enormously trigger the rapid development of the Quantum
Field Theory. Conversely, in the very small distances limit k? = — k2 > M?
we can safely approximate

/Oldxx(l—x) 1n{M2_”;\(412_$)k2]

O(k2, M?) =

Q
[\ [\
2 3|8 a8

O\H
(oW
8
8
—

|
=
—N
=3
/T\
e
N———
+
=3
8
—
|
=
——

As a consequence the effective electric coupling in the limit of very short
distances becomes approximately

a —k?
OZd{(k,M) ~ {1+§1n<w):|

Q@ —k? !

Q



Of course, the above approximate short—distance behavior of the effective
charge can be trusted as long as

a — k2
and leads to a singularity for

\k[ Mce 5+37T
= —— eX — R
n P16 2a

the famous Landau—Pomerancuk?® singularity, which corresponds to the huge
energy scale

he|k| = mec? exp { > + 3—77} ~ 10%7 GeV
6 2«
However, well before we reach such an enormously large scale, much higher
than the Planck scale ~ 10! GeV, the perturbative approximate equality
(4.42) has to be amended by higher order corrections which are no longer
negligible.

The combined vacuum polarization effects for e~e™ plus heavier charged
leptons and quarks makes the value of ag(k) to increase by about 5% from
k = 0to k =30 GeV, as observed in high energy experiments, with ag (0) =
a . More precisely from the Particle Data Group we find a g (m,) = 133.4524+
0.016 while az (M) = 127.923 & 0.016 with m, = 1776.84 4 0.17 MeV
and My = 91.1876 £ 0.0021 GeV. The idea of a distance dependent, or
scale dependent or even running coupling parameter is the main result of the
renormalization group invariance of perturbative renormalizable quantum field
theories, as will be better focused in the sequel.

Exercise : calculate the contour integral leading to the Serber-Uehling radiative correction
0 V(r) to the classical Coulomb potential. To this purpose, consider the functions of the
complex variable z = x + iy

g(z):/oldxx(l—x) In hj; <x2—x—]‘§”

in such a manner that we have

SV(r) = 2 ?T: (j)z/: dz f(z)

3L.D. Landau and 1. Ja. Pomeranchuk, Doklady Akad. Nauk USSR, 102 (1955) 489.
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Figure 4.9: the running coupling in QED

The complex function g(z) exhibits a branch point in the upper half-plane at y = 2M,
leading to a cut along the positive imaginary axis from 2M to infinity. It turns out that
the real part e g(z) is continuous across the cut, while the imaginary part Sm g(z) has a
discontinuity across the cut which is given by

2M? 4M?
mg(0++iy)—%mg(0_+iy):<1+ 5 ) 1—? (y >2M)
Consider now the oriented contour v© so that
f(z)dz=2mi lim ({—iu) f(C) (4.44)

~t ¢—ip

The contributions from the two large arcs (z = Re? | n — 07) yield

T/2—n T
iR? (/ +/ ) (R* + uzelee) exp{irRcosf —rRsinf}
0

n+m/2

{ ln——i—/ dz z(1—2) In [Rz—x( x)ezm}}de =80 (4.45)

which rapidly vanish when R — oo. Similarly, the contribution from the small circle
around the branch point (z = 2iM + pe'®, n — 01) does vanish, viz.,

T/2—n ] ) 00
ip/‘ dg e f (2iM + pe'®) == 0 (4.46)
n+m/2

For the contributions along the cut (z = +n+iy, p <2M <y < R, n — 07) we have

R ety o
dy ——— [gliy+07) — g(iy +07)] (4.47)
2M we =y
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The oriented contour v leading to the Serber-Uheling potential

It turns out that
Re[g(iy+07) — gliy+0T)] =0 (y >2M)

while

2M? 4M?
) 1- (y >2M)

‘\‘sm[g(O"’—l-iy)—g(O_ +zy)] = <1+ 7 yT
Putting altogether we eventually obtain

lim lim z)dz = - dz f(x
) @ = [ desw

R—oc0p—0 oo

- yeTY 2M?2 4M2
s (1)
on  HE—y? y? y?

1 2 M2
= m’e*’”/o dz z(1 — ) 1n{j\'22<502x+’u2>]

in such a manner that in the limit 4 — 0 we finally get Serber—Uehling correction to the
classical Coulomb repulsive potential

21 ranN2 . o
Vi) = 25 (;) Jgno/_oodx f(2)
21 a2 [ dy 2M? 4M2
_ g ima Y- (1 1— 4.48
3T(7r)/2Mye (+y2) y? (4.48)

in accordance with eq. (4.38).
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Chapter 5

Complements

In this Appendix I want to list some very useful technical tools, such as the
values of many fundamental physical constants involved in Quantum Physics,
the main formulae of dimensional regularization, as well as the values of the
1-loop tensor integrals leading to the radiative corrections of basic physical
quantities.

5.1 Physical Constants

Precisely known physical constants [1]

Speed of light in vacuum c=299792458 m s !

Planck constant, reduced h=h/2r =1.05457168(18) x 1073* J s
— 6.58211915(56) x 1072 MeV s

electron charge magnitude e = 4.80320441(41) x 1071° esu

fine-structure constant a = e*/4rhc = 7.297 352568(24) x 1073

Fermi coupling constant Gr/(he)® = 1.16637(1) x 107> GeV—2

electron mass m. = 0.510998918(44) MeV /c?

proton mass m, = 938.272029(80) MeV /c?

Bohr radius (h/am.c) doo = 0.5291772108(18) x 1071 m

e~ Compton wavelength X\, = h/m.c = 3.861592678(26) x 1071 m

classical electron radius re = a), = 2.817940325(28) x 107 cm

Thomson cross section or = S$mr? = 0.665245873(13) barn

1 unit of R = 37 (akc/y/s)? = 86.8 nb Vs=Ecy =1GeV
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Conversion factors :

fic = 197.326 968(17) MeV fm

(he) Tem™! ~ 2 x 107 GeV

(he) 1 GeV™! = 0.1973 fm 1 fm =~ (hc) 5 GeV !
(hc)? 1 GeV =2 = 0.3894 mb

1 barn = 1072 m?

(he) 1eVm™ = 1.973 x 107% GeV?

(ehc) 1 Tesla = (ehc) 10* Gauss = 5.916 x 1072 GeV?

Electromagnetic Units :

1 statvolt = 299.8 V

1 Gaul = 1 statvolt/cm = 299.8 V/cm = 29.98 KV/m

1 Tesla = 10* GauBl = 299.8 MV/m

FEmax = 24 KV/em = 2.4 MV/m is the typical laboratory field beyond
which the Ohm law is no longer valid for metals (~ 100 Gauf )
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5.2 Dimensional Regularization

Here we list some useful identities concerning dimensional regularization. Let
me first recall the the completely antisymmetric Levi Civita symbol in the
four dimensional Minkowski space-time is normalized according to

E0123

(5.1)

—€oi3 =1

in such a way that the following identity holds true in the four dimensional
Minkowski space: namely,

Euuaﬁeu)\po — gupga)\gﬁa + gapgﬁ)\gua + gﬁpgu)\gacr

v ap  Po

g g™ g aX Bp, vo

— g™ g%yg BX vp oo

— 979"y (5.2)

Concerning dimensional regularization, we collect here below the definitions
and key properties [30] for the 2 x 2¥ y—matrices in a 2w—dimensional
space-time with a Minkowski signature

ok p=0,1,23

B

" _{w p=4,..., 20 —4 (5-3)
(v =291 {3%9"F=29""1  {3",4"} =0 (5.4)
gl = diag (+,—, —, —) lgll= -1 (5.5)
% =777 =1 {7,751 =0=1[4",7] (5.6)

where [ denotes the identity 2¢ x 2“ square matrix, whereas I denotes the
identity matrix in the 2w — 4 dimensional Euclidean space. Taking all the
above listed equations into account, it is not difficult to check the following
trace formulee :

tr (v#47) = ¢g"trl = 2¥ g (5.7)
9—wip (,yfﬁ,y)\,yu,yu) . T VR e V2 (5.8)
274 (YY) = g™ g g — ¢ g g — g g g
R C T VI
R A R VT
G VGG — g g PO g gh R
g — gV g 4 g g g
tr (’VWWWO — g geh g
tr (17'9977) = — 20V

tr (Y797 7°7")

iovw (Eyof,u g)\p + evoTp g)\,u T E,u)\pa —

gl/T
+ e ) (5.9)

iov (elja'r)\ gup + Eu)\pu gO‘T
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Traces involving an odd number of Dirac matrices do vanish.

Remark : in d = 2n, n € N, the standard representation of the Dirac
matrices has dimension 2", whereas in the dimensional regularization the
Dirac matrices are infinite dimensional. Nevertheless, if we set trl = f(w),
it is not necessary to choose f(w) = 2¢. It is usually convenient to set
flw) = f(2) =4, YVw € C [ see J. Collins, Renormalization, Cambridge
University Press (1984) p. 84 |. We can definitely agree on that.
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5.3 Glossary: 1-Loop Integrals
General Feynman parametric formula

D(ay +ag + -+ + ax)
[(ay)T(ag) - - T(ag)

1 1 1
/dml/ d:vg---/dxké(l—xl—xg—---—xk)
0 0 0

:L'(lll_l .- -1‘2’“71 (Il Dy 4+ 29Dy + -+ + 2y Dk:)iali(mimiak (510)

—ai — a2 —ar __
Dy Dy ... D " =

Definitions :

ptp¥p?
IH7P(r, s —/
(r, s) o (P2 —m24ic)" [(p—k)?—m?2 +ic]s
prp”pfp°
IH7Po (r)5) = -
( ) /p(p2 m2+ie)"[(p—k)?2—m?2+ic]®

Parametric Integrals

1
4
i d% = marcctg\/z for 0< k% < 4m? (5.11)
= —4 for k% = 4m?
—4
= mArCth V —A
2 vV—A—-1

= In for k2 >4m?VvEk? <0

VA T 14+/-A
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! 4t
/0 dz 1n<Rk‘2)

4 2 1
= In TH —/ dr nR
0

= In

= 2+41n

= 1+

I
1

6
)

18

k2

4 2 1 2 2
W'Z —i—/ dx i
m 0

R

1
— In
2

/d:z:a:l—x (
0
1

4
In W'u

m2
1

n
6

47w2 1 Vda
1-4 —
+2( a)/o B

12
/ dxxln(Rk2>

Ay

+1( ) e
m2 4 @ 0 R

-4
12
)
1 d
_6/ Ex (4o — 82 4 32?)
0

1 —2a — 8a?

1
A7
R

drp? 2a

:m2/k2

Scalar Integrals

1(2,0)
lim m?*1(3,0)

w—2

I(1,1)

1(2,1)
1(2,2)

1(3,1)

w3t &

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)
(5.18)
(5.19)

(5.20)



Vector Integrals

L) = o kr@w [ dee (YT
AT qee T T R
. ik, 1
= =5 {E—C+2]1} (5.21)
ik, U de
L(2,1) = — — (1 - 22
1k U de
I,(1,2) = — —= 2 5.23
ik, (' dx
1,(2,2) = 16”2/0 REP 2* (1 — 1) (5.24)
ik, Lo de
LG, = 3%2/0 e T (5.25)
ik, L de
I,(1,3) = 3%2/0 R 7’ (5.26)
Rank Two Tensor Integrals
i, TE-w) (AT
1,(2,0) = 62 9550 (T2 (5.27)
1,(0,2) = 1,,(2,0) + kxk,1(2,0) (5.28)
i (2 —w) [4rp\> ™
[)\p(g,O) - 167'('2 g/\p 22' ( m2 (529)
. 2 - _Z
il_rg m°1,(4,0) = 1992 P (5.30)
7 ! A7 e
I(1,1) = 'z -—
x S xkyk, — Iw [2(1 — 2)k* —m?]
2w — 2
) l 1
= = kAkV{E—CJrB[Il—&]}
i 1 C 1
— . SR §
3272 " A {6 6+6+2}
i, f1
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i L Amp\° 7
™2,1) = 32W29A”F(2—w)/0 dxx(RkQ)
, 1
TN dz
_ 1—
Tomz o ¥ /0 Rz (1= 2)

KR L Av 1_ . i ALy ld_x . 2
= 39 {e C+2]1} 16W2kk/ORk2(1 T)x

i ! Ampe\ >
™(1,2) = 3977 g)‘”F(Q—w)/O dz x (Rk:Q)

B [ Ude 5
1672 o RK?
. Pow )l P B
- L I
G4r2 7 {e C+21} 167r2kk . B2
(5.33)
1 1
v o —1 v dx ALY dx
P2,9) = 327r2{ /qu_w)—%k /0 g (1-@}
(5.34)
U dx
Av _ A 2 2
I (3,1) = { /W$ — 2k°k /0 [Rk2]2x(1—x)}
(5.35)

Rank Three Tensor Integrals

. 1 47TM2 2—w
1) = 12— /d % — 2)7L
L) = gare-w [ () e
X {[me — (1 — :L')k‘Q} (G kP + g kN + gP k)

+ (1—2)’kK k" K’} (5.36)

. 1
Av ¢ ALy dx 4
P(2,2) = g {Zk k k:”/o REp & 1-2)

Vdr
R T (1—x)} (5.37)

(g)\l/ k,p_|_gz/p /{ZA +gpA kl/)
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Avp i ALV .p ' dx 3 2

Ldr
. RE x (1—3:)} (5.38)

o (g)\l/ kp +gup k/\ _|_gp/\ ku)

Rank Four Tensor Integrals

1 4 2w
[)\po'7'<4> 0) = 38472 F<2 — (,d) 2
X (g)\p Gor + 9xe 9rp + grr gpo) ; (539)
vpo i v _po v o vo
e2) = e L2—w) (9™ 9”7 + 9" g + 9" g"7)

1 47TM2 2—w
X /dex(l—x)(Rk2>

1 L de
P EVEPK | — 2P (1 —
+ 62 /0 [Rk2]2x< )

VA 1.p 1.0 { ! dx 3
_ (g kP k% + cycl. perm.) 02 ), "R (1 —x)

* Z v loa 1% g vo 1
= (6™ 9" + g7 g + g™ g ){;—7+612(§)}

3842

1 ode
PEEPK | — 2P (1 —
T 16a2 /O[Rw“ ?)

— (g”A k* k% + cycl. perm.)

7 Vdr
w7 © 0 9 (540)

vpo Z v g v g vo
"e(3,1) = TR L2 —w) (6™ g*° + g g™ + g"* g")

1 47_(”2 2—w
d 2
X /0 Tr T (Rk2>

v oda
R EPE | —— 2t (1 —2)?
+ 392 /0 [sz]Qx( x)

. 1 d
— (g”)‘ kP k° 4+ cycl. perm.) 6427r2 /0 ‘ 2(1 — 2)?
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1
38472
1
{— - C+3 —3]2}

€

(g)\u gpa +gup g)\a + gp)\ gua)

[ oda
RPEEER | —— a*(1—1)
3272 /0 FEA

1
d
(g”)‘ kP Ek° + cycl. perm.) / v
0

RE?

7*(1 —z)?
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