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A generalized recoil theorem to arbitrary order in the coupling constant including photon-
pair correlations is derived. The corresponding factorizable (because of pair effects not
completely exponentiable) radiative transition rate is valid for an arbitrary process with
arbitrarily many particles of arbitrary charge and mass. The theorem is first derived for
spinless source particles and then generalized to particles with spin.

I. INTRODUCTION

First-order recoil effects to arbitrary order in
the coupling constant including photon-pair corre-
lations are evaluated. Recoil here means correc-
tions to the soft (eikonal) approximation, which is
known to lead to a perfectly exponentiable result.
Due to the pair effects this exponentiation is not
obtainable for the recoil process, although it is
still factorizable and has a very convenient form.
The technique is here developed within the frame-
work of scalar electrodynamics and quantum elec-
trodynamics (QED), but the application to other
types of interactions is straightforward. This is
because nowhere in the derivation have we made
use of the smallness of the electromagnetic (em)
coupling constant. The theorem is generalized to
a process with arbitrarily many particles of arbi-
trary mass, charge, and spin. Before going into
the detailed calculation, let us first review some
earlier work on this topic.

The Low theorem was established for processes
in which one soft photon is emitted.! It was further
developed by Burnett and Kroll? and Bell and Van
Royen.® By the use of charge conservation, and an
assumption that the internal radiation amplitudes
are nonsingular, the theorem gives the form of the
recoil term o, in the series expansion of the radia-
tive differential cross section:

do

o
dk, k, (1.1)

+0 +0kp+ 00,
where k, is the photon energy. The term o, comes
from the interference between a term of order k7!,
i.e., the usual soft-photon current*

MOE (Tf,%ie(‘ - ko)(P—’i,i{‘; s .k)

and a recoil term of order k°. Here ¢ is the energy
cutoff introduced to distinguish between hard and
soft photons. It is introduced purely for calcula-
tional reasons, because the hard spectrum cannot

(1.2)

9

be calculated to infinite order. The actual value
to be used for ¢ is determined by the desired ac-
curacy of the calculation. p, and k are the four-
momenta of the accelerated charged particle and
the emitted soft photon, respectively. Primed
variables refer to outgoing massive particles. If
T is the matrix element for an arbitrary nonradia-
tive process, then from Feynman rules with a soft
approximation, the radiative matrix element with
one emitted soft photon is found to be

%R T, (1.3)

where ¢" is the photon polarization vector. It
should be mentioned that the cutoff € in (1.2) could
equally well be introduced in the spatial photon
momentum. The same contribution is obtained
also from the virtual soft photon when the photon
energy integration is performed, only that this
contribution has the opposite sign compared with
the cross section from the real photons.® Virtual
plus real soft corrections then in fact give no con-
tribution if it were not for the fact that &y, for
the hard photons, which depends on the energy E
of the outgoing charged particle, sometimes be-
comes less than €. One finds that when E tends to
its maximum value, k,m.x goes to zero (see, e.g.,
Ref. 6)

im &y, (E)=0. (1.4)
E—~Emax
Integrating (1.1) one then finds
a(E)=ooln{%l} + recoil (1.5)

which appearently diverges.in the limit (1.4). Thkis
is the only infraved divergence which survives
when virtual and rveal corrections are added and it
is entirvely caused by the kinematical condition
(1.4). (We investigated this in Ref. 6, which was
later corrected by Ross.®) This is the point where
the perturbation expansion breaks down and we
must sum up diagrams to all orders in the coupling
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constant. The corresponding multiphoton states
are most comfortably handled by the use of coher-
ent states’

lio) = UGHIO, (1.6)
where U is the Weyl operator
Uj,) = e 10-(i.a) (1.7)

and a' and a are the creation and annihilation op-
erators for the photon field. Summing over all
such diagrams to infinite order, where the nth or-
der is essentially proportional to ¢"2~", the soft
radiative matrix element is then given by the fac-
torized expression

M=|e"%) T. (1.8)

It is only in this soft corner of momentum space
that we have got an exact radiative S malrix, in
exact correspondence with the soft interacting
Hamiltonian. The latter is obtained by a soft cut-
off e for the spatial photon momenta in

s=e: Py v Au=it Ay . (1.9)
In passing we notice that the result (1.8) also ob-
tains when the operator current in (1.9) is replaced

by the classical particle trajectory,* the c-number
current

jut)=e [ ot - wr)ar,

dx (1.10)

’
Up= ar .

The soft limit is therefore essentially a classical
limit where the concept of a particle for the em
field, i.e., the photon, is hardly a meaningful con-
cept. To understand how quantum effects enter we
start from this exponentiable limit and derive the
recoil to infinite order in the coupling constant
(nth order is proportional to e"&~"*'); a combina-
tion of infinite summation methods for soft quantd’

FIG. 1. The mutual scattering of two spin-zero
particles by an arbitrary scattering mechanism. Parti-
cle one carries the charge e and particle two is neutral.

and Low’s recoil theovem for one soft quantum.’
During the performance of this generalization,
the full result of which is here going to be pre-
sented, we guessed part of it. In order to derive
the energy loss spectrum we simply inserted j°
—~j% gRecoll jp (1.8) according to Low’s result.® Ne-
glecting pair effects that simple recipe holds
when charged particles are spinless, whereas for
particles with spin magnetic terms appear in the
amplitude. In Ref. 8 it was assumed that all mag-
netic terms vanish in the spin-averaged transition
rate. However, this is only true for the anomalous
terms. The regular magnetic terms are precisely
needed to obtain the same transition rate as in the
spinless case. For the sake of simplicity, let us
here assume that the virtual recoil effects are in-
cluded in the core matrix. Once having obtained
the technical clue, this can then be used for virtual
corrections. It can also be used for improvements
on the relativistic eikonal model.® Clearly, in
strong interactions, where the coupling constant
is large, pair effects will become more important.
The situation will of course be much more compli-
cated because of isospin and unitary spin, but on
the other hand we cannot avoid an investigation of
recoil terms if we want to understand the differ-
ence between a field theory with infraparticles and
one with a mass gap.

II. RADIATIVE MATRIX ELEMENT FOR TWO
SPIN-ZERO PARTICLES

The scattering of two spin-zero particles (Fig.
1) when particle one carries the charge e and mo-

k]I
ki
p/ 2
X
' kjr+2 // P2
Jes e
p,+kl|+---+ kisfor s<r
X.=
Xrai s p,-k, —---—k, fors>r
P Jesl Is

FIG. 2. The same process as in Fig. 1 but now with
n emitted photons.
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mentum p,, and particle two is neutral and has
momentum p,, is first considered. The masses of
the two particles are m, and m,, respectively.
For an arbitrary scattering mechanism, if no
photons are emitted, the scattering matrix ele-
ment 7 depends on two variables, essentially the
square of their total energy, s, and the scatter-
ing angle ¢:

S=py *pa+Pi P (2.1)

t=(p2, _172)2 . (22)
We then let »n soft photons with momenta &, &,, ...,
k, and polarizations e,, e,, ..., e, be emitted in

this process. Let 7 photons be attached to the out-
going external charged particle leg and »n — » pho-
tons to the corresponding ingoing leg (Figs. 2 and

3), with rising photon index towards the vertex. FIG. 3. A typical “seagull” diagram with » emitted
For the radiative matrix element we then get photons.

MM =(ie)" Z <p;“’(”... 2(p{+kjl+...+kir-1)“j(r)
y =\ie Pl"kjl 2pf‘(kj1+-o-+kjr)+(kj1+-..+kjr)2

0
x (pw-l"Lm 2o Ry = Ry i) )
b1k, =2py(ky otk V(R bt ky P
—(—1)"-'[§< p,ll“ju) e — p;“i(s-l). ’g”i(S)“J(su) ce— pl"‘l(r.). . >
= pick, [y +eevky Vpio(Ry+ovky ) pi(Ry +cetky )
X(pwi(ﬁ” . DPrujiay >
prkiy  Dyc(Ry o '+k1,,)

_ i (1’1'#;(11,” Piny,) )
=T piky  pi-(ky+ee+k;)
m

x<p1“j(r+1),,, Diujsmn) BHi9 icsr) Piujin
)

broky  Di(ky kR L) Dy By g+ oootly ) by 4o ks,

x(p{+kj1+'-'+kjr;p2’|T|p1—k, —ee— ,n;pz)eflefz'-'eﬁ". (2.3)

r+l

We let D(p; q) denote the set of all permutations II(j,+*+j,). Then clearly II(j, * - j,) should run through
the set D(1; n) of all »! permutations among the » photons. The seagull terms, corresponding to Fig. 3,
shall be summed over all permutations IT° of the factor set DS.

D%(1; n)=D(1; n)/D(s; s+1) . (2.4)

As is well known from* the soft approximation is simply to count terms essentially of order e"k~". After
some straightforward algebraical work, omitting polarization vectors, (2.3) then factorizes to

T(p, - il ks;p2> , (2.5)

s=r+

n

. Pin s Du
MED. | 4, =(Ge)" n) -1)m-7 1 1 < g k.pl
: * ;7’( 1 D1tk 11‘11 brRy Pi ; siPz
where as well the k& dependence in the 7 matrix could be dropped. The factor () comes from the number of
permutations in the factor set

D, =[ D(1; n)/D(1; 7)) /D( +1; ), (2.6)

where we have already summed over the 7! permutations on the outgoing side and the (n — »)! permutations
on the ingoing side. Summing over 7 in (2.5) and neglecting recoil in the 7 matrix we obtain the formula
(3.6).

The main purpose of this work is to evaluate the recoil effects in (2.3), which is the collection of all terms
M**) of essential order ¢"k~"*!. Thus from (2.3) we get
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MW =D 4 x| 2.7

where M**(!) partially factorizes to

n n p u n pl#
MEED. 0, =) 2 30 D xuem =1 3 ll v % ’,;” (pi3031TIpsi p2) (2.8)
r=0 s<t HEDl Lot 1, 1;.’9+t1

and the tensor is the pair-correlation current

Xusue =€V [Xugu (b1 ks; ke) =Xugu(Dy; ks R 2.9)
with
1 Pw ks“ Pw, By DPiuhyus )
X + s _Pipg B b - ] 2.10
Hsks= by (kg +k)<p1 kg DLk brikpb, kS Susht ( )

Dit is the factor set D,/II, where the two s and ¢ quanta are already permuted. The form of (2.9) follows
from a first-order expansion of (2.3), and is proved by induction. The binomial theorem then gives

. . { by
MEXD | = (je)"? <—p,”‘-’— ——L) T(s; t)
ﬁl Hy ( sz<; Xuskt lrl \p! 'kl pl 'kl (

I=s,t

(2.11)

which is gauge-invariant since
Biixugus =0 for i=s, ¢ . (2.12)

We now turn to the & dependence in the T matrices (2.5), which also give rise to recoil effects.

III. EXPANSION OF THE T MATRICES

The T matrices in (2.5) conserve energy and momentum but not mass for particle one. They will there-
fore depend on the squares of the initial and final masses M,* and M /%, and of course also on s and ¢. In
the case of (2.5) they are

ylEM{2=M12+2p{'X; ki (3.1)
e
va= MiP=m?=2p,+ Yk, , (3.2)
s=r+l
R T TD MDA (3.3)
8§ = s=r+l
ya=t=(ps-p,). (3.4)

We assume that the 7 matrices are analytic in all these four variables, and can then expand them into
power series around k,=0. To the order e"k~™*! we then have

1 =
MR =N, +RD (3.5)
where N(V is of essential order ¢"¢™" and given by
Pip
) = (je)" LFuy
N ..y, =(ie) ”‘ % Pl‘k:> T. (3.6)

This is just (2.5) after summation over 7, if recoil is neglected in the 7 matrix. The correction term
RM™ is of the order ¢",~"*! and given by

Diu biu
RY. n rI_J(L) _-’(‘l 1)n-r
Ba® e o by =(ze) r- D1k =Dy k (

[sz Z; By, - Ty2b, l‘: k, +T3(p2 Z;k,t par 3 k,,)]. (3.7)

= 150

nen;

T,, T, and T; are the first-order partial derivatives with respect to y,, y,, and y,.
There are () elements in D, for a given 7. Let us fix one arbitrary out of these II(j,**+j,)=II’ and for
the corresponding term in (3.7) we get
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’ ’ n
(ie)" pl“i(l) pl“.i(s) p”‘l(’)( l)n-r
T D1 'kj, b1 .kjs -r+1 by J,
I=s 1=

x[n2p:- PR LTS P (pi+ 3o ki 3 B, )] e®

We then pick out that permutation II” which corresponds to that configuration, where the arbitrarily chosen
Jjsth photon in (3.8) is moved from the outgoing side to the ingoing

(i) pl’.l‘“) Pwt“ p”‘z(l) (cpyr-r+
pivky Dyk = i byky,

[T12p1 zkj, -T; (21’1 k +2P1 ) + Ts(pz Z; k; 1 j, =P2 'kjs>:' . (8.9)

I#s

1=s

If we multiply (3.8) and (3.9) with k;, and add these expressions, we get

’
pl“m) Diuyiy)

(ze)" (=1)*= [2p{ 'kjs T, +2p, .kjs T, +(p; 'kjs*'Pz 'kjs)Ta] . (3.10)

1 P1 Ry, 5 P1'kj,

1#s Cl=s
This is the part of M"), which is projected out by k; for a given 7 and given permutations II’ and I1”. We
then again break out k; and sum over 7, s, and II, where IT now runs through the set D{. Dj{ is the same

as D, except that the j th photon is missing. R (') is then obtained to be

n/p{ b
T 3 H(p;k—f—“,g—) [20in,Tr 20, T (g ikt 5 b)), GaD)

where we have made use of the binomial theorem. Components proportional to p} ugand p,, are absent in
(3.7) and therefore also in (3.11).

Equation (3.10) is nonvanishing and accordingly M( given by (2.7) is not gauge-invariant. We therefore
must add a correction M(®, which is the amplitude for radiative processes when not all photons are emitted
from external particles (Fig. 4). This could be understood as follows:

The current given by (3.11) is not conserved. Because of charge conservation it must therefore exist a
certain leakage somewhere. All processes, where every photon is emitted or absorbed before or after the
scattering, are counted. The leakage must therefore take place during the time of interaction. In the “in-
teraction-bubble” (Fig. 4), symbolically denoted by 7, we do not know how matter and charge distribute or
propagate etc. Thus radiation emitted from this state of excitation cannot directly be expressed in propa-
gators and vertices. The corresponding leakage current is denoted by M(?,

The total matrix element is

Mux-..u"=M(;111)...u,,+M£,21)...u,. . (3.12) p|’ kj,
Since the over-all current is conserved, for an \{
arbitrary s such that 1 <s<n, we have S k i Pa
= .
Ry OMy,. .. u,=0 (3.13)
K.
from which we get that MY and M(® are related In o
Kirasai
S
RUOMP. . uy=~RIOMD. L, 4
j . k., P2
=—k,‘;’(s)Mﬁ1.). “Hn // Ir+s
= —kf:(s)RE‘IL). eellp (3.14) /< K
i
However, in order to derive the j ,th component of P, !

M®, which appears when we know how to break k;,
out of (3.14), we must further conjecture FIG. 4. A typical diagram with “internal” radiation.
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(i) M contains no charged one-particle propagator due to the Jj ¢th photon, and is accordingly nonsingu-
lar for vanishing &; . This has proved to be true for a large number of diagrams, where internal closed-
loop integrations remove the j th photon singularity.

Conjecture (i) directly excludes terms like (2.11) and (3.6) in M® and thus

Nglzl)' .. I‘n=0 ’

(3.15)
MEE?, 4,=0. (3.16)
It further gives the j ,th component of M® out of (3.14) and (3.10)
(2) n pll‘ bry,
My,. .. u,=~(i€) 2; H (p & h ) (2610, T +2P1u To+ (Do +D2n) Ts] - (3.17)

I=s
The T;term in this is different from that in (3.11). Namely, the 7; term projected out from the sum of
(3.8) and (3.9) by k;, has the form

by 2%
_.__LS ._—ﬁ
Pl s bz kjs+ 7, 'k-fs b2 kjs) T, (3.18)

and provides two possible ways to break out k, : (3.11) and (3.17). The latter has no j, propagator be-
cause of (i).

From (2.5), (2.7), (2.11), (3.5), (3.11), (3.12), and (3.17) the soft radiative matrix element, to the order
e"k~"*! is obtained to be

plu, p )
= (i0)" iilat SN V.3 B8
My o in [(“2) u(p;-k, Pk

+ze2(———‘-p1“ Dpak+ p”; P2 ks=biu, pzps>aaTT(ie)"" n(-‘-pl“ TS >

=\P1i "k, b T\P{ "k PR
1=s
Pin Py
k,; k)ie)"? H(—,——‘————’)] ;0. 3.19
+§1XFth( o3 b)) . =,p1'kt “p1ky Ts; 0 ( )
§< *8,

Denoting the soft current (1.2) without normalization and cutoff by £° and introducing an f® for the operative
recoil current, we get

Moo= [ Qf%,<k,>+ z;fﬁs(ks) gf%,(k,) + S.Z;(:?x“sm(ks; k,) ,g{’?'(k')] T(s;0) . (3.20)

The generalization to arbitrary many particles of arbitrary charge and mass is straightforward.

Pn

FIG. 6. A process with N particle legs and an arbitrary
FIG. 5. A process with N particle legs. number of photons.
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IV. GENERALIZATION TO ARBITRARILY MANY PARTICLES OF ARBITRARY MASS AND CHARGE

We first consider a process in which N charged spin-zero particles are scattered by an arbitrary mech-
anism (Fig. 5). The corresponding nonradiative matrix element we denote by 7, which as before we as-
sume to be an analytic function of the external momenta. The particles have masses m,, m,, ..., my and
charges @,, @, ..., @y. Thus, attaching n soft photons with momenta &,, &, ..., &, and polarizations
ey, €y -+ -, €,, We get for the radiative matrix element (Fig. 6)

N o
M(“l). - {( }; l: Z ﬁ (Q,e,-)b(t) a(i)+1
v ) =0 nep(i;n) 121

V=L ee s N)

<[ b “m(s)) 2Pt (Rygin + 00+ Ryoa) 1) se0in) )
“(it jacin * 0 (2010 gy + 0+ Ry +€x * (Bigin +** *+ Bigiy P

r)=-1
2 Z ﬁ (R BLOL O < Pinggiiy **Pibjeny )
" s=aln) epitim 32 "\bi kiagin P Ryt Ry

x( Drija(m) e« Pritjigo1y 8i(s)Licsn)* * “Pritjiniry )]}
b km(r)) b (kj(a(r))+ trot kjs_l)pr : (k!a(r)"" tot kjsﬂ) o (kl k:,,(,))

a(r )

(4.1)
Here, the sets of permutations D(1; #) and D*(1; ») are given in Sec. II. The ¢; is defined by

€; =+1 (-1) if the 7th particle is outgoing (ingoing) .
For the factorizable part corresponding to (2.5) we obtain

b(i) b(r)

M) = Ge) Z; > INI(QE)"“"““)” H MT( +€, Z kJ‘;r=1,...,N>, (4.2)
b(v)=0 IIEDN ES

1=a(i) i " Rjcny t=a(r)

V=l,e 00 N

where Dy is the factor set

N
Dy=D(1; n>/11ma<i>; b(®)) .

Then collecting all terms of order e"~""! and proceeding exactly like in the previous case, the result is

M. patiey ] 3 S
1= 1

) s e B2 9 ) . \n-1 < Qieipi“l) -
e ;; ; Qr€r<pr .ks er s aPr €r aprﬂs T(le) III =] pi .kl

I#s
b 3 el Rtier= T (3258 7. ‘ (4.3)
s,t=1 = 3 = pi'kl
s<t 1#s;t

In a first-order momentum approximation this gives

Muy. . oup= ﬂ[f?‘l(kl) +f Ri(Ry)] + XHs Bt fut(kt (4.4)
35 &Th

s<t I#s.

where the pair-correlation current is now defined by

N
Xusn:=(ie)22 Q,%, X, (4.5)

and 7 denote the rth particle channel. Then like before we define

f%(k)=iegeieiﬁﬂj—k (4.6)

and for the recoil current
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fﬁ(k)=ieﬁ:Q‘ei2D,~“(k) . (4.7)
iml
where the D’s are the differential operators

X 9 9
Du(p)=Lit_p. 2 _ 2 4.8

i bk ap; Lo/ 2 (4.8)
The first term in (4.8) corresponds to the translation in momentum, p, -p; +€;k, and the second is the
leakage current. In a first-order momentum approximation (3.20) equals (4.4), which is gauge-invariant
due to charge conservation 3,7, Q,e,=0. Derivatives of T with respect to masses,

b(7)

yf=Mr2=mrz+2€rp'. Z()kj‘ ) (4,9)
t =a(r

do not contribute. This is shown similar to Sec. III.

V. GENERALIZATION TO PARTICLES WITH SPIN

We here choose the case when the source particle has spin one-half and anomalous magnetic moment A
and will everywhere indicate when some formulas are valid for arbitrary spin. According to the foregoing
it is no simplification to let all photons be emitted from one of the particle legs. The nth-order matrix
element corresponding to (2.3) is then defined by

(Yﬂj(l)_ X[YPJ-(].) ’ kh])(ﬂll + kjl +m)

(1.2.. n u(Pl) (p;+kjl)2 - mz

(1 .
Mys...pp=lie)"
it

yia) =MD y00) o Bip VB + By + B +m) .
(b +ky +ky, ) = m?
X by m =My R DB+ Ry 2o o+ Ky +m)
(pl’+kjl+ . -'+k,-")2-m2

T(p{+hy + 2 +k; ;Ds;D15P2)u(py).

(5.1)
Straightforward algebraical calculations and iterated use of the spinor relations
a(p{)p{-m)=0
and
Apihvu (#1+m)=u(p])2p
leaves the following formula
! Yu k
Moo =2 [ Ttk + 3780 T 8t wie 3ot -n b em)] [T r%ute
=1 § =] = S = p]. s =]
1#s I=s
+ 21_: Xusus(Rgs ky) I,If%l(kx):lT(pl’;f’z,y'l’ﬁpz)u(l’x)a (5.2)
s,8 =1 =1
s<t 1=s,t -

where the currents are given in (4.5) to (4.8) with N=1. The operative part of the recoil current f* shall
here act only on ¢ and not on the spinors. The form (5.2) is made gauge-invariant as before and is easily
proved by induction. Except for the magnetic terms

Y#skszé[')’l‘s’ ks]=—io“sukv ’ (5'3)

it is identical to the result in the spinless case (3.20). Covariance and gauge invariance implies that the
nonmagnetic part is valid for arbitrary spin. The transition rate we derive in two steps and we first dem-
onstrate that anomalous terms, proportional to A, in (5.1) do not contribute. It will do to study the sth
photon contribution, since the rest may for the moment be included in 7.

2p1us = Ayus, BJ(#i+m)
2p{ kg

M =iea(p!) Tu(p,)els . (5.4)

From this we get a recoil (by use of the notation T='y°1“7y°)
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|©

Ml == s G T {4 m) TG {4y, RN )T}
+(B{+m)[és, R J(BL+m)T(#, +m)T }

= O s el ) T AT )T

+(BLrm)éy, B JBL+m)T (B +m)T}=0 . (5.5)

This is because from p/=(p],, 0) we have y*(#{ +m) t y°=(#]+m), and then (5.5) is always identically zero,
which follows from covariance. It now remains to be demonstrated, the role of the non anomalous mag-
netic terms in (5.2) when it is squared and spin is summed over. For the moment we drop pair effects
and anomalous terms and the matrix element is then given by

—(1,\55 ’ pl{ ‘€ . ésks 3 pll. ‘e T
Mg = . v n § : , l .6
a = (i€)"7(p] [z 2Pk * S 2]k, rs b1k 4= es*Di(k,) ]T(pl)u(pl) (6.6)

I=s

and the correspdnding transition rate is proportional to

eZn pl e 2 , _
o (5 metotem T emt)

e2 Jet k,) : H(p: :;) [lé A1 (I/Jz;lm)f(jﬁm)?' (7! +m)2i>1k 7;(#’1+m)7']

IMnd ,2 =

ezn

s H(m )SZ,H(;, k)Tr{(ﬂ1+m)[e Dy ()TN, +m)T

+(#{+m)T(#,+m)e - D(k)T]} . (5.7)

We then insert
(Blrm) B+ R b (Bl +m) 2] -e K =2p] k¢,
2p) kg 2p1 kg
=ey D, (k) B} +m) (5.8)

which gives

2_ 2n 2 P;"ez . 2
eV (e Lt (oo ( ) e BRI

= H(&—et) (‘ﬁf ve, Dylk, ))|T|= (5.9)

where T is defined by
|T? = ) la(p ) Tulp,)?
spin

= 5z T +m) T+ mIT ] (5.10)

Including also pair correlations we obtain

2_ _2n pie 1 .pT bies A 2 |
e TN o 1 3 ] (sl oo

1=1 t= 1
s<t I=s,t

independent of spin. In the one-photon case this agrees with the result of Ref. 2. For simplicity we have
here dropped the cutoff functions and the normalization factors of the currents. The generalization to arbi-
trarily many particles of arbitrary mass and charge now follows trivially from the preceding section, Egs.
(4.1)—(4.4). As mentioned before the validity of (5.11) for arbitrary spin follows from covariance and

gauge invariance. (See also Ref. 3.)
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VI. SUMMARY

We have thus derived a generalized first-order recoil theorem for real soft quantum emission to infinite
order in the coupling constant, including pair-correlation effects. It is valid for any process with an arbi-
trary scattering mechanism and where the source particles have arbitvary mass, charge, and spin, when
spin is averaged over. When polarized particles are studied the nonmagnetic part of the amplitude is al-
ways the same, whereas the spin part naturally varies with spin. Nowhere in our derivation have we used
the assumption that the coupling constant shall be small, and we therefore can apply this result to theories
with an arbitrarily large coupling constant. Straightforward generalization of (5.2) to a process with arbi-
trarily many (N) spin- particles with arbitrary mass and charge @ gives the soft radiative transition am-

plitude
185 0k (33 om0

Ba=ﬁ(p8){1:1fo(k1) ‘e + sz:;fR(ks) ‘€ lllfo(k') ' e‘
p*s 1=s

+ E e x(ks k) e, Hf"(k) e,l‘z’u(pa). (6.1)
ss‘(?1 I#s,t ’

Here the spinors stand for the direct spinor products of ingoing and outgoing particles, respectively. For
spinless particles the magnetic term disappears and we obtain (3.20). In a process where the initial par-
ticles are unpolarized and where final spin is unobserved the transition rate follows from (5.11) and (6.1).

Defining f=f°+f® and summing over photon polarizations we obtain

3 ML= 17 [1re e [ TT k) +2 2; Xk k) Hf°(kz)] | 7f°
s<t 125, t

= (-1 [H|f°(kz)lz + gf°*(k,)-f*<k,> +2 :L,:f"*w xtlsi By o) TT 172k 170 . 6.2)

With the densities
fo*(kl) 'f(k]_) = Oo(kl) +6R(k1)
Eq. (6.2) is

;IM,';dI2=(—1)" [g6°(k,)+ HGR(k,) +2 Z‘:

where the first term is the well-known exponen-
tiable part.

The obtained result shows how correlation effects
modify the exponentiation. Still, however, it is
partially factorizable and explicitly obtainable to
infinite order in the coupling constant, and is
therefore in exact correspondence with the Lagran-
gian model in the soft corner of momentum space.
In a second paper we shall treat the complete an-
swer by including also virtual recoil effects in an
elastic nearly forward scattering process. Tech-
nically we have got the clue to this since the ap-
proximation in a certain infinite-momentum limit
is exactly the same. We are then able to study

s<t I=s,t

FOX(kg) * Xk ) O*(Ry) 1‘1 a°<k,>] 1T, (6.3)

I#s,t

-

how eikonalization® should be modified in an exact
treatment and not by selecting certain graphs. It
is also nice to notice the form invariance of the
result with respect to change of mass, charge, and
spin, which enables us to sum also over interme-
diate resonances of the charged particles.

ACKNOWLEDGMENTS

It is a pleasure for me to thank Professor Karl-
Erik Eriksson and Dr. Olle Brander, Dr. Giorgio
Peressutti, and Dr. Yoshi Ueda for stimulating
discussions and a critical reading of this manu-
script.




2904

!'F. E. Low, Phys. Rev. 110, 947 (1958).

2T, H. Burnett and N. M. Kroll, Phys. Rev. Lett. 20,
86 (1968).

33. s. Bell and R. Van Royen, Nuovo Cimento 604, 62
(1969).

‘D, R. Yennie, S. C. Frautschi, and H. Suura, Ann. Phys.
(N.Y.) 13, 379 (1961); K. E. Eriksson, Nuovo Cimento
19, 1010 (1961); Phys. Scr. 1, 3 (1970); J. M. Jauch
and F. Rohrlich, Helv. Phys. Acta 27, 613 (1954);

R. J. Glauber, Phys. Rev. 84, 395 (1951).

5J. D. Bjorken and S. D. Drell, Relativistic Quantum
Mechanics (McGraw-Hill, New York, 1964), Part I.

fL. Matsson, Nucl. Phys. B12, 647 (1969); M. Roos and
A. Sirlin, ibid. B29, 296 (1971) D. A. Ross, Nuovo
Cimento 10, 475 (1972)

LEIF MATSSON 9

"R. J. Glauber, Phys. Rev. 130, 2529 (1963); 131, 2766
(1963); V. Chung, ibid. 140, B1110 (1965); J. R. Klauder
and J. McKenna, J. Math. Phys. 6, 68 (1965); J. R.
Klauder, J. McKenna, and E. J. Woods, ibid. 7, 822
(1966); T. W. B. Kibble, ibid. 9, 315 (1968); Phys Rev.
173, 1527 (1968); 174, 1882 (1968) 175 1624 (1968),;

J K. Storrow, Nuovo Cimento 54A, 15 (1968).

8K. E. Eriksson L. Matsson, and G. Peressutti, Institute
of Theoretical Physics, Fack, S-402 20 Gdoteborg 5,
Institute Report No. 71-2 (unpublished).

’H. Cheng and T. T. Wu, Phys. Rev. 186, 1611 (1969);
Phys. Rev. D 1, 456 (1970); 1, 459 (1970); 1, 467
(1970); S.-J. Chang and S. K. Ma, Phys. Rev. 188, 2385
(1969); M. Lévy and J. Sucher, ibid. 186, 1656 (1969);
Phys. Rev. D 2, 1716 (1970). _

PHYSICAL REVIEW D

VOLUME 9, NUMBER 10

15 MAY 1974

Gauge-invariant signal for gauge-symmetry breaking*

L. Dolan and R. Jackiw
Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 17 December 1973)

The effective potential is computed to order Z in an Abelian gauge theory—scalar electrodynamics.
The calculation is performed first in the ghost-requiring R gauges. The corresponding expression is
also derived from the unitary Lagrangian. We discuss the gauge dependence of the effective potential
and its minima in connection with spontaneous symmetry breakdown; and we interpret the unitary

computation to:be the physically relevant one.

I. INTRODUCTION

Minima in the field-theoretic effective potential
V indicate symmetry properties of solutions for
the theory.! Unfortunately, an exact calculation of
V is rarely possible; often the best answer to be
had is the first few terms in a loop expansion.?~
In general, one goes beyond the lowest tree ap-
proximation, so that effects due to accidental sym-
metries,*® finite temperature,’ or radiative cor-
rections® can be examined. However, any approxi-
mate calculation may be unreliable; it may exhibit
unphysical minima. (For example, we show in
the Appendix that in ordinary quantum mechanics
one frequently commits errors when the exact V
is approximated by a finite series since the series
does not converge in the region of the true mini-
mum.)

In gauge theories the effective potential is gauge-
dependent.**® This presents difficulty in assess-
ing the validity of any approximation to the com-
plete V, since the gauge dependence may create
false minima. Also, a direct physical interpre-
tation cannot be given to a gauge-dependent quan-
tity. Furthermore, it has been alleged that in
some gauges (the R , gauges ®) V cannot be defined.*

In this paper we compute the effective potential
to order 7 for an Abelian gauge theory—scalar
electrodynamics. We show how even in the R ¢
gauges a potential can be defined. The calculation
in this gauge is of additional interest as it involves
a treatment of ghost loops. The problems with
gauge dependence are vividly portrayed in our
calculation. Inthe R, gauge, V is already gauge-
dependent in the tree approximation and possesses
stationary points which do not correspond to physi-
cal solutions of the theory.

We suggest that the difficulty of the gauge depen-
dence may be resolved by considering the unitary
Lagrangian £, (frequently called the Lagrangian
in the unitary gauge). This unitary Lagrangian can
be obtained as the limit of the corresponding ob-
ject in the R, gauge. However, we shall argue
that £, may be viewed not merely as a Lagrangian
in a special gauge, but also as the Lagrangian for
the theory when all gauge degrees of freedom have
been removed.® The unitary Lagrangian reflects
the physical spectrum for its fields, and the ef-
fective potential V; associated with it merits the
physical interpretation given by Symanzik.'®

The danger with computations based on the uni-
tary Lagrangian is that they may not be renor-



