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The one-loop helicity amplitudes for the elastic scattering process: yv in the standard model are
computed at high center-of-mass energies. A general decomposition of the amplitudes is utilized to investigate
the validity of some of the key features of our results. In the center of mass, wherBw, the cross section
grows roughly as»® to near the threshold fow-boson productiony/s=m,,. Although suppressed at low
energies, we find that the elastic cross section exceeds the cross sectjon-faryr when/s>13 GeV. We
demonstrate that the scattered photons are circularly polarized and the net value of the polarization is nonzero.
Astrophysical implications of high energy photon-neutrino scattering are discussed.
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I INTRODUCTION A(s,t,1) =U(P2) Y,u(1+ ¥5)U(P1) M uap(£1)ale3 ) g,
(2.2
The scattering procesgr— yv has been studied in the

past using the four-Fermi theof{L], vector boson theories yheres; ande are the polarization vectors for the incom-
[2,3], the standard mod¢h,5], and model-independent pa- jng and outgoing photons, respectively, and the Mandelstam
rametrizationg6]. At low energiesw<m,, wherew is the variabless, t, and u are defined bys=—(p,+ky)2, t=
energy of the photon in the center of mass emds the mass  _ (p1—P,)? ,anduz — (p1—k,)2. Here, the four-mc;menta
of the electron, the cross section for the elastic scatterings 1o incon,1ing neutrino and photon a;,n@ andk,, respec-
yv— yv is exceedingly small5]. As it is shown in the Ref. o)y with p, andk, denoting the corresponding outgoing
[7], the cross section for the inelastic process—yyv is  momenta. The tensaM,,,; can be expressed in terms of

much larger than that of the elastic scatteripg—yv. (o, linearly independent, gauge invariant tensdfs, ;, i
However, with increasingy, the elastic cross section even- —1,..4[8.9]

tually exceeds the inelastic cross section. Here, we show that
the crossover occurs at~7 GeV.

. . . . - (1) (2)
Our explicit calculations, performed for high energies Mpap=Ma(SLUT 45T Ma(SLUT fop
with massless electron neutrinos, show that the scale for (3) (4)
A ' o + s,tL,u)T > .+ s,tu)T s (2.2
yv— yv scattering is set byn, . In fact, the cross section is Ma( ITiiap™ Ml Thap- (2.2

effectively independent of the electron masg,(except near

forward and backward directionsFurthermore, since the 10 facilitate the inclusion of the Bose symmetry, which re-
weak interaction violates parity, we find a large circular po-duires the invariance of the amplitude under the exchange of
larization of the scattered photons. the incoming and outgoing photons, we use four tensors

In the next section, we utilize a decomposition of the Tk Which have a definite symmetry under this exchange.
elastic amplitudeA(s,t,u) to obtain the general properties of For our choiceT((),; is symmetric, whileT(?);, T¢) ;. and
and restrictions on the helicity amplituded, , (s.t,u). Tsfa)ﬁ are antisymmetric. As a consequence, Bose symmetry
Section Ill contains the numerical results for the completeequires the following relations between the four scalar func-
one-loop helicity dependent differential and total cross sections M;(s,t,u), i=1,...,.4:
tions. This is followed by a discussion of the production of

circularly polarized photons in high energyw— yv colli- M(s,t,u)=M,(u,t,s), (2.3
sions, and an estimate of the temperature at which, during

the thermal evolution of the universe, photons and neutrinos Mi(st,u)=—M(uts), j=2,3,4 (2.4)
decoupled. e e e '

In the center-of-mass with massless neutrinos, the con-
tractions of the tensor?ﬂ{w with the neutrino factor§,

The Lorentz-invariant amplitude for the process =u(p2) v.(1+ ys)u(p,) and polarization vectorseg), and
—yv can be expressed §8] (£3) 4, result in the following helicity basigs]:

Il. THE yv—yw ELASTIC AMPLITUDE
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T %) 5=—5C0g B/2)[t(N1+ N+ 2N\ u su
,uaﬁg,u(sl)a(SZ)B S )[ ( 1 2 1 2) Q(S,t,u):Ms(Sat'u)_zfMl(S’t’u)+4t7M4(S’t'u)'
+4s\ 1\ ;] (2.5 (2.19
T 5€,(1) o(£3) g=StCOL O12) (N1 =), (2.6)  The interchange a§andu in Egs.(2.13 and(2.14), together
with the Bose symmetry requirements of E(¢s3) and(2.4),
Tfiﬁgﬂ(el)a(sz)ﬂzstcos( 012)(1—N\1\>), (2.79  result in the following relations:
4 s’u FU,,S) =AM (S,1,U) + 8 My(S t 2.1
Thapéu(e1)a(e3) g= —8——COL I2)A1\2, (2.8 (u,t,8)=4My(s,t,u)+8 - Ma(s,t,u), (219
whered is the angle between the incoming neutrino, which is _ 53
moving in the+z direction, and the outgoing neutrind; Glu,t,s) == Ms(s,t,u) =2 t Ma(stu)
==*1 is the helicity of the incoming photon, ang=*1 is
the helicity of the outgoing photon. Of these contractions, _su
Eq. (2.6) is antisymmetric under the exchangenafand\ . 4t—2M4(s,t,u). (2.16

The other three, Eq<2.5), (2.7), and(2.8), are symmetric

under this exchange. The imposition of time reversal invariysing Egs.(2.13—(2.16) in Egs.(2.9—(2.11) results in the
ance, which implies the symmetry of the amplitude under thgoliowing general expressions for the helicity amplitudes:
exchange of\; and\,, means that the T-violating part of

the helicity basis, Eq(2.6), must be excluded. A, . (s,t,u)=sucoq 0/2) F(s,t,u), (2.17

Using Egs.(2.), (2.2), (2.5), (2.7), and(2.8), the helicity
ampIitudesAmz(s,t,u) can be written as

A, . (s,t,u)=2scog 0/2)| 2uM(s,t,u)

su
—4TM4(s,t,u) , (2.9
A__(s,t,u)=2scoq 0/2)| —2sM;(s,t,u)
su
—4TM4(s,t,u) , (2.10
A, _(s,t,u)=2scog 0/2)| (s—u)M(s,t,u)
su
+tM3(s,t,u)+4TM4(s,t,u) :
(2.11
A_.(s,t,u)=A, _(s,t,u), (2.12

where t=—3s(1—2), u=—3s(1+z), z=cosé, and we

A__(s,t,u)=—s?cog 0/2) F(u,t,s), (2.18
A, _(s,t,u)=stcog 6/2)[G(s,t,u)—G(u,t,s)]. (2.19

In order to ensure the conservation of angular momentum in
Egs. (2.17—(2.19, it is necessary to require that the func-
tions F(s,t,u), F(u,t,s), and[ G(s,t,u) —G(u,t,s)] be non-
singular in the limitu— 0 (backward scatteringln addition,
the function[ G(s,t,u) — G(u,t,s)] must also be nonsingular
in the limit t—0 (forward scattering

From Eqs(2.17—(2.19, it is clear that the interchange of
s andu, results in the following relation:

A)\l)\z(s,t,u):A_)\l_)\z(u,t,s), (22@

where, under this interchange, the fact@rcos@/2)
=sy/—u/s becomess\—s/u=—s\—u/s=—scos@?2).

We can use Eq2.20 as a check of our calculation. To
do this, we must express the helicity amplitudes as functions
of sandu such that these functions remain well defined after
the interchanges<~u. A certain amount of care must be
exercised when performing a numerical check of €520,
because it is convenient to use the fact thatd andu<0
when caIcuIatingA)\l)\z(s,t,u). The interchange o$ andu

would seem to move the numerical calculation into the re-

have assumed time reversal symmetry and, therefore, omigion s<0 andu>0 in order to make the comparison. How-

ted M,(s,t,u). Notice that Eq.(2.12 is the result of

T-invariance, not Bose symmetry.
To include the requirements of Bose symmetry, E3)

ever, no additional calculation is required if one remembers
that each of the diagrams of Fig. 1 has a counterpart in which
the photons are interchanged. If a particular scalar contribu-

and (2.4), and also to exhibit the conservation of angulartion to one of the direct diagramsfgs,u) the corresponding
momentum in the expressions for the helicity amplitudescrossed diagram will contributi(u,s). When it is assumed
Egs.(2.9—(2.11), we define the following two independent thats>0 andu<0, the result is a functioriy(s,u) for the
scalar functions: direct diagram and a different functiof,(u,s) for the
crossed diagram. The functidn(x,y) is not defined when

J—'(s,t,u)=4M1(s,t,u)—8§/\/l4(s,t,u), (2.13

its first variable is negative and its second positive, while
fo(x,y) is not defined when its first variable is positive and
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tering in the forward direction to the total cross section for

e the procesyyr—W"e™ as
7 NN AV AV
[} [}
[} [} 1
Y NN N AVAYAYA R
AN Here, \ is the helicity of the photon, and, represents the
(a) v (b) total cross section for a photon of given helicity after

summation over the helicities of th& boson and the elec-
tron. Our explicit calculation gives

VA(s,m2,m2) m2 m2
U+=2\/§Gpa+w 1+?W 1+2?W
’ 6 2 4
N m m m
} . +S—gvl(s,m\"}\,,mﬁ)—?Vv(l—s—;’V)I(s,mi,m\zN)
(9)

VA(s,m3,m&) (1 m\%\,) ( L m\z,\,>
s

(3.2

FIG. 1. Diagrams for the procesgv.— yv, are shown. Dia-
gram (d) gives a vanishing contribution. For each @, (b), (c) o_=2V2Gga

there is also a diagram with the photons interchanged. S
2 212
its second is negative. Since tke>u interchange essentially + —W( 1- —W) I(s,m\z,\,, mg)
exchanges the direct and crossed contributions, we can use S S
ma, ma,\ 2 ,
F(s,u)=6(s)6(—u)fy(s,u)+6(—s)0(u)fa(s,u) t5 |17 ) lsmemy) |, (3.3
(2.21

for the direct contribution and where

N(X,Y,2)=X2+y2+ 72— 2xy—2xz—2yz, (3.4

X—y+z+ \/)\(x,y,z))
X—y+z—+v\(X,Y,2) '

We retain the electron mass in the functiong,mé,m2),
lll. DIFFERENTIAL AND TOTAL CROSS SECTIONS I(s,m2,m2), and|(s,m%mé) to ensure that the cross sec-

We calculated the diagrams of Fig. 1 in a nonlin&r tions vanish_ at thresholgs= my,+m,. In the coeffigients of
gauge such that the coupling between the photonyither-  these functions, we have dropped powersmﬁmw. The
son and the Goldstone boson vanisf&40,11. Using alge-  SPIN averaged cross sectioar (+ o)/2 agrees with the re-
braic manipulation softwarscHooNscHIP[12] and Form  Sult previously obtained by Seckl8].
[13], the diagrams were decomposed in terms of scalar BOth cross sectlozns ?pproacr; the same constant when
n-point functiong 14,15, and then checked numerically with VS M. Sincel (s,m, m) ~In(mz/mg), each cross section
the FORTRAN codesLoopP [16] andFr [17]. In addition, using ~contains a Inﬁﬁ) term, which our numerical calculation of
Egs.(2.21) and (2.22), we demonstrated that our numerical A\ (S, 6) will not obtain in the forward direction due to the
calculations for the helicity amplitudes, satisfy Eq8.12  assumptiors,t,u>m2. Nevertheless, we can use the optical
and (2.20. To simplify the calculations, we assumed thattheorem to check the high energy behavior of our amplitudes
s,t,us>mZ. Several of the scalar-point functions depended because the Inf;/mf) terms ino, and o_ depend very
upon Ingny) or In(m,). However, it turns out that every dia- differently onma/s; (m&,/s)® versusmi/s. Indeed, fory/s
gram of the Fig. 1 is independent of tme,. Due to the =200GeV, and A=+1, our calculations for the
assumptiors,t,u»mg, in general, we do not expect that our —Im A4, , (#=0)/s ando, are in good agreement with Eq.
results be reliable near the forward and the backward dired3.1), while for A\=—1, the cross sectiowr_ is almost a
tions, wheret— 0 andu— 0, respectively. factor of two larger than the quantity ImA__(6#=0)/s.

To study the degree of reliability, and also as a partialHowever, at higher energies, we find an excellent agreement
check of our calculated helicity nonflip amplitudes near thewith Eq. (3.1) for bothA = =1 helicities.
forward direction, we use the optical theorem, which relates Before leaving the subject of the behavior of the nonflip
the imaginary part of the nonflip amplitude for elastic scat-forward helicity amplitudes, it is worth noting that the exact

F(u,s)=0(u)6(—s)f,(u,s)+6(—u)o(s)f,(u,s)
(2.22

for the crossed contribution. Clearlly(s,u) andF(u,s) are
well defined for boths>0, u<0 ands<0, u>0.

I(x,y,2)=1In (3.5
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At dd YV > YV
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FIG. 2. The helicity dependent differential cross sections for FIG. 3. Same as Fig. 2 witk's= 200 GeV.

yv— yv are shown for/s=20GeV. The solid line islo__ /dz,

the dashed line islo,, /dz and the dotted line islo,. - /dz  where,\; and\, are the helicities of the incoming and out-

=do_,/dz going photons, respectively. Figures 2 and 3 illustrate the
identity of the amplitudest, ~ and.A_, , as required by Eg.

value of the forward helicity amplitudel,,(s) can be ob- (2.12. They also show the vanishing of the amplitudes for

tained using the dispersion relation backward scattering)= 7. However, they do not exhibit the
5 , R vanishing of thed, ~ or A_, in the forward directiong
Ay ()= S_fw d_s oy\(s') on(s )> (3.6) =0. As we stated earlier we do not, in general, expect our
M T Jmy+mg2 8 | 8'—s  s'+s/’ results be reliable near the forwart—0) and backward

(u—0) directions on a scale mi. In our calculations, we
where o,(s) is the cross section in the channelv”  have, for instance, replaced factors such/éis— m2) with 1.
—W~e". Itis not difficult to show thair,(s)=oc_,(s), in  This situation is analogous to that encountered when calcu-

which case we have lating the amplitudes for quatkgluon—quark+photon[19],
where the existence of the kinematic zeros proportional to
s ds’ [o\(s") o_\(s) in the forward direction is obscured by the assumption that
An(s)= . f(mw+me)2? s'—s s'+s the quarks are massless. A similar phenomenon occurs when

(3.7 calculating photon-photon scattering in massless QED. There
certain amplitudes involving spacelike longitudinal photons
This expression obeys the symmetry relati@20 special- fail vanish ask?—~0 because factors such &% (k?+m?)

ized to the forward directioh=0, become 1 in the limim?—0 [20].
The total cross sections, for helicities; and \,, are
An(s)=A_,_\(—5). (3.8  given by
To leading order irs, the dispersion integral can be evalu- 1 1 ,
ated and gives Tnh= oms f_ldzlA)\l)\2| , (3.11)

A (s)=A__(s)

and are plotted in Fig. 4. Shown in dots is the cross section
for helicity flip scattering, which can be seen to be much
smaller than the cross sections for the helicity nonflip scat-
tering. This feature seems not to be a consequence of any

in agreement with the low energy result of REF]. Details ~ symmetry, but it is reminiscent of the low energy cass (

\fZGFaSZ

7Tm\2N

2
3

—+

m2
|n(m—V2v , (3.9

e

2

will be presented elsewhere. <m,), where the helicity flip amplitudes vani$hb]. In Fig.
In Figs. 2 and 3 we show the differential cross sections fo5, we show the total cross section for an unpolarized initial
elastic scattering using photon
d(fxlxz 1 ) 1
dz Z%L"l)\l)\z' ) (3.10 O-'yV—>yV=§(O-——+0-+++0-+—+0-—+)- (3.12
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This figure illustrates the roughlg® behavior of the total

cross section to near the threshold for iNWeboson produc-
tion. A fit to the points in Fig. 5, fom,.<w<my, yields

wherew= /s/2 is the energy of a photofor a neutring. In
the Ref.[21], it is shown that the cross section for the pro-
cessyv— yyv, in the range of energie®.<w<<my,, can

w
o =6.7x10"39

yr—yv

be written as

yv—yyv.

o =1.74x10" 16(

e

e

6
pb,

w2
)pb.

10000

PHYSICAL REVIEW B3 093001

FIG. 4. The helicity dependent total cross sec-
tions for yv— yv are shown. The solid line is
o__, thedashed lineis, . , and the dotted line
isoc,_=0_,.

IV. DISCUSSION AND CONCLUSIONS

As shown above, the cross section for elastic scattering is
larger than the cross section for the inelastic scattering when

Js=13GeV. Since the weak interaction violates parity, the

(3.13

final photons in both processes acquire circular polarization.

In the case of inelastic scattering, it is shown in REf$.and
[21] that the circular polarization is of order 2B0 % for

as

(3.19

center of mass energies less thanrhQ0
To assess the degree of circular polarization of the final
photon in the elastic scattering, we define the polarizafion

O__+0,_—0_,—044

P= , 4.2

o__+toy_to_,to,y

Comparison of Eq(3.13 with Eq. (3.14) shows that the two O, sinceo, _=o_ <o__,
cross sections are equal fow=1.27x10"m, or /s
=13 GeV. Therefore, at sufficiently high energies, the pro-

cessyv— yv dominates the procesgy— yyv.
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-1.0 L n-nnnl -nnl L .......l I AT . - - T N S T N S P -
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FIG. 6. The circular polarizatio® of the final photon in the FIG. 7. The circular polarizatioR(z) of the final photon in the
processyv— yv, as defined in Eq(4.1), is shown. For/s<2m, processyv— yv, as defined in Eq4.4), is shown. The solid and
[5], Pis 2. the dashed lines are polarization for the center of mass energies of

20 and 200 GeV, respectively, while the dotted line is s
In Fig. 6, we have plotted the polarizati®has a function of ~<2Me, which is taken from Ref{5].
the center-of-mass energxé. As is clear from this graph, ) ] ) ) )
for a wide range of energies above 1 GeV, the polarization is Finally, to investigate the importance of the reactipn
of order 20-30 %, while for energies around 200 GeV it can — ¥V in cosmology, we define-, by
reach over 60%. To find for center-of-mass energiegs

<2m,, we can use the helicity amplitudes in E4) of Ref. o= L , (4.6)
[5], to obtainP=1. " nyct
The angular dependence of the the final photon’s polar- _ ) . .
ization can be obtained fromi(z) defined as wheren,, is .the neutrino number densni}ngmber of neutri-
nos per unit volumg c is the speed of light, andlis the
do__/dz+do,_/dz—do_ /dz—do, ., /dz expansion time of the universe. Takimg=56 cm 3 andt
P(2)=535 Jdz+do, _ldz+do_, Jdz+ do ., /dz =15%x10°yr, we find the present value of, to be
.3 o,=1.26x10° pb. 4.7

or, sincedo, _/dz=do_ ., /dz, o .
The mean number of collisions between a photon and relic

do__/dz—do. , /dz neutrinos[23] is of ordero,_.,,/o,. From Fig. 5 and Eq.
. (4.9 3 of.
do__/dz+2do, _/dz+do, . /dz (4.7 we find that, regardless of the center-of-mass energy
Tyl 0= 10 7. Therefore, the procesgr— yv effec-

The polarizationP(z) is plotted in Fig. 7 as a function af  tively ceased to occur early in the evolution of the universe.
=cos#. In this figure, the solid line is effectively unchanged To estimate the timdor the temperatujeat which the
for the range of center-of-mass energies 1 Gals decoupling of photons and neutrinos in the process
=30GeV. The dashed curve shows that the forward ampli— yv took place, we must determine when the value of the
tudesA. . (s) and.A__(s) are not equal above the threshold ratio o, .., /o, is of order 1,
for W production. This is consistent with the dispersion re-

P(z)=

lation (3.7). Also included in this figure is the polarization Typyplo,~1. (4.8
for the case/s<2m,, which is based on Ed5) of Ref.[5] , )
[P(2)=—"P(6)]. To do this, consider the produat(p,,p,)v,,, where

It is worth noting that both the® behavior of the elastic 7(Py.P.) iS the cross section for the scattering of a photon
cross section and the angular dependend®(af obtained in ~ ©f momentump,, with & neutrino of momenturg, , andv,,,,
the low energy limit[5] persist to energies of ordeny,. is the magnitude of their relative velocity. We define the
This means that a low energy effective interaction of the?verage value of this product by

form [22
[22] fdn,dn,o(p,.p,)v,,

1 gza <0'(p'y!pv)vyv): fdn dn ’ (49)
— v v v
£eﬁ—§ m_stTM’TZP , (4.5
where
where Ty, and T}, are the symmetrical energy-momentum 3
tensors of the neutrino and the photon, gives an accurate 1 2d°p, 4.10

L . . L . dn,=——= 77—,
description of elastic scattering to quite high energies. Y (2m)3eSIT-1
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1 d°p, The average number of collisions that a photon makes
dnyzm BT (4.1)  with neutrinos through the procesa— yv during the time
tis
Here,E, andE, are the energies of the photon and neutrino, B
respectively, and the factor 2 in E¢4.10 is due to the Ny=(a(py,P,)vy)M L. (4.19

number of helicity states of the photon. After performing thegjmijarly, the average number of collisions that a neutrino
integration in the denominator of E¢.9), we obtain makes with photons through the process— yv during the
timetis

1
(oyp0y)= 5 [ annto 0 No=(otp, pavyin @20

(4.12
N For the duration time, we take an expansion time, which is
wheren, andn,, the number densities for the photons andgiven by[24]

neutrinos, respectively, are

1 2d® 2¢(3)T8 t 2107 (4.21
= s, .

n,= 3f E /pr 2 7 (4.13 T

Y (2m) e~r''—1 T

whereT is the temperature in Kelvin. To estimate the tem-
1 d%p, 3 3¢(3)T® perature at which the thermal decoupling of the photons and
”V_(zw)3 e 1™ 4g2 (4149 neutrinos took place, we use the criterion

Using the invariance ob(p,,p,)v,,E,E,, the product max{ N, N, ]~ 1. (4.22

a(p,,p,)v,, can be expressed in terms of the cross section .
o in the center-of-mass as It is clear from Egs(4.13 and(4.14) thatn,>n,, and from

Egs. (4.19 and (4.20 that \V, <N, . Therefore, Eq(4.22
2E? gives
c.m.

U(py.p,,)UWZ(Tc.m._EyEV ' (4.19 N,~1. (4.23

whereoe,n=0,,_,, is given by Eq.(3.13 with o=E.n.  Using Eqs.(4.20), (4.13, (4.18, and(4.20), we find
The center-of-mass enerdg. ,, for a photon(or a neutring
in terms ofE,, E,, andé,,, the angle betweef,, andp,, N,=2.5x10"%°T". (4.29

yv?

is
Thus, from Eq.(4.23 we find the decoupling temperature
Ecm=VE,E, Sin(6,,/2). (416  T~1.2x10"K, or T~1 GeV. This translates into an expan-

_ sion time of about 1410 %s. The temperaturé~1 GeV

Therefore, Eqs(3.13, (4.19, and(4.16) give corresponds to a center-of-mass eneygy- 2 GeV, which is

DE3ES well within the range of validity of Eq(3.13.
a(P,,P,)V ., =6.7X 10" 3—2"sirf(4,,/2)pb.
(Py:Py)vy me (6,12 ACKNOWLEDGMENTS
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