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High energy photon-neutrino interactions
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A general decomposition of the amplitudes for the 2→2 processesgn→gn andgg→nn̄ is obtained using
gauge invariance and Bose symmetry. The restrictions implied by this decomposition are investigated for the
reactiongg→nn̄ by computing the one-loop helicity amplitudes in the standard model. In the center of mass,
where As52v, the cross section grows roughly asv6 up to the threshold forW-boson production,As
52mW . Astrophysical implications of very high energy photon-neutrino interactions are discussed.
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I. INTRODUCTION

Investigations of the astrophysical importance of the
→2 processesgn→gn, gg→nn̄ andnn̄→gg have a long
history. These reactions have been examined using the f
Fermi interaction@1#, charged vector boson theories@2,3#,
the standard model@4,5# and model-independent paramet
zations@6#. Because of the vector–axial-vector nature of t
weak coupling, the cross sections are much smaller tha
simple counting of powers of the weak coupling,GF , and
the fine structure constant,a, in the diagrams of Fig. 1 would
suggest@7,8#. For massless neutrinos, the cross sections v
ish to orderGF

2a2v2 @8#, and are known to be of orderGF
4v6

whenv,me @3,5#. This is due to the fact that the scale of th
loop integrals for the diagrams in Fig. 1 is set by t
W-boson mass,mW , rather than the electron mass. As a co
sequence, for center of mass energies 2v between 1 keV and
1 MeV, the cross sections for 2→3 processes such asgn
→ggn are larger than the 2→2 cross sections@9#.

Although of little practical importance in stellar process
where the energy scale is&1 MeV, the 2→2 processes
could be important in very high energy reactions such
nn̄→gg @10,11#, particularly if thev6 behavior persists for
v.me . The next section contains the development of a g
eral decomposition of the elastic amplitudeA(s,t,u) for
gn→gn. In Sec. III, we apply this decomposition to th
crossed channelgg→nn̄ and obtain numerical results for th
complete one-loop helicity amplitudes. This is followed by
discussion of our results.

II. GENERAL DECOMPOSITION OF THE gn ELASTIC
AMPLITUDE

The amplitude for the processgn→gn can be expresse
as

A~s,t,u!5ū~p2!gm~11g5!u~p1!Mmab~«1!a~«2* !b ,
~1!

whereMmab is a sum of gauge invariant, Bose symmet
tensors constructed from the neutrino momentap1 ,p2 and
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the photon momentak1 ,k2 . Construction of these tensors
aided by the fact that, for massless neutrinos, we have

~p1!mū~p2!gm~11g5!u~p1!50, ~2!

~p2!mū~p2!gm~11g5!u~p1!50, ~3!

~k12k2!mū~p2!gm~11g5!u~p1!50. ~4!

This suggests the use of the combinations

p5p11p2 , ~5a!

k15k11k2 , ~5b!

k25k12k2 . ~5c!

From the above, ofpa , pb and pm , only pa and pb will
result in non-vanishing contributions. Thus, the vector-vec
and axial-vector–axial-vector contributions toMmab will
consist of combinations ofpa , pb , (k1)m , (k2)a and (k1)b
as well asdma , dmb anddab .

The gauge invariant combinations ofpa andpb are

pa2
k1•p

k1
2 ~k2!a and pb2

k1•p

k1
2 ~k1!b , ~6!

and we note thatk1•p52k1•p52k2•p and k1
2 52k1•k2 .

Gauge invariant second rank tensors involvingdma anddmb
are

„k1•k2dma2~k1!m~k2!a… and „k1•k2dmb2~k2!m~k1!b…,
~7!

„k1•pdma2~k1!mpa… and „k2•pdmb2~k2!mpb…, ~8!

anddab appears in the form

„k1•k2dab2~k2!a~k1!b…. ~9!

Gauge invariant third rank tensors can then be constru
from products of (k1)m , the vectors in Eq.~6!, and the sec-
©1998 The American Physical Society12-1
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ond rank tensors in Eqs.~7!–~9!. In doing so, it should be
noted that combinations such as

„k1•k2dma2~k1!m~k2!a…S pb2
k1•p

k1
2 ~k1!bD , ~10!

„k1•pdma2~k1!mpa…S pb2
k1•p

k1
2 ~k1!bD , ~11!

~k1!mS pa2
k1•p

k1
2 ~k2!aD S pb2

k1•p

k1
2 ~k1!bD , ~12!

are not linearly independent since

k1•p

k1•k2
@Eq.~10!#2@Eq. ~12!#52@Eq. ~11!#. ~13!

As a consequence, the tensors of Eq.~8! can be omitted
when constructing a complete set of gauge invariant th
rank tensors.

The requirement of Bose symmetry can easily be inclu
if one constructs gauge invariant tensors that have a defi
symmetry under the exchangesk1→2k2 , k2→2k1 and
a↔b. The vectork1→2k1 under these exchanges. It
possible to construct four linearly independent, gauge inv
ant third rank tensors with definite symmetry under the
change of the photons. They can be chosen to be

Tmab
~1! 5„k1•k2dma2~k1!m~k2!a…S pb2

k1•p

k1
2 ~k1!bD

1„k1•k2dmb2~k2!m~k1!b…S pa2
k1•p

k1
2 ~k2!aD ,

~14!

Tmab
~2! 5„k1•k2dma2~k1!m~k2!a…S pb2

k1•p

k1
2 ~k1!bD

2„k1•k2dmb2~k2!m~k1!b…S pa2
k1•p

k1
2 ~k2!aD ,

~15!

Tmab
~3! 5~k1!m„k1•k2dab2~k2!a~k1!b…, ~16!

Tmab
~4! 5~k1!mS pa2

k1•p

k1
2 ~k2!aD S pb2

k1•p

k1
2 ~k1!bD .

~17!

It can be seen thatTmab
(1) is symmetric under the exchange

photons, whileTmab
(2) , Tmab

(3) andTmab
(4) are antisymmetric.

To obtain tensors which correspond to the vector–ax
vector interference terms, one can use a set of indepen
momenta together with«ablr to form gauge invariant ten
sors with definite symmetry under the exchange of the p
tons. When this is done, one finds two tensors with the
propriate properties. They have the form
01301
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Tmab
~5! 5~k1!m«ablr~k1!l~k2!r , ~18!

Tmab
~6! 5~k1!m«ablr~k1!lpr2k1

2 «mablpl

2dab«mnlr~k1!n~k2!lpr

1pa«mblr~k1!l~k2!r

1pb«malr~k1!l~k2!r . ~19!

The gauge invariance of Eq.~19! can be verified using the
identity

km«ablr1ka«blrm1kb«lrma1kl«rmab1kr«mabl50,
~20!

which holds for any vectork. Using this identity, the factor
jm5ū(p2)gm(11g5)u(p1) in Eq. ~1! can always be rewrit-
ten so that it is contracted with«mnab instead of with (k1)m .
The relation

2p1•p2jm5«mnabjn~p1!a~p2!b ~21!

then enables us to express any tensor containing an«mnab as
a sum of scalar products. These are simply combination
the Tmab

( i ) of Eqs.~14!–~17!. Explicitly, we find @12#

Tmab
~5! }Tmab

~2! , ~22!

Tmab
~6! }S Tmab

~3! 1
p•k1

k1
2 Tmab

~1! 2Tmab
~4! D . ~23!

Consequently, theTmab
( i ) , i 51,...,4, are sufficient to param

etrize thegn elastic amplitude.
The tensorMmab can thus be written@13#

Mmab5M1~s,t,u!Tmab
~1! 1M2~s,t,u!Tmab

~2!

1M3~s,t,u!Tmab
~3! 1M4~s,t,u!Tmab

~4! , ~24!

where Bose symmetry requires

M1~s,t,u!5M1~u,t,s!, ~25!

Mj~s,t,u!52Mj~u,t,s!, j 52,3,4. ~26!

Using the center of mass frame, and the explicit forms of
the vectors, we can obtain the following helicity basis

Tmab
~1! jm~«1!a~«2* !b52s cos~u/2!@ t~l11l212l1l2!

14sl1l2#, ~27!

Tmab
~2! jm~«1!a~«2* !b5st cos~u/2!~l12l2!, ~28!

Tmab
~3! jm~«1!a~«2* !b5st cos~u/2!~12l1l2!, ~29!

Tmab
~4! jm~«1!a~«2* !b528

s2u

t
cos~u/2!l1l2 , ~30!

where u is the angle between the incoming and outgoi
neutrinos,l1 is the helicity of the initial photon,l2 is the
2-2
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HIGH ENERGY PHOTON-NEUTRINO INTERACTIONS PHYSICAL REVIEW D59 013012
helicity of the final photon and it is unnecessary to spec
the neutrino helicities since they have a definite handedn
Notice that the first, third and fourth of these amplitudes
symmetric under the exchange ofl1 andl2 , while the sec-
ond is antisymmetric under this exchange. Since time re
sal invariance implies that the amplitude should be symm
ric under the exchange of initial and final helicities, t
second amplitude is T-violating. There are thus three heli
amplitudes if we require time reversal symmetry. This
consistent with simple helicity counting arguments.

III. THE CHANNEL gg˜nn̄

The results of Sec. II can be expressed in the cros
channel gg→nn̄ using the relationsp1→2p1 and k2
→2k2 , which imply the interchanges↔t. The combina-
tions k1 andp become

k15k11k2→k12k2[k2 ~31a!

p5p11p2→2p11p2[2p. ~31b!

These transformations allow us to write the cross chan
counterparts of Eqs.~14!–~17! as

T̃mab
~1! 5„k1•k2dma2~k1!m~k2!a…S pb2

k2•p

k2
2 ~k1!bD

1„k1•k2dmb2~k2!m~k1!b…S pa1
k2•p

k2
2 ~k2!aD ,

~32!

T̃mab
~2! 5„k1•k2dma2~k1!m~k2!a…S pb2

k2•p

k2
2 ~k1!bD

2„k1•k2dmb2~k2!m~k1!b…S pa1
k2•p

k2
2 ~k2!aD ,

~33!

T̃mab
~3! 52~k2!m~k1•k2dab2~k2!a~k1!b!, ~34!

T̃mab
~4! 5~k2!mS pa1

k2•p

k2
2 ~k2!aD S pb2

k2•p

k2
2 ~k1!bD .

~35!

The amplitude can be expanded as

M̃mab5M1~ t,s,u!T̃mab
~1! 1M2~ t,s,u!T̃mab

~2!

1M3~ t,s,u!T̃mab
~3! 1M4~ t,s,u!T̃mab

~4! , ~36!

where

M1~ t,s,u!5M1~u,s,t !, ~37!

Mj~ t,s,u!52Mj~u,s,t !, j 52,3,4.
~38!

In this case, the center of mass helicity basis is
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T̃mab

~1! j̃m~«1!a~«2!b5
1

2
s sin u@s~l12l212l1l2!

14tl1l2#, ~39!

T̃mab
~2! j̃m~«1!a~«2!b52

1

2
s2 sin u~l11l2!, ~40!

T̃mab
~3! j̃m~«1!a~«2!b5

1

2
s2 sin u~11l1l2!, ~41!

T̃mab
~4! j̃m~«1!a~«2!b54tu sin ul1l2 . ~42!

Here,j̃m5ū(p1)gm(11g5)v(p2) andu is the angle between
photon 1, which is in thez direction, and the outgoing neu
trino. Using the helicity basis, we can express the helic
amplitudesÃl1l2

(s,z), wherez5cosu, as

Ã11~s,z!5sin u@s~ t2u!M1~ t,s,u!1s2M3~ t,s,u!

14tuM4~ t,s,u!#, ~43!

Ã12~s,z!5sin u@22stM1~ t,s,u!24tuM4~ t,s,u!#,
~44!

Ã21~s,z!5sin u@2suM1~ t,s,u!24tuM4~ t,s,u!#,
~45!

Ã22~s,z!5sin u@s~ t2u!M1~ t,s,u!1s2M3~ t,s,u!

14tuM4~ t,s,u!#, ~46!

where we have assumed time reversal symmetry and om
M2(t,s,u). From Eqs. ~43! and ~46!, it is clear that
Ã11(s,z)5Ã22(s,z). Moreover, sincet52 1

2 s(12z) and
u52 1

2 s(11z), the symmetries of Eqs.~37! and~38! imply

Ã11~s,z!52Ã11~s,2z!. ~47!

FIG. 1. Diagrams for the processgg→nen̄e . For each of~a!,
~b!, ~c! there is also a diagram with the photons interchanged.
2-3
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Similarly, we find that the helicity flip amplitudes satisfy

Ã12~s,z!52Ã21~s,2z!. ~48!

To explore these general results, we calculated the s
dard model diagrams of Fig. 1 using a nonlinearRj gauge
such that the coupling between the photon, theW-boson and
the Goldstone boson vanishes@5,14,15#. These diagrams ca
be decomposed in terms of scalar two-point, three-point
four-point functions, which are expressible in terms
dilogarithms @16#. The expressions for the helicity ampl
tudes in terms of dilogarithms were evaluated numerica
and the results checked againstFORTRAN codes developed
for one-loop integrals@17,18#. In doing so, we assumed tha

FIG. 2. The helicity dependent differential cross sections
gg→nn̄ are shown forAs520 GeV. The solid line isds12 /dz,
the dashed line isds21 /dz and the dot-dashed line isds11 /dz.
01301
n-
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s@ml
2 , whereml is the lepton mass, and showed that t

dependence on ln(ml
2 ) or ln2(ml

2 ) from individual diagrams
actually cancels.

The results for the helicity amplitudes are shown in Fig
2 and 3, where the cross sections for various helicities
plotted forAs520 GeV andAs5200 GeV using

dsl1l2

dz
5

1

32ps
uÃl1l2

u2. ~49!

These figures clearly illustrate the symmetries of Eqs.~47!
and ~48!, particularly the vanishing of the non-flip ampl
tudes atz50. The total cross section for unpolarized photo
is given by

r FIG. 3. Same as Fig. 2 withAs5200 GeV.
s.
FIG. 4. The solid line is the total cross sectionsgg→nn̄ and the dashed line is the contribution from the helicity non-flip amplitude
2-4
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sgg→nn̄5
1

64ps E
21

1

dz@ uÃ11~s,z!u21uÃ12~s,z!u2#,

~50!

and is plotted in Fig. 4. This figure illustrates the roughlys3

behavior of the total cross section up to the threshold forW
pair production. Also shown in dashes is the helicity non-fl
contribution to the cross section, which can be seen to
much smaller than the helicity flip contribution. This featu
does not appear to be related to any symmetry, but i
reminiscent of the low energy case, where the non-flip a
plitudes vanish@5#.

IV. DISCUSSION AND CONCLUSIONS

As mentioned in the Introduction, the low energy 2→2
photon-neutrino cross sections are much smaller than
corresponding 2→3 cross sections for center of mass en
gies between 1 keV and 1 MeV. Recently, the 2→3 cross
sections have been computed for a range of center of m
energies from well below 2me , where the cross section
vary asv10, to well above 2me , but less thanmW @19#. For
me!v!mW , the only scale in the 2→3 processes ismW or,
equivalently,GF . From dimensional considerations, the ce
ter of mass cross section must behave asGF

2v2 in this range
of energy. Explicitly, it is found thatsgg→nn̄g can be ex-
pressed as

sgg→nn̄g55.68310214S v

me
D 2

fb. ~51!

For the 2→2 processgg→nn̄, we expect anv6 behavior,
and a fit to the points in Fig. 4 yields

sgg→nn̄54.0310231S v

me
D 6

fb. ~52!

These expressions are equal forv51.943104me or As
;20 GeV. Thus, for sufficiently high energies, the 2→2
process dominates the 2→3 process.

To assess the importance of very high energy phot
neutrino interactions in processes of interest in cosmolo
consider the scattering of high energy neutrinos from
cosmic neutrino background. This process has been stu
by assuming that the neutrino collision produces aZ at reso-
nance whose decay chain contains photons and pro
which could account for the flux of.1020 eV cosmic rays
@10,11#. For the processes considered here, thenn̄ collision
would directly produce high energy photons. The cross s
tion for nn̄→gg can be obtained from Eq.~52! by supplying
a factor of 2. Assuming the relic neutrinos have a small m
@10,11,20#, the cross section in the rest frame of the targe

snn̄→gg55.6310242~m̃nẼn!3 cm2, ~53!

wherem̃n is mn/1 eV andẼn is En/1021 eV. The interaction
rate on the cosmic neutrino background issnn̄→ggnnc,
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wherenn is the relic neutrino density. If this is multiplied b
t0 , the age of the universe, the condition that at least
interaction occur is

snn̄→ggnnct051, ~54!

or

m̃nẼn5
5.631013 cm22/3

~nnct0!1/3 . ~55!

Taking nn556 cm23 and t05153109 years, m̃nẼn56.07
3103, which translates intoAs53.5 TeV. Even if there
were sources of such high energy neutrinos~which seems
unlikely!, this is well above the region for which thes3 be-
havior is valid. In fact, the relation (nnct0)2151.26
310230 cm2 together with Fig. 4 show thatsnn̄→gg is not
large enough for any value ofs to attenuate a high energ
neutrino flux given the present values ofnn and the age of
the universe.

The temperature at which the reactionnn̄→gg ceases to
occur can be determined from the reaction rate per unit v
ume

r5
1

~2p!6 E d3p1

eE1 /T11 E d3p2

eE2 /T11
suvW u, ~56!

wherepW 1 andpW 2 are the neutrino and antineutrino momen
E1 andE2 their energies,uvW u is the flux andT the tempera-
ture. Using the invariance ofsE1E2uvW u, the relationship be-
tweensuvW u in the center of mass frame and any other fra
is

suvW u5sCM

2ECM
2

E1E2
. ~57!

If the angle betweenpW 1 andpW 2 is u12, Eq. ~57! gives

snn̄→gguvW u51.6310230
E1

3E2
3

me
6 sin8~u12/2! fb. ~58!

The integration is straightforward and Eq.~56! gives

rnn̄→gg5
1.6310230 fb

5p4 S 31

32
G~6!z~6! D 2 T12

me
6 , ~59!

wherez(x) is the Riemann zeta function. The interaction ra
Rnn̄→gg can be obtained by dividingrnn̄→gg by the neutrino
densitynn53z(3)T3/4p2, and we find

Rnn̄→gg57.3310224T10
9 s21, ~60!

with T10 denotingT/1010 K. Expressing the age of the un
verse ast52T10

22 s, the condition for at least one interactio
Rnn̄→ggt;1 givesT;1.6 GeV, which is within the region
of validity of the s3 behavior.
2-5
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