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Inelastic photon-neutrino interactions using an effective Lagrangian

A. Abada,* J. Matias,† and R. Pittau‡

Theory Division, CERN, CH-1211 Geneva 23, Switzerland
~Received 19 June 1998; published 2 December 1998!

We justify the feasibility of substituting a photon leg by a neutrino current in the Euler-Heisenberg Lagrang-
ian to obtain an effective Lagrangian for the processgn→ggn and its crossed reactions. We establish the link
between these processes and the four-photon scattering in both the standard model and the effective theory. As
an application, we compute the processesgn→ggn andgg→gnn̄, give their polarized cross sections, and
show how to use thegg→gg results as a check. We settle the question about the disagreement between two
computations in the literature concerning the reactiongg→gnn̄. @S0556-2821~99!03301-9#

PACS number~s!: 13.15.1g, 13.88.1e, 14.70.Bh, 95.30.Cq
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I. INTRODUCTION

Processes involving neutrinos play an important role
astrophysics. For example, during the evolution of a s
neutrino emission carries energy away from the entire v
ume of the star, while, because of short range interactio
the compact~dense! central part is opaque for photon
which remain trapped inside. In that sense, contrary to
neutrino, the photon is an ‘‘amnesic’’ particle.

In particular, despite their small cross section, low-ene
photon-neutrino processes are potentially of interest in ste
evolution as well as in cosmology. Typical examples are
processes

gn→gn ~1!

gg→nn̄ ~2!

nn̄→gg. ~3!

Nevertheless, the cross section for such reactions is
small. In fact, because of the Yang theorem@1#, which for-
bids two photons to couple in aJ51 state, their amplitude is
exactly zero to orderGF @2# in the standard model~SM! and
they are suppressed by powers ofv/MW , wherev is the
center-of-mass energy of the photon andMW the W boson
mass. In case of massive neutrinos, a suppression fa
mn /MW is also present, wheremn is the neutrino mass. Fo
massless neutrinos, the first non-zero contribution is alw
of order 1/MW

4 , and the SM cross sections have been sho
to be negligibly small in Ref.@3#.

On the contrary, five-leg processes involving two neu
nos and three photons, such as

gn→ggn ~4!

gg→gnn̄ ~5!

nn̄→ggg, ~6!

*Email address: abada@mail.cern.ch
†Email address: matias@mail.cern.ch
‡Email address: pittau@mail.cern.ch.
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are not constrained by Yang’s theorem. Moreover, the e
a in the cross section is compensated by an interchang
the v/MW suppression by anv/me enhancement.

Recently, Dicus and Repko derived an effective Lagra
ian for five-leg photon-neutrino interactions@4#. They based
their derivation on the Euler-Heisenberg Lagrangian@5#. Af-
ter Fierz rearranging, taking the large mass gauge bo
limit, and applying Furry’s theorem, they found that the a
plitude of the five-leg photon-neutrino process reduces t
four-photon amplitude with one photon field replaced by t
neutrino current. Using such a Lagrangian, they calcula
processes~4!, ~5! and~6! for energies below the threshold fo
e1e2 pair production, showing that the energy depende
is v10. By extrapolating this result beyond the range of v
lidity of the effective Lagrangian, the resulting cross sectio
are of the order of 10252 cm2, for v;1 MeV. This is to be
compared with process~1!, whose cross section is of th
order of 10265 cm2, for v;1 MeV @3#.

Basing their work on Ref.@4#, Harris, Wang and Teplitz
@6# investigated to which extent five-leg neutrino proces
affect the supernova dynamics, in case the results of Ref@4#
could indeed be extrapolated above 1 MeV. They estima
that, in order to fit with the data of SN87A, the cross sectio
of reaction ~4! should have the behavio
10252(v/1 MeV);8.4 cm2 for v of the order of few MeV.

Furthermore, the computation of process~5! in Ref. @4#
disagrees with the result obtained in 1963 by Hieu and S
balin @7#.

Given the above scenario, the aim of this work is thre
fold. First, we would like to demonstrate, step by step, in
somehow pedagogical way, the derivation of the effect
theory for inelastic photon-neutrino processes from the eff
tive Euler-Heisenberg theory describing elastic photo
photon interactions. Secondly, we want to settle the ques
of the disagreement between the calculations of Refs.@4# and
@7# for process~5!, which is an important energy-loss mech
nism in the stellar evolution. The conclusion is that our res
agrees with that of Ref.@4#. Thirdly, as a cross-check of Re
@4#, we compute the direct processgn→ggn, explicitly giv-
ing all polarized cross sections in the effective theory. A
calculations in this paper are performed with massless n
trinos.

It goes without saying that computing processes~4!, ~5!
and ~6! exactly in the SM, for energies above thee1e2
©1998 The American Physical Society08-1
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production threshold, is of extreme interest so as to preci
settle their role in astrophysics. Such a computation is un
way @8#, and, when completed, will give cross sections va
for all energies up tov,MW , therefore setting the rea
range of validity of the effective theory.

The outline of the paper is as follows. In Sec. II, w
derive the effective five-leg Lagrangian from the SM. In S
III, we compute the polarized and the total cross section
gg→gnn̄. Finally, in Sec. IV, we deal with the proces
gn→ggn, whose polarized cross sections are explicitly p
sented in the Appendix.

II. DERIVATION OF THE EFFECTIVE LAGRANGIAN

Our starting point is the leading term of the Eule
Heisenberg Lagrangian@5#, describing the photon-photon in
teraction of Fig. 1~a!:

LE-H5
a2

180me
4 @5~FmnFmn!2214FmnFnlFlrFrm#1O~a3!.

~7!

In this equation,a is the QED fine structure constant,me the
electron mass andFmn the photon field-strength tensor.LE-H
can be obtained by matching, in the largeme limit, the exact
result with all possible operators compatible with the sy
metries, at a given order in the momenta and powers
1/MW

2 .
In order to find the relation between the effective L

grangian of Eq.~7! and the one describing processes~4!, ~5!
and ~6!, we write down the corresponding amplitudes in t
SM, and show under which approximations they are equ
lent, up to a global factor.

At the one-loop and at leading order in 1/MW
2 , reactions

~4!, ~5! and ~6! are given by the diagrams of Fig. 2, plus a
possible permutations of the photon legs. The scale is de
mined by the mass of the fermion running in the loop,
that, at low energies, the leading contribution is given by

FIG. 1. Four-photon interaction in the effective Lagrangian~a!
and in the SM~b!.

FIG. 2. SM leading diagrams contributing to five-leg photo
neutrino processes.
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mass of the electron. Amplitudes involving higher mass p
ticles, such asm, t, gauge bosonsG, or hadronsH ~at these
energies quarks combine into hadrons!, are suppressed b
powers of 1/Mi , with i 5m,t,G,H. It is precisely the ap-
pearance ofme as the scale, instead ofMW @which turns out
to be the scale that controls reactions~1!, ~2! and ~3!#, that
makes these processes relevant at energies of the ord
few MeV.

We denote byAi jk and Bi jk the contributions coming
from diagrams~a! and ~b! in Fig. 2, respectively. With this
notation, i , j ,k label a particular permutation of the photo
legs. Therefore, the total amplitude reads

A P
SM5ea~PW 1 ,l1!eb~PW 2 ,l2!eg~PW 3 ,l3!

3@~A123
abg1A321

abg!1~A132
abg1A231

abg!

1~A213
abg1A312

abg!1~B123
abg1B321

abg!1~B132
abg1B231

abg!

1~B213
abg1B312

abg!#, ~8!

whereea(PW i ,l i) are the polarization vectors associated w
the i -th photon. We grouped the amplitudes because, as
shall see, it is convenient to consider the diagrams in pa
For instance, the amplitudes for the first two diagrams ar

A123
abg52~gsW!3S g

2cW
D 2

3 (
t51,2

ve
tGmS 1

DZ
D 1

~2p!4

3E dqnTrFgmwt
1

Q23
2 gg

1

Q2
2 gb

1

Q0
2 ga

1

Q1
2G

A321
abg52~gsW!3S g

2cW
D 2

3 (
t51,2

ve
tGmS 1

DZ
D 1

~2p!4

3E dqnTrFgmwt
1

Q21
2 ga

1

Q0
2

3 gb
1

Q22
2 gg

1

Q2~23!
2 G , ~9!

where Qi
65Q” i6me (Q05q, Q235q1p21p3 , Q25q

1p2 , Q215q2p1 , etc.!, 1/DZ51/„(p41p5)22MZ
2
…;

21/MZ
2 and

ve
65ve6ae , ve52

1

2
12sW

2 , ae5
1

2
.

Furthermore,sW andcW are the sine and cosine of the Wei
berg angle,w65(16g5)/2 and

Gm5 v̄1~5!gmw2u2~4!. ~10!
8-2
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INELASTIC PHOTON-NEUTRINO INTERACTIONS . . . PHYSICAL REVIEW D 59 013008
By reversing the trace inA321, changingq to 2q andme
to 2me ~only even powers ofme survive! one finds thatA321
is equal toA123 with the replacementwt→w2t. Thus, in the
sum, theg5 contribution cancels in the trace and the p
loses memory of the axial part:

A123
abg1A321

abg522~gsW!3S g

2cW
D 2

veGm

1

DZ
L1

mabg

L1
mabg5

1

~2p!4 E dqnTrFgm
1

Q23
2 gg

1

Q2
2 gb

1

Q0
2 ga

1

Q1
2G .

~11!

The same trick can be applied to each pair of diagram
type B. For instance

B123
abg1B321

abg524~gsW!3S g

2&
D 2

GmL2
mabg

L2
mabg5

1

~2p!4 E dqnTrFgm
1

Q23
2 gg

1

Q2
2 gb

1

Q0
2 ga

1

Q1
2G

3
1

DW~q!
, ~12!

where DW(q)5(q1p21p31p5)22MW
2 . At this point, to

consistently retain only termsO(1/MW
2 ), one has to expand

1/DW(q) as follows:

1

DW~q!
5

1

q22MW
2 2

k212q•k

~q22MW
2 !„~q1k!22MW

2
…

, ~13!

wherek5p21p31p5 . Once introduced in Eq.~12!, the first
term in the right-hand side~RHS! of Eq. ~13! allows the
following splitting:

1

q22me
2

1

q22MW
2 ;2

1

MW
2 S 1

q22me
2 2

1

q22MW
2 D

1O~1/MW
4 !. ~14!

The first term in the previous equation gives anL1-type in-
tegral, while we have explicitly checked that, after addi
the contributions of allBi jk , the second term vanishes
order 1/MW

2 .
On the other hand, the second term on the RHS of

~13! is of order 1/MW
4 , and can therefore be neglected. Th

can be easily seen by splitting again the denominators
shown in Eq.~14!. That procedure already generates an ov
all 1/MW

2 factor, and what remains is finite and proportion
to an extra factor 1/MW

2 .
In conclusion, at leading order in 1/MW

2 , the set of four
diagrams~from a total of 12! is always proportional toL1 :
01300
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A123
abg1A321

abg1B123
abg1B321

abg52
g5sW

3

2
~11ve!

3Gm

1

DZcW
2 L1

mabg . ~15!

Similar results are obtained for the other two groupings
four diagrams, the only difference being a trivial change
momenta and indices insideL1

mabg .
At this point, the correspondence with the four-phot

scattering@9# is evident. In fact, by fixing the fourth photo
leg and callingC123

abg the corresponding amplitude in Fig
1~b!, one finds a contribution proportional to the same in
gral L1 :

C123
abg1C321

abg52g4sW
4 em~PW 4 ,l4!L1

mabg , ~16!

and similar results for the two remaining combinatio
C132

abg1C231
abg and C213

abg1C312
abg . Therefore, since the four

photon process is described, at energies belowme , by the
Euler-Heisenberg Lagrangian of Eq.~7!, it turns out that the
same effective Lagrangian can also be used to describe
cesses~4!, ~5! and~6!. The only change is the replacement
a photon line with a neutrino pair. That can be forma
achieved by considering the two neutrinos as a new ‘‘ga
field’’ 1 Ãn[c̄gn(12g5)c52Gn , with field strengthF̃mn .

In conclusion, the effective Lagrangian for the five-le
interaction depicted in Fig. 3 reads

Leff5
C

180
@5~ F̃mnFmn!~FlrFlr!214F̃mnFnlFlrFrm#.

~17!

The constantC remains to be fixed. This can be easily o
tained by considering the following ratios of amplitudes
the large-me limit

lim
large me

A 4g
SM

A P
SM 5

A 4g
eff

A P
eff , ~18!

whereP stands for any of the processes~4!, ~5! or ~6!, and
4g is the four-photon interaction.

The first ratio is given by Eqs.~15! and ~16!:

1We are using a different convention forg5 , with respect to Ref.
@4#.

FIG. 3. Five-leg photon-neutrino effective interaction.
8-3
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A 4g
SM

A P
SM 5

4MW
2 sW

2 em~PW 4 ,l4!

e~11ve!Gm
, ~19!

while the ratio between the two effective amplitudes can
calculated using the effective Lagrangians in Eqs.~7! and
~17!:

A 4g
eff

A P
eff 5

e4em~PW 4 ,l4!

8p2CGm

1

me
4 , ~20!

where we have used the fact that the amplitudes for fo
photon and photon-neutrino processes have exactly the s
momentum dependence in both SM and effective theory.
nally, from Eqs.~19! and ~20! we derive

C5
g5sW

3 ~11ve!

32p2me
4MW

2 5
2GFa3/2~11ve!

A2pme
4

, ~21!

which agrees with the prefactor of the effective Lagrang
used in Ref.@4#.

From the previous derivation, it is clear that the analo
between the two processes also holds at the level of the e
calculations in the SM, within the approximations discuss
Therefore, by substituting

C→
a2

me
4 and Gm→2em~PW 4 ,l4! ~22!

~for any polarizationl456! in the five-leg photon-neutrino
process, the amplitudes of the four-photon process@9# should
always be recovered. Notice that in the equivalence betw
our processP and the four-photon process, one external
of the four-photon amplitude should be taken off-shell.

The previous derivation can be generalized in a straig
forward way to an arbitrary number of external photons.

III. POLARIZED AND TOTAL CROSS SECTIONS
FOR gg˜gnn̄

In this section, we give details for the computation
process~5!. Our main motivation is the disagreement b
tween the calculations of Refs.@4# and @7#. For massless
neutrinos, the differential cross section reads

ds5
1

4~P1•P2!
uTf i u2dP̃3dP̃ndP̃n̄~2p!4d4~Pi2Pf !

Pi5P11P2 , Pf5P31Pn1Pn̄ ,

dP̃5
d3P

~2p!32v
. ~23!

Here,P1,2 are the momenta of the incoming photons,P3 the
momentum of the outcoming one andPn,n̄ the momenta of
the outcoming neutrino-antineutrino pair. Therefore t
dilepton energy is

k4[Pn1Pn̄ ; ~24!
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Tf i reads

Tf i5CMsūn~Pn!gs~12g5!un̄~Pn̄ !, ~25!

then

uTf i u254C2@~Pn•M !~Pn̄•M* !1~n↔ n̄ !2~Pn̄•Pn!uM u2

2 i«msrhPn
mPn̄

sM rM* h#, ~26!

with C given in Eq.~21! and

Ms[ea1~PW 1 ,l1!ea2~PW 2 ,l2!ea3~PW 3 ,l3!

3Ma1a2a3s~P1 ,P2 ,P3 ,k4!. ~27!

The functionse(PW i ,l i) are the polarization vectors of th
photons andMa1a2a3s is the scattering tensor defined by

Ma1a2a3s~P1 ,P2 ,P3 ,k4!

[Ua1b1l1a2b2l1a3b3l3Tl1b1l2b2l3b3mnSmnrsk4
r . ~28!

Finally, the tensorsU, T, andS are

Ua1b1l1a2b2l2a3b3l3[ue i jk uPi
l1Pj

l2Pk
l3ga ib1ga jb2gakb3

Smnrs[„gmrgns2~m↔n!…

Tl1b1l2b2l3b3mn

[2
10

180
$@gml1gnb1

„gl2l3gb2b32~l3↔b3!…#

2@m↔n#%1
14

180
$@„gl1ngb1l22~b1↔l1!…

3„gb2l3gb3m2~b3↔l3!…#2@b2↔l2#%. ~29!

Using the Ward identityk4
mMm50 and the fact that the las

term of Eq.~26! cancels2 when taking the square, we simpl
get

uTf i u2524C2@2~Pn•M !~Pn•M* !1~Pn̄•Pn!uM u2#.
~30!

To compute the phase-space integrals, we work in
center-of-mass frame of the two incoming photons:

P15~v,vW !5v~1,nW !, P25v~1,2nW !,

P35~v1 ,vW 1!5v1~1,nW 8!,

Pn5~v2 ,vW 2!5v2~1,nW 9!,

Pn̄5~2v2v12v2 ,2vW 12vW 2!, ~31!

2Since the tensorMa1a2a3s in Eq. ~28! is real by construction, the
last term of Eq.~26! immediately vanishes, for symmetry reason
when taking a real representation for the polarization vectors
pearing in Eq.~27!.
8-4
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wherenW , nW 8 andnW 9 are unit vectors. In this process,Pn and
Pn̄ always appear as a sum in the amplitude, andk45(2v
2v1 ,2vW 1).

The scattering plane is defined by the unit vectorsnW and
nW 8. The polarization vectors of the two photons with m
mentumvW andvW 1 can be defined with respect to this plan
as follows:

e~nW ,' !5e~nW 8,' !5S 0,« i jk

njn8k

sin u D
e~nW ,i !5S 0,

nW 82cosunW

sin u D
e~nW 8,i !5S 0,

nW 8cosu2nW

sin u D , cosu5nW •nW 8. ~32!

The completeness and normalization relations are ea
checked

(
l5',i

em~kW ,l!en~kW ,l!52gmn1
kmk8n1k8mkn

~k•k8!

em~kW ,l!em~kW ,l!521, for l5',i . ~33!

In the previous equations,k5(k0,kW ) is the momentum of the
photon andk8 any arbitrary vector non-parallel tok and such
that k8250. The simplest choice isk8[(2k0,kW ). In the
frame defined above, by using the fact thatM is real with our
choice for the polarization vectors, each of the two terms
Eq. ~30! gives a contribution proportional touM u2, for each
set of polarizations (l1 ,l2 ,l3). After integrating over the
lepton pair, the polarized cross section has the form

ds~l1 ,l2 ,l3!5
GF

2a2a3

3me
8~P1•P2!~2p!5

3M2~l1 ,l2 ,l3!k4
2 d3P3

v1
, ~34!

wherea511ve . By inserting Eq.~32! in Eq. ~34!, one ex-
plicitly gets

ds~',',' !

sin ududv1
58

GF
2a2a3

6075me
8p4 v3v1

3~v2v1!~4v2sin2uv1!2

ds„~ i ,i ,i !…

sin ududv1
58

GF
2a2a3

6075me
8p4 v3v1

3~v2v1!

3„24~2413 sin2u!v2

14 sin2uvv11sin4uv1
2
…

01300
,

ily

n

ds~',i ,' !

sin ududv1
5

GF
2a2a3

48600me
8p4 v3v1

3~v2v1!

3„4~4101374 cosu

293 sin2u!v224~79133 cosu!

3sin2uvv119 sin4uv1
2
…

ds~',',i !

sin ududv1
5

GF
2a2a3

12150me
8p4 v3v1

3~v2v1!

3„4~917 sin2u!v22112 sin2uvv1

149 sin4uv1
2
…

ds~ i ,i ,' !

sin ududv1
5

GF
2a2a3

12150me
8p4 v3v1

3~v2v1!

3~6v27 sin u2v1!2

ds~ i ,',i !

sin ududv1
5

GF
2a2a3

48600me
8p4 v3v1~v2v1!

3„~34122 cosu!v23 sin u2v1…
2

ds~',i ,i !

sin ududv1
5

GF
2a2a3

48600me
8p4 v3v1

3~v2v1!

3„~34222 cosu!v23 sin u2v1…
2

ds~ i ,',' !

sin ududv1
5

GF
2a2a3

48600me
8p4 v3v1

3~v2v1!

3„4~3172374 cosu

193 cos2u!v224~79233 cosu279 cos2u

133 cos3u!vv119 sin4uv1
2
…. ~35!

By summing the above contributions and averaging over
initial photon polarizations, one gets the unpolarized diff
ential cross section

ds

sin ududv1
5

GF
2a2a3

48600me
8p4 v3v1

3~v2v1!

3~2224v22592 sin2uv22520 sin2uvv1

1139 sin4uv1
2!, ~36!

from which the total cross section immediately follows

s~gg→gnn̄!5
2144

637875

GF
2a2a3

p4 S v

me
D 8

v2. ~37!
8-5
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The formulas in Eqs.~36! and ~37! agree with the results
presented in Ref.@4# and disagree with the ones obtained
Hieu and Shabalin@7#.

As a cross-check, we computed the polarized amplitu
for the processgg→gg, using the effective Lagrangian o
Eq. ~17!, where we substituted back the neutrino current w
a photon polarization, and putv5v1 in order to have an
on-shell photon. We recovered all the polarized amplitu
given in Ref.@9#.3
-

p-
n

W
iv
m

P
up

w
am

01300
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IV. CROSS SECTION FOR gn˜ggn

In this section, we present results for the differential a
the total cross sections of process~4!. As a cross-check, two
independent calculations have been performed. On the
hand, we directly squared the amplitude with the help of
completeness relation of Eq.~33!. On the other hand, we
separately calculated all helicity amplitudes. The correspo
ing polarized cross sections are given in the appendix.
unpolarized differential cross section reads, in both case
d2s

dv1dv2
5

a2a3GF
2v3

60750p4me
8 „7588v5221055v4~v11v2!12v3~11063v1

2121750v1v2111063v2
2!

22v2~6067v1
3115552v1

2v2115552v1v2
216067v2

3!12v~2085v1
415372v1

3v218103v1
2v2

2

15372v1v2
312085v2

4!2139~5v1
5115v1

4v2126v1
3v2

2126v1
2v2

3115v1v2
415v2

5!…, ~38!

wherev1 andv2 are the final photon energies, computed in the center-of-mass of the initial state. Integrating overv1 andv2
gives the total cross section

s~gn→ggn!5E
0

v

dv1E
~v2v1!

v

dv2

d2s

dv1dv2
5

262

127575

GF
2a2a3

p4 S v

me
D 8

v2. ~39!
n-

ile
n-

ergies
of

e
,

The results in Eqs.~38! and~39! agree with the correspond
ing expressions in Ref.@4#, which we confirm.

V. CONCLUSIONS

In this work, we justified the effective Lagrangian a
proach, based on the four-photon Euler-Heisenberg Lagra
ian @5#, to compute five-leg photon-neutrino processes.
gave all essential steps for the derivation of the effect
Lagrangian at leading order in the Fermi theory. We co
puted the processesgg→gnn̄ andgn→ggn, explicitly list-
ing all polarized cross sections.

Concerning the processgg→gnn̄, we confirm the results
of the calculation reported in Ref.@4#, while we disagree
with the expressions of Ref.@7#.

ACKNOWLEDGMENTS

We thank S. Bertolini, G. F. Giudice, A. Masiero, and
Nason for helpful remarks. J.M. acknowledges financial s
port from a Marie Curie EC Grant~TMR-ERBFMBICT
972147!.

3In @9#, the polarized amplitudes are correctly reported, while
found a mistake in the general expression for the four-photon
plitude. The global sign of the fifth line of Eq.~54.21! should be a
minus. Since the computation of Ref.@7# is based on Ref.@9#, that
mistake could be the source of the error in Ref.@7#.
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e
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APPENDIX A: POLARIZED CROSS SECTIONS
FOR THE gn˜ggn PROCESS

We work in the center-of-mass frame of the photo
neutrino initial state:

P15~v,vW !5v~1,nW !, P25~v1 ,vW 1!5v1~1,nW 8!,

P35~v2 ,vW 2!5v2~1,nW 9!,

P45~v,2vW !5v~1,2nW !,

P55~2v2v12v2 ,2vW 12vW 2!, ~A1!

wherenW , nW 8 andnW 9 are unit vectors,P1 , P2 andP3 are the
initial and the two final photon momenta, respectively, wh
P4/5 are the initial/final neutrino momenta. The five indepe
dent phase-space variables can be chosen as the two en
v1,2 and three angles that determine the overall orientation
the tripod (PW 2 ,PW 3 ,PW 5). Two angles (a1 ,f1) fix the direc-
tion of PW 2 and one anglef takes care of the rotation of th
(PW 3 ,PW 5) system aroundPW 2 . With this choice of variables
the polarization vectors for the incoming photon read

e
-
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e~nW ,i !5S 0
2sin f1

2cosf1cosa1

cosf1sin a1

D ,

e~nW ,' !5S 0
cosf1

2sin f1cosa1

sin f1sin a1

D . ~A2!

Denoting byu the angle between the two final-state photo
(cosu5nW8•nW9), our choice for the polarization vectors of th
two outgoing photons is instead
s

01300
s

e~nW 8,' !5e~nW 9,' !5S 0,« i jk

n8 jn9k

sin u D
e~nW 8,i !5S 0,

nW 92cosunW 8

sin u D ,

e~nW 9,i !5S 0,
nW 9cosu2nW 8

sin u D . ~A3!

The computation of each set of polarizations gives the
lowing polarized cross sections:
d2s~',',' !

dv1dv2
5

d2s~ i ,',' !

dv1dv2
5

a2a3GF
2v3

243000p4me
8 „6598v52365v1

52853v1
4v222822v1

3v2
222822v1

2v2
32853v1v2

42365v2
5

214477v4~v11v2!1v3~10378v1
2128144v1v2110378v2

2!22v2~2041v1
318677v1

2v218677v1v2
2

12041v2
3!14v~487v1

411135v1
3v212858v1

2v2
211135v1v2

31487v2
4!… ~A4!

d2s~ i ,i ,i !

dv1dv2
5

d2s~',i ,i !

dv1dv2
5

a2a3GF
2v3

243000p4me
8 „3342v52365v1

52677v1
4v221238v1

3v2
221238v1

2v2
32677v1v2

42365v2
5

29373v4~v11v2!1v3~9762v1
2122600v1v219762v2

2!214v2~367v1
311183v1

2v211183v1v2
2

1367v2
3!14v~443v1

411003v1
3v212418v1

2v2
211003v1v2

31443v2
4!… ~A5!

d2s~',i ,' !

dv1dv2
5

d2s~ i ,i ,' !

dv1dv2
5

a2a3GF
2v3

243000p4me
8 „10206v521025v1

523273v1
4v225066v1

3v2
225330v1

2v2
323537v1v2

4

21025v2
52v4~30449v1129921v2!12v3~17289v1

2130814v1v2116893v2
2!22v2~9829v1

3

122757v1
2v2122493v1v2

219829v2
3!14v~1587v1

414270v1
3v215465v1

2v2
214336v1v2

311653v2
4!…

~A6!

d2s~',',i !

dv1dv2
5

d2s~ i ,',i !

dv1dv2
5

a2a3GF
2v3

243000p4me
8 „10206v521025v1

523537v1
4v225330v1

3v2
225066v1

2v2
323273v1v2

4

21025v2
52v4~29921v1130449v2!12v3~16893v1

2130814v1v2117289v2
2!22v2~9829v1

3

122493v1
2v2122757v1v2

219829v2
3!14v~1653v1

414336v1
3v215465v1

2v2
214270v1v2

311587v2
4!….

~A7!
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