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High energy photon-neutrino interactions
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A general decomposition of the amplitudes for the- 2 processeyv— yv and yy— vv is obtained using
gauge invariance and Bose symmetry. The restrictions implied by this decomposition are investigated for the
reactionyy— vv by computing the one-loop helicity amplitudes in the standard model. In the center of mass,
where \s=2w, the cross section grows roughly a€ up to the threshold foW-boson productiony/s
=2m,,. Astrophysical implications of very high energy photon-neutrino interactions are discussed.
[S0556-282199)04001-1

PACS numbsgps): 13.15:+g, 14.60.Lm, 14.70.Bh, 95.30.Cq

[. INTRODUCTION the photon momentk, ,k,. Construction of these tensors is
aided by the fact that, for massless neutrinos, we have
Investigations of the astrophysical importance of the 2

—2 processeyv— yv, yy— vv and vv— yy have a long (P1) LU(P2) ¥, (1+ y5)u(p1) =0, ()
history. These reactions have been examined using the four- _
Fermi interaction[1], charged vector boson theori€,3], (P2) LU(P2) v, (1+ y5)u(py)=0, ©)
the standard mod¢H,5] and model-independent parametri- o
zations[6]. Because of the vector—axial-vector nature of the (k1—k2) ,U(p2) ¥, (1+ y5)u(p1) =0. (4)

weak coupling, the cross sections are much smaller than a . o
simple counting of powers of the weak coupli@z, and | NiS suggests the use of the combinations
the fine structure constant, in the diagrams of Fig. 1 would

sugges{7,8]. For massless neutrinos, the cross sections van- P=P1¥ P2, (53
ish to orderGZ«?w? [8], and are known to be of ord&? w® K. —Kk 4K (5b)
whenw<m,[3,5]. This is due to the fact that the scale of the o

loop integrals for the diagrams in Fig. 1 is set by the K =ky—k,. (50)

W-boson masay,,, rather than the electron mass. As a con-
sequence, for center of mass energiesb2tween 1 keV and From the above, op,,, ps andp,,, only p, andp, wil

1 MeV, the cross sections for-23 processes such @  result in non-vanishing contributions. Thus, the vector-vector

— yyv are larger than the-22 cross sectionf9]. and axial-vector—axial-vector contributions 1,5 will
Although of little practical importance in stellar processesconsist of combinations qf,, , Ps, (Ki)u, (ko) a@nd () g

where the energy scale is1MeV, the 2-2 processes js well ass,,, & sandd,g.

could be important in very high energy reactions such as Tpe gauge invariant combinations pf andp, are

vv— vy [10,11], particularly if thew® behavior persists for

w>m,. The next section contains the development of a gen- ke p +p
eral decomposition of the elastic amplitudd(s,t,u) for Pa= 7z (Ka)o and pg——7—(ki)g, (6)
yv—yv. In Sec. Ill, we apply this decomposition to the " *

crossed channety— vv and obtain numerical results for the 5,4 we note thak, - p=2K;-p=2k,-p and k2 =2k, -k,.

cpmplet_e one-loop helicity amplitudes. This is followed by aGauge invariant second rank tensors involviig, and 3,
discussion of our results. ”

are
Il. GENERAL DECOMPOSITION OF THE y» ELASTIC (K1 K26,0a= (K1) u(K2) o) and (ki ka8, 5= (Ka) 1 (K1) g),
AMPLITUDE (7
The amplitude for the procesgsr— yv can be expressed (K1 PS,a— (K1) ,Pa)  and (kp-pd,s—(Ko),Pp), (8)

as
andé,; appears in the form

) (K1- k20,5~ (K2) o(K1) p)- €)

where M, is a sum of gauge invariant, Bose symmetric Gauge invariant third rank tensors can then be constructed
tensors constructed from the neutrino momepfap, and  from products of k), , the vectors in Eq(6), and the sec-

A(S!tvu) :U( pZ) 7;/,(1_'— 75)U(p1)M#ap(81)a(8; )Bu
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ond rank tensors in Eq$7)—(9). In doing so, it should be T = (K1) u& apno(Ki)n (K-, (18)
noted that combinations such as A

D Tfiﬁ: (Ky) w&aprp(Ki)apPp— kis,u,aﬁ)\p)\
B
Ps~ 2 “W) . (10 — Bup® g (Ko ) (KA,

(k1-K26,0— (K1) u(K2) o)

k -p +pa8p.ﬁ)\p(k+))\(k7)p
S ST +Pp8 (K (K, (19

K, -p The gauge invariance of Eq19) can be verified using the
-

(Ke)u| Pa= 2 (km) ( Ps— ;—2<kl>5). (1  dentity
+ +
kﬂsaﬁ)\p+ kasﬁ}\Pﬂv—l— kﬁg)\Pﬂa+ k)\spﬂaﬁ+ kpsﬂa@\: 0,
are not linearly independent since (20)
k.-p which holds for any vectok. Using this identity, the factor

[Eq(10]—[Eq. (12]=2[Eg. (11D)]. (13 &,=u(p2) v.(1+ ys)u(py) in Eq. (1) can always be rewrit-
ten so that it is contracted with, .5 instead of with k), .
The relation

ki-ka

As a consequence, the tensors of E8). can be omitted
when constructing a complete set of gauge invariant third —P1- P20 =8 uvapt(P1)o(P2) g (21)
rank tensors.

The requirement of Bose symmetry can easily be includedhen enables us to express any tensor containing,ax; as
if one constructs gauge invariant tensors that have a definitg sum of scalar products. These are simply combinations of
symmetry under the exchangés— —k;, ko——k, and  the T() ; of Egs.(14—(17). Explicitly, we find [12]
a+— B. The vectork, ——k, under these exchanges. It is
possible to construct four linearly independent, gauge invari- T g T2 5, (22)
ant third rank tensors with definite symmetry under the ex-
change of the photons. They can be chosen to be

T~ (4 k8 (k) (ko)) By Pk
pap 1" "2C%a ( l),u( 2)a pﬁ k ( l)B
+

K
6) @ P Ky
nap™ T#aﬁ+ ki T/WB T/MB : (23

Consequently, tha@) ;, i=1,...,4, are sufficient to param-
etrize theyv elastic amplitude.

+(Ky- k25Mﬁ_(k2)M(k1)ﬁ)< P~ kli_z.p(kz)a), The tensorM .5 can thus be writtefil3]
<
(14) M}LQB:Ml(SItau)Tfulc)yB—‘rMZ(Svtvu)TE,LZ;B
. + Ma(s U T s+ My(stu) Tl 5, (24)
2 _ _ -+ F
Tyap=K-K260 (kl)u(kz)a)< Ps K2 (kl)ﬁ) where Bose symmetry requires
K.-p My(stu)=M;(ut,s), (25)
—(K1-kp8,5— (K2) (K1) ) pa_k_Z(kZ)a ,
+ Mj(s,t,u)=—-M,(u,t,s), j=2,34. (26)
(15
Using the center of mass frame, and the explicit forms of all
ch)gﬁ:(kJr),u,(kl' K265~ (K2) a(K1) ), (16)  the vectors, we can obtain the following helicity basis
K. p K. .p T s€,(e1) a(£3) g= =S COLOI2)[t(N 1+ N p+ 2N N )
(4 _ S L - "
T/J,aﬁ_(k+),u,( Pa ki (kZ)a><pﬁ ki (kl)ﬁ) +4S)\l)\2]7 (27)
17 )
T séu(e1)a(e3) =St COLBI2) (N 1= \y), (28)
It can be seen théltﬁ}tiﬁ is symmetric under the exchange of
photons, whileT?) ;, T) ; and T ; are antisymmetric. T s€.u(81) a(e3) g=St COL 0/2) (1= \1\), (29)

To obtain tensors which correspond to the vector—axial-
vector interference terms, one can use a set of independent
momenta together witle ,5,, to form gauge invariant ten-
sors with definite symmetry under the exchange of the pho-
tons. When this is done, one finds two tensors with the apwhere 6 is the angle between the incoming and outgoing
propriate properties. They have the form neutrinos,\ ; is the helicity of the initial photon), is the

2
(4) s sTu
Tuaﬁgﬂ(sl)a(SZ)ﬁ_ 8_t COQG/Z))\l)\z, (30)
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helicity of the final photon and it is unnecessary to specify
the neutrino helicities since they have a definite handedness.
Natice that the first, third and fourth of these amplitudes are
symmetric under the exchange ©f and\,, while the sec-

ond is antisymmetric under this exchange. Since time rever-
sal invariance implies that the amplitude should be symmet-
ric under the exchange of initial and final helicities, the
second amplitude is T-violating. There are thus three helicity
amplitudes if we require time reversal symmetry. This is
consistent with simple helicity counting arguments.

Ill. THE CHANNEL yy—wvr

The results of Sec. Il can be expressed in the crossed
channel yy— vy using the relationsp;— —p; and k,
— —k,, which imply the interchange«t. The combina-
tionsk, andp become

FIG. 1. Diagrams for the procesgy— vev,.

k+:k1+ k2—>k1_k25k, (31@ (b),

P=P1tP2— —P1t+Pp2=—p. (31b)

These transformations allow us to write the cross channel
counterparts of Eqg14)—(17) as

k_-p
k_z(kl),B)

o)

T 5= (Ky-Ko8, 0~ <k1>#<kz>a)( Ps

+(K1-k26,5— (Ka) (K1) p)| P
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=

(d)

For each of(a),
(c) there is also a diagram with the photons interchanged.

L 1
Tful(iﬁgy,(sl)a(f:Z)B: >S sin O[S(N1—Na+2N1N3)

+4tNN\5], (39

T2 g€ (e1)ule ——Es sin O(\;+\ 40

wpéu(€1)al€2) g > ( 2) (40)

T sEu(81) ol e2) 15 sin O(1+X\q\5), (42)
apSplel 2)p~= 2 N2

T(4)ﬁ§ (81) (82);;—4“] sin 0)\1)\2 (42)

(32
@) = (Ky-kaBya— (K) (k) o)| Pa— ~p o (Ky)
Tiap 1-k0 1) u(K2) )| P K2 1)
k_-p
—(K1-kp68,5— (K2) (K1) p) pa+_sz(k2)a )
(33
T 5= = (K2) u(Ky Ko 5— (k) o(Ky) ), (34
_-p k_-p
Tﬁ,ﬁﬂ_(k—)ﬂ p +?(k2)a)<pﬁ_ ?(kl)ﬁ)-
(39
The amplitude can be expanded as
Mﬂaﬁ Ml(t S, U)Tﬂaﬁ+Mz(t,S,U)rr£LZ;B
+ Ma(t,s,u) T s+ My(t,s,u)Ti 5, (36)
where
M,(t,s,u)=M(u,s,t), (37)
Mi(t,s,u)=—M;(u,s,t), j=234.
(39

In this case, the center of mass helicity basis is

Here,~§M=U(p1) Yu(1+ y5)v(p2) and@is the angle between
photon 1, which is in the direction, and the outgoing neu-
trino. Using the helicity basis, we can express the helicity

amplitudes;lklkz(s,z), wherez=cos#, as

A, . (s,2)=sin O[s(t—u)M(t,s,u) +s2M5(t,s,U)

+4tuMy(t,s,u)], (43

A, _(s,2)=sin 6] — 2stM(t,s,u) — 4tuM,(t,s,u)],
(44)

A_(s,2)=sin [ 2suM(t,s,u) — 4tuM,(t,s,u)],
(45

A__(s,z)=sin O s(t—u) M(t,s,u) + s> M;(t,s,u)

+4tuM,(t,s,u)], (46)

where we have assumed time reversal symmetry and omitted
M,(t,s,u). From Egs. (43) and (46), it is clear that
A, . (s,2)=A__(s,z). Moreover, since=—1s(1—z) and
u=—3s(1+z), the symmetries of Eq$37) and(38) imply

:4++(312):_:4++(51_Z)- (47
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FIG. 2. The helicity dependent differential cross sections for FIG. 3. Same as Fig. 2 witk's=200 GeV.

yy— v are shown for/s=20 GeV. The solid line iglo, _ /dz,

the dashed line ido_ , /dz and the dot-dashed line &, , /dz 5 .
s>m’, wherem, is the lepton mass, and showed that the

dependence on Inﬁ) or Inz(mf) from individual diagrams
actually cancels.

The results for the helicity amplitudes are shown in Figs.
A, (s,2)=—A_.(s,—2). (48) 2 and 3, where the cross sections for various helicities are
plotted for 's=20 GeV and\/s=200 GeV using

Similarly, we find that the helicity flip amplitudes satisfy

To explore these general results, we calculated the stan-
dard model diagrams of Fig. 1 using a nonlin€jr gauge do
such that the coupling between the photon, Wiéoson and Mha LM 2
the Goldstone boson vanishigg14,13. These diagrams can dz 327s'7 Mra
be decomposed in terms of scalar two-point, three-point and
four-point functions, which are expressible in terms of
dilogarithms[16]. The expressions for the helicity ampli- These figures clearly illustrate the symmetries of Eg3)
tudes in terms of dilogarithms were evaluated numericallyand (48), particularly the vanishing of the non-flip ampli-
and the results checked agaimsiRTRAN codes developed tudes atz=0. The total cross section for unpolarized photons
for one-loop integral$17,18. In doing so, we assumed that is given by

(49

Yy = vv Yy — vV
-6 1
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FIG. 4. The solid line is the total cross sectio),._, ;- and the dashed line is the contribution from the helicity non-flip amplitudes.
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1 1 - b~ ) wheren,, is the relic neutrino density. If this is multiplied by
Ty~ 6lms f 1d2[|«4++(5,2)| +Ay (s,2)|%], to, the age of the universe, the condition that at least one
- (50) interaction occur is

and is plotted in Fig. 4. This figure illustrates the rougsly Ty yyMiClo=1, (54)

behavior of the total cross section up to the threshold/or

pair production. Also shown in dashes is the helicity non-flip®"

contribution to the cross section, which can be seen to be 03 =23

much smaller than the helicity flip contribution. This feature MmE - 5.6x10" cm (55
does not appear to be related to any symmetry, but it is v (n,ct)™®

reminiscent of the low energy case, where the non-flip am-

plitudes vanist5]. Taking n,=56 cm® and to=15% 10° years, f,E,=6.07
X 10%, which translates into/s=3.5 TeV. Even if there
IV. DISCUSSION AND CONCLUSIONS were sources of such high energy neutrifedich seems

. . . unlikely), this is well above the region for which tred be-
As mentioned in the Introduction, the low energy-2 havior is valid. In fact, the relation n(cty) ‘=1.26
photon-neutrino cross sections are much smaller than thg 10-%° cn?? together with' Fig. 4 show thak o is not
cprresponding 2»>3 cross sections for center of mass e”er'large enough for any value afto attenuate Vathyg;/h energy
gies between 1 keV and 1 MeV. Recently, the-3 cross neutrino flux given the present values mof and the age of
sections have been computed for a range of center of mags. | niverse
energies from well below @, where the cross sections 114 temperature at which the reactioh— yy ceases to

10
vary asw™, to well above me’ but less thamny [1.9]' FOr  occur can be determined from the reaction rate per unit vol-
m.<w<<my, the only scale in the 23 processes isy or,

. : . ) . ume
equivalently,Gg . From dimensional considerations, the cen-
ter of mass cross section must behav&as? in this range 1 g3 d3
of energy. Explicitly, it is found thatr.,., .., can be ex p= f P1 f P2 olv] (56)

: ) yy—vvy : - 6 E, /T E, /T )
pressed as (27) e~ +1 e=2''+1
2 wherep, andp, are the neutrino and antineutrino momenta,
Oy ioy=5.68x10"1 —| fb. (51  E; andE, their energies|u| is the flux andT the tempera-
e

ture. Using the invariance efE,E,|v|, the relationship be-

_ 6 , tweena|v]| in the center of mass frame and any other frame
For the 2-2 processyy— vv, we expect ann” behavior, g

and a fit to the points in Fig. 4 yields

2EZy,

— 4.0% 10—31 0'|U|: ocwMm ElEZ . (57)

Tyy—vv

) 6
m—) fb. (52

e

If the angle betweep, andp, is 0,5, Eq. (57) gives
These expressions are equal feor=1.94x10°m, or Js g P P 12, BQ-(57) g

~20 GeV. Thus, for sufficiently high energies, the-2 E3E3
process dominates the-23 process. O yy|U]=1.6xX10" % 162 sif(0,42) . (58)
To assess the importance of very high energy photon- Me

neutrino interactions in processes of interest in cosmology,
consider the scattering of high energy neutrinos from thelhe integration is straightforward and E&6) gives
cosmic neutrino background. This process has been studied

by assuming that the neutrino collision produces at reso- o 1ex 10" % fb
nance whose decay chain contains photons and protons Prv—yy™ 574
which could account for the flux of10?° eV cosmic rays

[10,11. For the processes considered here, ithecollision  \yhere(x) is the Riemann zeta function. The interaction rate
would directly produce high energy photons. The cross secr —  can be obtained by dividing, ., by the neutrino

tion for vv— yy can be obtained from E¢52) by supplying densi@n =37(3)T%4x2, and we find s
a factor of 2. Assuming the relic neutrinos have a small mass !

[10,11,2Q, the cross section in the rest frame of the target is R-—  =73x 107241_?0 st (60)

vv—vyYy

2T12
r<6>z<6>) 5. (59

e

31
32

Ty yy=5.6X10"*(M,E,)° cn, (53)  with T, denotingT/10%° K. Expressing the age of the uni-
verse as=2T,{ s, the condition for at least one interaction,
wherem, is m,/1 eV andE, is E,/10°* eV. The interaction R, ,,t~1 givesT~1.6 GeV, which is within the region
rate on the cosmic neutrino background ds;-.,,,n,c, of validity of the s® behavior.
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