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A mechanism involving pions in the intermediate state is considered for the process y
+vy—v+V. Fixed-momentum dispersion relation methods are employed to evaluate the
cross sections and luminosities for both electron-type and muon-type neutrinos. Compari-
son is made between this mechanism and previous results involving intermediate bosons.

I. GENERAL DISCUSSION

The process y +y — v+ vanishes to lowest order
in the Fermi theory of weak interactions.! It has
been analyzed, assuming an intermediate-boson
theory of weak interactions.? In this paper, we
consider a mechanism for this process in the
Fermi theory. The mechanism involves charged
pions in the intermediate state, specifically, di-
rect coupling of a pion to a charged lepton and a
neutrino. The coupling constant G’ is known phe-
nomenologically from the decay of the pion®:

G'=fG, (1.1)
£=0.95m,, (1.2)
G=10"%/M7 . (1.3)

We employ a fixed-momentum dispersion rela-
tion approach in the manner of Ref. 2. The lowest-
order contribution to the matrix element is of or-
der w® where w is the center-of-mass energy of
each photon. For both the production of electron-
type and muon-type neutrinos, the crossed-chan-
nel contributions are found to be very small com-

pared to the direct-channel contributions.
The interaction Lagrangian is

Lint:Le7+L1ry+L7rluy' (14)
The expression for L, ,, is
L1rlv :E— (Jc\'la*""rll;) ’ (15)
V2
where
J -f(i ieA)¢ (1.6)
o axa o4 L -
ly=ey Lty + Ly (L+vg)v, . (L.7)

II. ABSORPTIVE PARTS

The absorptive part A(T) is obtained from the
S-matrix unitarity formula

A(TY==}i(f| T~ T"|i)
==3Q@nY' 3 (f| Ty (n| T |iyo (P~ P)) ,

(2.1)

where
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S;i=0;+Ry; (2.2) channel and |7, e(u)) states in the crossed channel.
The electrons and muons in the intermediate
= _(9-)4 -PYT.. = i
Ry ==Qmyid (P, =P )Ty, . (2.3) states are for (v,, 7| and (v, V“| final states, re-
We approximate Eq. (2.1) by including only two- spectively.
particle intermediate states. Specifically, we in- Hence, for the direct channel,

clude |e*(u*), e~(n7)), |#*, n7) states in the direct

A = =3 @[5 (v, VITIE, Y (U, UL Ty, v2) 0(b g +0 - = ey = Ry)
5 VT, 17y (0, 17 Ty, 1) 0( gt 40 0= = Ry = y)]

== 3@ [ D My M 3(py+ +D - =Ry = Ry) + 3 Myy M5 (D o+ +D - = By = by)] , (2.9

where
My, = (v, vel —iTle™ (u*), e (u7)y, (2.5)
Myy=(v1, Yol =iT|7", 17y, (2.6)
My, =(v,v| =iT| e (n"),e (7)) , (2.7
My, =(v, V| =iT|7*, 77y . (2.8)

The respective graphs are shown in Figs. 1-4.

e _ i=g)=-m i =t)=m
M"’—(Zwl)”z(sz)”z b(p-kl"kz)(/ézm Lt (b -k P +m? z) u(p), (2.9)
v ie? ((2p,r-k,)- €2, -2k, -k, €,

7 (2w, )2 2w, ) (2w, )2 (2w,) 2 (pr=k Y +m,>

+(2p" —kz()p‘ €i(zl:)g :ikzz—kl) & 2e, - 62) > (2.10)

May =25 000 =0, =3B = BN+ (=5) Gy TP )L = 75) By = Bu(h) (2.11)

My, = Z(Zw"+)fg;2w"_)”2 a(p )1 =y, __Mﬂ; —;ﬁ:)z);;:lz (B, +05-F.)A +yvps) . (2.12)

The lepton mass m in the above equations is the electron mass for (v,, V,| final states and the muon mass
for (v,, v,| final states.
For the crossed channel,

k
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ANT) = =521 3 (vay VI TV 1) (L, 1| Ty, v/ ) (D, +D 5 =Ry =D ) = = 5@ MEMETO (P, +p o =Ry =P )

where

M=y, v'| =iTle(u), Ty ,

Mg = vy, v| —iTle(u), 7) .

The graphs for M and M; are shown in Figs. 5 and 6, respectively:
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FIG. 5. Graphs for M§. FIG. 6. Graphs for M§.
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Let the plane of scattering be the x-z plane, and
we choose the center-of-mass frame. Then, in
the direct channel, we have

k. =(0,0,k,iw),
ky=(0,0-F,iw),

p,=(1 =232, 0, 2k, iw),
p5=(-(1-2%)""%k, 0, -2k, iw) .

(2.18)

In the crossed channel,
k,=(0,0,k,iw),
p,=(0,0, =k, iw),
p,=((1=221"2k, 0, zk, iw) ,
By =(=(1 = 2%)"%k, 0, -2k, iw) .

(2.19)

In the above equations,
z=cosb, (2.20)

where ¢ is the center-of-mass scattering angle.

We also specify our calculation to be in the
transverse gauge. Hence, in the direct channel
one has the following four linear polarization
cases.

Casel: ¢=(0,1,0,0), €,=(0,1,0,0).
Case II: ¢,=(1,0,0,0), €,=(-1,0,0,0).
Case IIl: ¢,=(0,1,0,0), €,=(-1,0,0,0).
Case IV: €,=(1,0,0,0), €,=(0,1,0,0).

(2.21)

In the crossed channel, one has the following four
linear polarization cases:

CaseI: ¢=(0,1,0,0), ¢,=(0,1,0,0).

CaseII: ¢=(1,0,0,0), €,=(-z,0,(1-2%)"%0).
(2.22)
Case III: €,=(0,1,0,0), €,=(~z,0,(1-2%)2 0).

Case IV: €,=(1,0,0,0), €,=(0,1,0,0).
III. EVALUATION
Expressing the matrix element as
M=Z>Oli(s, t: u)ﬁz ’ (3.1)
where a,(s, ¢, u) is the ith amplitude and B, is the

corresponding ith basis, the process y +y—=v+v
can be represented by®

M=A(s, t,u)B,+B(s, b, u)Bg+C(s, t, u)Bs . (3.2)

The variables s, {, and « are
s==(k, +k,),
t==(k, = k,), (3.3)
u==(k, -k, ).

The respective bases are

Ba=TD ) 5L PP - 6P+ €)= (P K)NGK - € +£K - €,)

~KK-€P- e +P €K €)+P Ke, - ezK]ll;L'l v(=p3), (3.4)
_ 1- +
B =4(F L, o P RS + Fy Fo s Py RS DD ) —5 72 v, =502 0(=p3) (3.5)
1 pe 1 P P Be. PYilp)i=Ys, 1t7s
Bc=2FquaB(Pykp€auBo st O(kpel.lﬂuq o)u(py) 2 Yo 2 U(—p_u), (3.6)

where

K=k -ky, P=p,-p5.

(3.7)

Only the basis 8, is of order w®, the others being of order w°. Hence, to lowest order, we have

M=A(s,t,u)8, .

(3.8)

The respective direct- and crossed-channel contributions to A(s, ¢, u) are®

M+ M
Als, ) =M1t M
(s, 2) 2%,
M{+ My
A(u,t)——gb‘r—,

3.9)

(3.10)

where the indices I and II signify the polarization cases in the respective channels. In Eq. (3.10), we have
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|2

_ 1-
Ba=iulp )G KPP 6+ P’ €)= (P KNEK' * €+ K+ €)
-K'(K'+ €P' €,+P"+ €K' €,)+P'+K'e, * 62K']1+—275 u(p,), (3.11)
where
K'=k,+ky, P'=p,+p, . (3.12)

The absorptive parts A’(s, t) and A’(u, t) are obtained by substituting the respective channel absorptive
parts of M, as given by expressions (2.4) and (2.13).

A, t)=é(—T—)12%(T)E , (3.13)
Al(u, ?) =éc(—T%£A£ﬁ (3.14)

The respective dispersive parts of the amplitudes are obtained from the absorptive expressions by inte-
gration:

~ Als',t
Als, =% f —(L—)ds ) (3.15)
m am;2 §' =S
Alu, t):l f A_f_”i_:_ﬂ du’ . (3.16)
T Hmpsm? W=
The resulting expression for A(s, ¢, u) is*
ie®’G"”? m}? .
Als, t, u)=(4.42) —2- electron-type neutrinos, (3.17)
327 m,

ieZGlz myz .
A(s, t, u)=(=14.5T)—z—= — muon-type neutrinos. (3.18)
327 m,
In the factor (4.42) appearing in Eq. (3.17), the contribution from the crossed channel is only (0.08). In
the factor (-14.57) of Eq. (3.18), the crossed-channel contribution is only (0.15). Thus, for both types of
neutrino emission the crossed-channel contributions are very small. The corresponding expression for
R is
_ 262G %p
22w, 22w, ) Pm

_ 1-
R 16(p, +D5 = ky = kJa(p,) =52

X[KP(E P+ €a+oP €)= (P K)EK €+€ K €)-KEK €P+€+P- K" €)+P Ke, * K]

12 y(p) (3.19)

where
p=4.42m? electron-type neutrinos, (3.20)

p=-14.5Tm,*> muon-type neutrinos. (3.21)

IV. CROSS SECTION AND LUMINOSITY Evaluating Eq. (4.2), one obtains

The unpolarized differential cross section ob- waf @ ¥,
tained from Eq. (3.19) is 0=5.4x10 M_p) cm
Z_; =2gzg ’:pz _ (1 = costs) . (4.1) electron-type neutrinos, (4.3)
oM,

The total unpolarized cross section is 5=1.1X10-53 < w )e om?
e4G /4p2 P

o= 520mm (4.2)

muon-type neutrinos . (4.4)
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TABLE I. Neutrino cross sections and luminosities for various intermediate-boson masses. The units of c and L are

cem? and erg/cm®sec, respectively.

L(V,,7,) Ly,7,)

e

3.5% 10747 (w /M,)¢
1.1x 107w /M,)8
8.5x 107 (w/M,)®
2.1x 10753 (w/M,)8

T(Vg ,7p) oWy,
My, =10 GeV 1.9% 10746 /M,)®
My =50 GeV 4.1%x 1075w /M,)®
My, =100 GeV 2.9x 1075w /M,)®
My, =500 GeV 5.9% 10753 /M,)®
My, =1000 GeV 4.1x107%(w/M,)*

1.6x 107w /M,)®

8.1x 10787 /1091

1.8x 107101 /10913
1.2x 10717 /10913
2.6x 10”1(T /101913
1.8x 1072(T /101913

1.5x 10787 /10913

4.7x 1071 (T /10913
3.7x 10712(7 /10913
9.3x107%(T /101913
6.9% 1073(T /101013

The corresponding blackbody neutrino luminosities
are

13
L=2.4x10"12 (ITT“’ ) erg/cm?sec

electron-type neutrinos, (4.5)

13
L=4.7%x10" (—é—%) erg/cm?®sec

muon-type neutrinos . (4.8)

In Ref. 2, the expression obtained for o is

e4 4 M. 2 2
o~ saogr (£ -8) “.n
w

Table I gives the corresponding values of the
cross sections and luminosities for various inter-
mediate-boson masses M,,.°

Upon comparison, one finds that the expressions
for o(v,,v,) and L(v,, v,) of Eqs. (4.4) and (4.6)
are of the order of magnitude of o(v,, v,) and
L(v,, v,) of Ref. 2 for M, =500 GeV. Of particular
interest is to note that in Ref. 2 the respective ex-
pressions for o and L are always greater for elec-
tron-type neutrino emission, whereas those of
Egs. (4.3)-(4.6) are greater for muon-type emis-
sion.
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