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High-energy neutrino conversion into an electronw pair in a magnetic field and its contribution
to neutrino absorption
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We calculate the conversion rate of high-energy neutrinos propagating in a constant magnetic field into an
electronW pair (v—W+e) from the imaginary part of the neutrino self-energy. Using the exact propagators
in a constant magnetic field, the neutrino self-energy has been calculated to all orders in the field within the
Weinberg-Salam model. We obtain a compact formula in the limB&B,,=m?/e. We find that above the
process threshold ("M ~2.2x 10! eVx (B, /B) this contribution to the absorption of neutrinos yields an
asymptotic absorption lengtis 1.1 mXx (B, /B)2X (10 eV/E).
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I. INTRODUCTION process. Therefore, there is an energy above which the con-
version into an electrollV pair becomes the dominant pro-
The study of creation, propagation, energy loss, and absess. In addition, since we use the electroweak Lagrangian
sorption of neutrinos in a magnetic field is important in sev-and not an effective low-energy theory, our result is valid
eral astrophysical contexts and in early cosmolftly The  also at very high energies, much higher than Wemass;
neutrino self-energy and dispersion relation is modified inactually, theW-electron decay rate contributes significantly
magnetized medif2—4], and processes where neutrinos ra-{0 neutrino absorption only in thls limit. Notice that eventu-
diate electron-positron pairsv(-v+e*+e”) [5-7] or ally the realW decays and that in about 10.5% of cases the

gammas ¢— v+7) [7-9] have been investigated in the final state contains a neutrino of the same fla@Qg., v,

il
range of energies where it is possible to use an effective” W+ €—ve€ €"), sothat the process can be thought of as

four-fermion interaction and rates have been obtained in thd€ radiation of a lepton pair; in about 21% of cases the final

limits of weak and strong magnetic fields. As an example of 2t contalng a nheutrmo of d|fferenot ﬂaf\,(@r.g., Ve;‘]f.”f
the importance of a macroscopic magnetic field as an effec- V/“‘.’“e)’ and in the remaining 68.5% of cases the final state
ontains hadrons.

tive source of energy loss for energetic neutrinos, we recal‘f In this paper we use Schwinger’s proper time met[‘ibkj

that the.esymatE] for the ratev— v-+e”+e” in thg SUONg 15 calculate the neutrino self-energy in homogeneous mag-
magnetic field near the surface of a neutron star is about teayic fields and then we obtain the probability of decay into
times the rate of pair p.roductlon in the Coulomb field near, \zLelectron pair by extracting the imaginary part of the

the nucleus of metallic iron. o self-energy. A similar strategy was used by Tsai and Erber

Conversion of neutrinos ikV-lepton pairs in the presence [12] to extract the photon pair creation probability from the
of magnetic fields ,—W-+1) should be considered when yacuum polarization in intense homogeneous magnetic
studying the propagation of neutrinos of sufficiently high fields.
energies: we shall show that in this limit this process gives |n Sec. Il we briefly review the notation and derive the
an important contribution to neutrino absorption. A similar one-loop neutrino self-energy in constant magnetic figlk
processyy—IW™ has been studied by Seckel0], who in Sec. Ill we obtain the imaginary part of the self-energy
shows that at energies above the threshold/igsroduction  and the rate ofV-electron pair creation in a magnetic field.
this process is competitive withv scattering at the same The ensuing discussion and conclusions are in Sec. IV.
center of mass energies.

The process we are considering, where an extremely en-
ergetic neutrino creates a ra&f is a second order process in
the weak coupling constagt while the radiation of &" e~
pair through a virtualW or a virtual Z is a fourth order In this section we review the calculation of the one-loop

neutrino self-energy in a homogeneous magnetic field, using

the exact fermion and gauge boson propagators in a constant
*Electronic address: andrea.erdas@ca.infn.it magnetic field[2]. We consider a magnetic field with mag-
"Electronic address: marcello.lissia@ca.infn.it nitude B pointing along the positive direction. The only

II. NEUTRINO SELF-ENERGY IN A CONSTANT
MAGNETIC FIELD
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nonvanishing components of the electromagnetic field For any four-vector a# we use the notationaf*
strength tensoF*” are F'?= —F?'=B. The exact expres- =(a%0,0a3) anda”=(0al,a20); it is easy to show that
sions for the electronS(x’,x") [11,13 and W boson

G**(x’,x") [2] propagators in a constant magnetic field are =

obtained using Schwinger’s proper time method: (e?eF9rv=(gH?) cog2eB9 + ?sin 2(eBs. (6)

d*k
S(X,,X”):(ﬁ*(X,,XH)J (27T)4elk-(x —X )S(k), (l)

Note that thew and Goldstone scalar propagators were ob-
tained in Ref.[2] by introducing a new electromagnetic
gauge invariant gauge fixing ter@GF which is manifestly
invariant under electromagnetic gauge transformations. The
advantage of the EGF gauge is that the electromagnetic po-
where the translationally invariant parts of the propagatorsential has no cross couplings with tiw¥ and Goldstone
are fields and, therefore, these two fields do not mix in the pres-
ence of a magnetic field.

d*k ., .,
GIU.V(X/’X/I): ¢(X/'er)f (277)4 eIk-(X —X )G,U.V(k), (2)

S(k)=ifw ds ex;{—is( M2 i et K2t K2 taneBs) In the remainder of this paper we focus our attention on
o coseBs 7L eBs electron-type neutrinos; the generalizationut@nd = neutri-
nos is straightforward. For the purpose of this work, it would
x| (m—K)e ieBsrs_ K. 3) seem convenient to work in thg unitary gauge—{«),
I coseBs where the unphysical scalars disappear. However, \the

propagator is quite cumbersome in this gauge. We prefer to
and work in the Feynman gauge€ 1), where the expression of

(= ds [, taneBs the propagator is much simpler. In principle the choice of the
G“”(k)zlJ exg —is| kj+ki —=—

2 Feynman gauge carries the price of calculating an additional
o coseBs eBs bubble diagram: the one with the Goldstone scalar. But this
scalar bubble diagram does not contribute to leading order,

Cis(M2—i€) v 1 [ m2eFs ur “ since it is suppressed by a factor mf/M?~4.04x 10" 1,
><| € [of"+(e DI K and can be neglected. Therefore, we only need to calculate
the bubble diagram with & boson:
taneBs taneBs), e
+ k) Frr k¥ +k,FP" i (Fe -
g
Py — 2 1o MV (! ! 7
oS- ie)_ s i) 2w(X X = yRY W SX X Y, L GHI(X X (D)
—g/"BtaneB9 v ) }
where
4
In the rest of the paper we shall drop the infinitesimal imagi- 1ty 1- Ys ®)

nary contribution to the massesie, which determines the YRZT T

correct boundary conditions; if necessary it can be easily

reintroducedm”—m?—ie andM?—M?—ie. In our nota-  This expression is translationally invariant, since Wend
tion, —e and m are the charge and mass of the elelctron,the electron carry opposite charge and therefore the phase
M the W mass, x the gauge parameteros=o factor ¢ in the W propagator cancels the phase facatdr in

=(i/2)[y",¥*], and the metric isg*’=diag(—~1,+1,+1, the electron propagator. We can wrlg,(p) in momentum
+1). We choose the electromagnetic vector potential to b%pace using
A,=—3F,Xx" and, therefore, the phase factor in E¢b).

and(2), which is independent of the integration path[ i8] d4p

F{. e ) 2W(Xr,XH)ZJ (27T)4eip.(X’7X”)EW(p) (9)
=ex "ERYXD .

=X

¢(x’,x”):ex;{ief:ﬂ dx,A*(x) 5 Xu

(5) as

P2 4
| d*k » d = d . 2, 2 . 2,2
Ew(p): — %J ( f S1 S2 e—lsl[m2+q” +qi(tanzl)/zl]e—|52[M2+k” +kL(tan22)/zz] 'YR’Y,u

2m)* ) cosz, ) cosz,
: 4,
— —l1zy03 __ v 2eFsy\uv
X| (m—gpe ' cosz, [+ (e 2 Ty, 7 (10)
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where 2 eB

f* dz
2\ m2) Jo sinpz

2/m2
X J’M /m duefiz[lfnu+u+<p0]
0

g=p—k, z;=eBs, z,=eBs. (11

We now do the straightforware algebra, change vari-
ables froms; to z;, translate thé variables of integration as

follows: U pHemg/JZ(H nu) 4 |n['8—77]ﬁzpi y+(c.t)
- oy A - tanz, 17
( H, l)_> ” Zl+ Zsz, L tan21+tan22 pi ’ W|th
12
| Sifpz(1— qu]sin fzyu] pf
and, finally, perform the four Gaussian integrations over the $o=U(1— u) 7BZsin Bz IVER
shifted variablek. The result is (19)
D)= g f“fx dz,dz, lll. RATE OF W-ELECTRON PAIR CREATION
W .
(4) 0 (11 2)SiN21+2) Because of the oscillating phase exji), the main con-
« @ {(MPleB)[zy+2,M?ImP+ (21 +25) ¢l tribution to the integral over comes from the region where
z<1. If we are only interested in neutrinos that travel
(2 +22,) sinz, through a “moderate” magnetic fieldB<m?=eB,,, which
212, pje'7staT e+ sinz 1z, PL meansB<1, we can expand the terms in the integrand in
power series ofBz<1. Furthermore, since,, is quite
+(c.t) (13 small, of orderg?eB/M?, as can be inferred from the expres-
sion (17) or from the explicit calculation in Ref2], we can
where setp=0 in 2. .
After this is all done, we obtain
2 H H 2 2 2 2
2,2, P sinz; sinz, pL g f f Im?
= + . — (14 p dzz duu
o (21+2)°m?  (z4+25)SiN(Z1+25) m? 19 wlp)= (4m)? m "
1 2
and the appropriate counterteritst.) are defined such that +pu+ §(7IU)
) Xe—iz[1+u—nu+(1/3)(pf/mz)(eB/MZ)Zzzuz(l—nu)z].
(ct)=—2w(pP)lg=0p=0— { } . (15
w(P)|B=0p=0—b ap 5 opo (19

Notice that the term in the exponential proportionakto
TheB-independent counterterms are unimportant for the purcannot be dropped in general, in spite of the fact tBat
pose of this work, since they do not contribute to the imagi-<1: the coefficient of Bz)?, i.e., (mp, /M?)?, could be
nary part of the self-energy. very large when the neutrino is very energetic. In fact, there

In order to more easily isolate the range of variables thakre two physically interesting regimes that are discriminated
give most of the contribution to the integrals and the terms irpy the dimensionless field dynamical parameter
the integrand that are negligible, we also find it convenient to

change integration variables frora,(z,) to (z,u): eBp,
f=——r0, (20
mM
2 1
plat)= /_3(21+22) and which can be read from the ratio of taze@ndz® terms in the

exponential of Eq(19) or inferred from kinematical consid-
erations and the momentum change of a vires&V pair in a
[V E2 1 2z magnetic field.
TR itz 7tz (16) At low energies£<1, thez® term in the exponential can

be dropped, the self-energy is real, and we obtain the result
of Ref.[2]; at high energiesé>1, the self-energy acquires

where we have introduced the two paramet@rseB/m?  an imaginary part that we shall calculate in the following. In

and »=m?/M?=4.0376< 10" % the resulting expression is this last case we writ&,, as
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2 gZ eB 2 % 106 T T T T T T T T
EW(p)=§W IVE IZMYLJ'O dzz o b i
B [m™]
Xf duue—iz[1+u+(1/3)gzz2u2] (21) .
0 10 |

where we have dropped all nonleading termsyinand ex-
tended the integration idu to e, due to the facts that the -
main contribution to the integral idu comes from the re-

. I : o L
gion u<1 because of the oscillating phase exixu) and 10
that »=m?/M? is extremely small. i
The integration indz of the imaginary part of the self-
energy can be performed with the substitution i
=y+y1+u/(éu) in terms of the modified Bessel function 10-3 L
© ) 3 1 =
Kao(w) = @f ysinsw|y+ §y3 dy (22
0 -
-8 |
obtaining 10
2 92 eB 2 1 ] ] 1 ] 1 1 1 1
Zwp)==3 @mZ\ m2 . ')’L\/—B_é_,z 1016 1018 1020 1022 1024
E [eV
= 1+u J32(1+u\3? . . i [eV]
X | du—Kygd ——| — . (23 FIG. 1. Neutrino absorption coefficient for the procegs>W
0 u Eul 3 +e in inverse meters as function of the neutrino transverse energy

(E=p,c) in eV for five values of the magnetic field:

The final integration irdu yields B=10'B,, B=10°B.,B=10"°B,, B=10"B;,, B
=10"5B,, going from top to bottom, witB,,=4.4x10° G. The

92 2 mM?2 same curves apply far,, (v,), if both the horizonal and the verti-
~ -_ 2 (== —3mM?/(eBp,) cal scales are multiplied byn{,/mg)=206.76826€ (m_/m)
WP =" g M?2 (1+\/§eBpi)e - =3477.4. "
(24)
. - o> pcleBl” g® pc/m|? B2
and, therefore, the absorption coefficienta= A= o7 he. W = Tomfic 7\ M) B2
—2p, IZw(p) is o
B 2
2 p.c/m\* B2 M Mc B - LT )
o g~ p.c/mif B 143 2 MC Ber 0.93 105 ov/ | Bo, m~ -, (27
127fic ic \M | \ B, mp, B
x @~ V3(M/m)(Mc/p, ) (B, /B) (255 where we have used the numerical val@:/(#c)®
=g?%/[y2(2Mc?)?#c]=1.16639%< 10 ° GeV 2.
From the exponential in Eq25) we can read the thresh-  If we considerv,, (v;) instead ofv, the corresponding
old for the procesd:if we define &= 3 then threshold energies are higher by a facton,/mg

~206.8 (m,./my~3478), while the asymptotic behavior
B does not change, since it depends only\vand not onm.
cr

?) . (26)

M B
op{"=3Mc? = ~(2.2¢10'° eV)
IV. DISCUSSION AND CONCLUSIONS

For energies well above the threshold, the absorption coeffi- In Fig. 1 we show the absorption coefficient fog—W
cient has the asymptotic behavior +e as a function of the neutrino transverse enegyp, c

The kinematical threshold is obviously given by the sum of the 2In principle the full result would have additional dependences on
massedM +m, below which the rate is rigorously zero: this thresh- the lepton mass coming from terms that contain (m/M)? and
old is lost in our expansion, but it is unimportant as long as thethat we have disregarded, since they are extremely small for elec-
effective threshold, below which the process is exponentially suptrons; these corrections are larger for muons and especially taus, but
pressed, is very much larger thih+m. still small.
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FIG. 2. Neutrino absorption coefficients for the processgs
—W-+e (solid curve$ and v—v+e* +e~ (dashed curvesn in-
verse meters as function of the dimensionless characteristic para
eter k=eBp, /m® for two values of the magnetic fieldB
=10"1B,, andB=10"°B,, going from top to bottom.

for several values of the magnetic fieBt B=10 B,
B=10 2B, B=10 °B,,, B=10 “B,,, andB=10 °B,,
with B,,=m?/e=4.4x10'° G. It is evident that the process
has an energy threshold that grows for smaller valués ab
quantitatively described by E@26). If we consider the an-
gular coefficient, which is 1, and the spacing between th
curves above the threshold, we find thatgrows linearly
with E and quadratically withB, in agreement with Eq27).
The same Fig. 1 is valid fov, (v,), if one multiplies both
the horizonal and the vertical scales bym,(/m)
=206.768264 (m,/m.)=3477.4.

In Fig. 2 we compare the process— W+e with the
processv— v+e* +e~ which has a much lower threshold;

this threshold can be estimated from the dimensionless field

dynamical parameter characteristic of this process
=eBp, /m3, which is analogous t@ of Eq. (20) with the
substitutionM —m: the threshold is smaller by a factor of
aboutm?/M?~4x10" . The curves plotted as function of

e
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v—v+e'+e” we use the result shown in E(B) of Ref.

[6]:
G2(a2+ 2 2
a(v—rvete )= —Fig\;—;_sgA) m4E<BEm>
In(3) 29
x| In(k) = —— —yE—2—4), (28)

which the authors claim is valid forE<M?3%eB[«
<(M/m)3~4x10%]: we plot Eq.(8) of Ref.[6] [see Eq.
(28)] up to k=10, We show results only foB=0.1B,
(top curveg andB=0.001B,, (bottom curves We see that
the processy— v+e*+e~ (dashed curvgsdominates be-
low the threshold o»— W+ e (solid curve$, but above this
thresholdv— W+ e is almost two orders of magnitude larger
(about a factor of 50 Therefore, above the threshold
~(mM?)/eB [k~(M/m)?~2x10%, the effective La-
grangian(four-fermion interactioh cannot be used. The rate
of v—v+e’+e  can instead be estimated using the rate of
v— W+ e, which gives the total absorption times the branch-
ing ratio of W— v+ e, which is (10.66=0.20)%.

In conclusion, we have calculated the absorption rate of
very-high-energy neutrinos in a magnetic field. Our main
result is given by the compact formula in E@5) valid for
electron neutrinos. The result for muon or tau neutrinos can
be obtained by substituting the electron masswith the

Muon or tau mass, remembering that the electron mass

appears also iB,,=m?/e.

This process is exponentially suppressed, and, therefore, it
can be disregarded, for energies below a threshold energy
inversely proportional to the magnetic field; for a field one-
tenth of the critical field this energy is of the order of
10 eV [see Eq(26) and Fig. 1.

Above this threshold the absorption coefficient grows lin-
early with energy and quadratically with the field as shown
in Eq. (27): for a field one-tenth of the critical field and an
energy of 1&° eV the absorption coefficient is about 1
(see Fig. L

Above the threshold this process substitutes the radiation
of e"e™ pairs as the dominant mechanism foabsorption
in a magnetic fieldsee Fig. 2.
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