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Assisted neutrino pair production in combined external fields
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Neutrino-antineutrino (v2) pair production is one of the main processes responsible for the energy loss
of stars. Apart from the collision of two (yy — vv) or three (yyy — vv) real photons, pair creation from
a photon and photon collisions in the presence of nuclear Coulomb fields or external magnetic fields
have been considered previously. Here, we study pair production of a neutrino and antineutrino from a
low-energy photon in the presence of a combined homogeneous magnetic field and the Coulomb field of a

nucleus with charge number Z.
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I. INTRODUCTION

Because of the large mass of the W* and Z° vector
bosons mediating the weak interaction, the coupling of
neutrinos to the remaining matter particles is extremely
suppressed at low energies. As a consequence, the cross
sections for neutrino-antineutrino pair creation in photon
collisions, for example, are very small. However, because
the stellar plasma is basically opaque for electrons and
photons but transparent for neutrinos, such processes, albeit
rare, are very important for the energy loss of stars.
Neutrinos can carry away energy from the entire volume
of the star, whereas electromagnetic radiation can escape
only from a small surface layer. Thus, for large stars with
high temperatures O(10° K) (~86 keV) and densities
O(10° g/cm?), processes involving neutrinos may even
dominate electromagnetic radiation from the star [1-5].

Although neutrinos can also be created in processes
involving real electrons or nuclear transitions [6—13], we
focus on neutrino pair production by photons or electro-
magnetic fields in the following. A single photon alone
can obviously not emit a neutrino pair due to energy-
momentum conservation, so the lowest-order process
corresponds to the collision of two photons yy — vi.
Since neutrinos do not carry electric charge and, thus,
do not couple directly to photons, this process requires an
internal charged particle mediating the interaction. Here,
we consider electrons or positrons as the lightest charged
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particles, but other charged particles such as muons can be
treated in complete analogy.

Using the effective low-energy description of the four-
fermion interaction, the lowest-order Feynman diagram of
this process yy — v is depicted in Fig. 1. However, it turns
out that the associated amplitude is suppressed due to the
Landau-Yang theorem [14—17]. The four-fermion descrip-
tion represents a point interaction (current-current theory)
between massless neutrinos, and, thus, the two outgoing
neutrinos have no relative orbital angular momentum.
Because of the (V-A) coupling structure, their spins must
be parallel, and, thus, the final state has total angular
momentum J = 1, which cannot couple to two initial (real,
i.e., on-shell) photons.

Deviations from the conditions mentioned above, such as
taking into account the small neutrino masses [18,19] or the
nonlocal structure [20-22] of the four-fermion interaction
(mediated by internal W* or Z° bosons) or replacing one
of the initial (real) photons by an external field [23-28],
can lead to a nonzero (albeit small) amplitude. Another
option is a third photon vertex (representing a real photon
or an external field), which is the case we consider here.
Exemplary Feynman diagrams are depicted in Fig. 2, where
we have explicitly included the internal W* or Z° bosons

5

FIG. 1. Triangle Feynman diagram representing the neutrino-
antineutrino creation yy — v in the four-fermion limit.
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FIG. 2. Exemplary Feynman diagrams involving neutrino pairs
and three photons at one-fermion loop order.

instead of using the effective four-fermion interaction as
in Fig. 1.

For typical densities, collisions of three real photons
can be quite rare events. Thus, in order to increase the
interaction volume, one may replace one or two initial
real photons by external electromagnetic fields, which
amounts to considering photon-photon collisions or
photon decay in this background. Examples for such
background fields are the Coulomb fields of nuclei or
strong magnetic fields, which may also exist in stellar
environments.

In the following, we study photon decay into a neutrino-
antineutrino pair in the combined background of a strong
magnetic field superimposed by a Coulomb field. In
analogy to a recent study on Coulomb assisted vacuum
birefringence [29], such a scenario offers advantages in
comparison to other cases, such as an enlarged interaction
volume. Furthermore, for photon energies way below the
MeV scale, all involved scales are subcritical (i.e., also well
below MeV), and, thus, we may use a low-energy effective
description.

II. MODIFIED EULER-HEISENBERG
LAGRANGIAN

To begin, we will provide a concise summary of the
fundamental principles. The Euler-Heisenberg Lagrangian
outlines a direct connection between low-energy photons
and serves as a quantum adjustment to classical Maxwell
electromagnetism, building on the pioneering work of
Euler and Heisenberg [30]. When the electromagnetic
fields represented by the field strength tensor F,, are
slowly varying and remain significantly lower than the
Schwinger critical field, which is determined by the
electron mass m,, elementary charge ¢, and the related
critical magnetic field

E m?c?
crit T hq
2.2
B = mfj <
q

A"
~13x 10—,
m

~44x10° T, (1)

then one can examine the low-energy limit of the Euler-
Heisenberg Lagrangian. In this limit which is of interest in
what follows, the one-loop photon-photon interaction is

described by the lowest order in the Euler-Heisenberg
Lagrangian [30-35] given by

£ =¢ %(FWFW)Z +17_6(F,uuimy)2
= e () = S(u()7, @)

with the prefactor

hq' QQED 20‘(2213D
523602 177~ ¢ 7 = i (3)
Tom,c 90zE;,  45m,
To examine the range of validity for the low field approxi-
mation provided by the Euler-Heisenberg Lagrangian in
various physical regimes, see Refs. [36,37]. The electro-
magnetic field strength tensor, denoted by F,,, and its dual,
represented by F* = 1e"®F ;. are related to each other.
For recent experimental attempts of light-by-light scattering,
see Refs. [38—41]. From now on, we shall employ natural
units with

h=c=¢)=1, (4)

in order to simplify the expressions. In deriving the last
equality in Eq. (2), we have used the following identity
which links the field strength tensor with its dual:

(FF)? = 4u(F)* = 2(ue(F?))?, (5)

where the trace is taken over Lorentz indices. As previously
noted, any violation of the constraints set by the Landau-
Yang theorem results in finite contributions to the scattering
amplitude that involves neutrinos. In the absence of external
fields and nuclei, the first nonvanishing amplitudes of
interest involving two neutrinos are those that have three
photons, as presented below:

yv = yyv, (6)
Yy = yo, (7)
vo = yyy. (8)

The effective Lagrangian presented below was derived
for the photon-neutrino interactions involving five points in
Refs. [21,22] and justified in Ref. [42]:

Gra [28\i ) )
L = #ﬂm <E) Ny {SF*F,F? — 14FF,, Fr'y,
)

where

N/w = aﬂ[l/_/yl/(l + 7/5)1/,] - ay[l/_/}/u(l + yS)W]’ (10)

036003-2



ASSISTED NEUTRINO PAIR PRODUCTION IN COMBINED ...

PHYS. REV. D 108, 036003 (2023)

is the effective coupling for the electron-neutrino part
with the fermion loop via W or Z bosons,
a=1-1(1—4sin?0y), where Oy is the weak mixing
angle or Weinberg angle [sin’fy = 1 — (my/my)*~
0.23142] [43,44]. The first term in a (ay = 1) is for W
and the last (a; ~0.04) for the Z boson contribution;
see Fig. 2 for the corresponding Feynman diagrams. The
reduced value of the Fermi constant Gy is expressed
as Gp/(hc)® = 1.1663787(6) x 107> GeV~2 in natural
units [45]. The effective Lagrangian mentioned earlier is
the result of substituting the neutrino current N, for one
of the external legs in the four-photon amplitude derived
from the Euler-Heisenberg effective action at low energy. In
a previous work [24], the process of producing a neutrino-
antineutrino pair was examined in the presence of an
external magnetic field, which replaced one of the incom-
ing photons. This external magnetic field was found to
enhance the cross section compared to vacuum processes,
as discussed earlier. The calculation of the cross section for
neutrino pair production under the condition where the
magnetic field is perpendicular to the incoming photons
and the momenta of the neutrino particles have been
integrated out is given by [24]

w\°/ B \?2
ogl,, ., < 10731 (—) < ) cm?. 11
Blyy 127 m, Bcrit ( )

The comparison between the scattering in a constant
magnetic field and in vacuum results in a ratio of

£eff

_ Gga <2§3

- \/32am, \ 45

e ) ) o

In this article, we will perform the same calculation for
the production of a neutrino-antineutrino pair in a mixed
background consisting of a constant magnetic field and
Coulomb field. This process involves the decay of an
incoming photon into a pair of neutrino and antineutrino in
the presence of the mixed background, which can be
represented diagrammatically by Fig. 2 after replacing
two of the photons with those from the external fields. It
is worth noting that the presence of the Coulomb field
results in an additional enhancement compared to the pure
magnetic field case discussed earlier.

The effective Lagrangian is altered by the presence of the
mixed magnetic and Coulomb fields. To account for this
modification, we begin by replacing the strength tensor in
Eq. (9) with a sum of three terms:

f;w_)fﬂv—'—F;w—f—f;w' (13)

Here, f, F, and F represent the field strength tensors for
the incoming photon, the magnetic field, and the Coulomb
field, respectively. To obtain the desired outcome for the
process of interest, it is necessary to include multilinear
terms involving all three field strength tensors. By doing so,
we obtain

> ZNW{—IO[F‘”“tr(]’:f) + Fru(Ff) + f*u(FF))

- 14[Fyﬂ(f/1/1fﬂ” +f&pfﬂﬂ) + ~¢‘M(F/L()f/m +f/1pr”) +fb/1(F/1/1Fpﬂ + f/l/)Fpﬂ)]}‘ (14)

Substituting the effective coupling of the electron neutrino,
N, back into the calculation, we obtain the following
expression for the amplitude:

My — 51 (2—‘53)Za<p1>y,w<1 fro(p). (15)

V8mm, \ 45

The neutrino pair spinors are denoted by # and v. It is
important to note that, unlike the previous findings pre-
sented in Ref. [24], in this case, the derivative in N L acts
not only on the quantum field f 4, but also on the Coulomb
field F 4. Thus, it is possible to decompose the total current
into two distinct contributions:

W=+ I (16)

We first write down the contribution from f:

Y = 6i[(F - k) (e- F - k) + (F <> F)
+ 14i{2¢" (k- F - F - k)
—kt[(k-F-F-¢)+ (F < F)|}. (17)

To evaluate J~, which corresponds to the contribution from
the derivative correction of the Coulomb field, we must first
consider the vector potential for the Coulomb field, its
corresponding field strength tensor, and ultimately its
Fourier transform. The vector potential for the Coulomb
field is expressed as follows:

Ze
A, =|-—,0). 18
K ( 4rr’ > (18)

To compute Jr, we need [46]

Ze 1
£ 0.0~ (19)

00 = "4z %0
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Its Fourier transform reads (see, e.g., Refs. [47-49])

. Aq);(Aq);
/d3re,Aq_raifjo_Ze< @) (Aq),

where Aq represents the momentum that is exchanged
during the current process of assisted neutrino pair pro-
duction. For arbitrary momentum transfer Aq, this Fourier
transform is bounded from above by the constant Q = Ze.
In contrast to Eq. (20), which is the Fourier transform of the
derivative of the Coulomb field, Eq. (25) shows that the
corresponding Fourier transform of the Coulomb field

itself, which determines J;, can become arbitrarily large|

(180)2

SSS

There trace results in three contributions:

for small Aq, i.e., in the forward direction. This growth for
small Aq corresponds to the large effective interaction
volume. In this limit, the current J£ is less important than
J¢, and, thus, we neglect it in the following.

The square of the amplitude in (15) results in

SG%a a
W?E",i (@(p)r" I (1= 7)v(p2))

< (0(p2)(1+ 7)) (Ip) 7 ulpr)). (1)

To compute the differential cross section, we sum up the
final states of the neutrino pair spins and average the initial
polarization states of the incoming photon (¢):

[Men]* =

8Graapgp
A WMo = 2D L w80 ) a0 £ 7 22)

-] = 8[py - Jypa - I = py - pady - Ji 4 py- Jipy - Il (23)

Plugging all back into Eq. (21) and averaging over the incoming on-shell photon polarization, we arrive at

32Gra? aQED 1
7(180)2

+ 72[(p

g {p1-pa72(k - F? -k

22|MBN|2

S\E

F-k)(py-F-k)(k-F* k)+

Ok 72

(F < F)+(p

k) +968|k - F - F - k||

F-k)(py-F-k)k-F-F-k)+ (F < F)]

—392[=2p, k(k-F-F -K)(p, - F-F -k+p -F-F-k

k(k-F-F -k)(py F-F-k+py-F-F-k)+pi-kpy-
—336[(py - F-k)(py-F-k)(k-F-F-k)+

K(k-F-F2-F k) + (F < F))]

(F < F)

+(p1-F-k)(py-F-k)k-F-F-k)+ (F < F)

+14x6x2(p; -
+14x6x2(p, -

K)[(py - F-k)(k-F-F* k
Ol - F Rk F -

+(F o F)

k) + (F < F)l}. (24)

Assuming that the external magnetic field is constant (B) and the nuclear Coulomb field is given by E = e,Q/(4xr?)
with charge Q = Zq, where e, is the unit vector in the radial direction, we can calculate its Fourier transform:

/ drei®aTE = / Preivar 20 _ o

Aq
|Aq|?*

4nr? (25)

The above squared amplitude can be expressed in the following manner, based on the electric field of the nuclei and the

constant magnetic field:

32G%a2a3 ED w4a) [0}
M _ Q 0192 1—
2Z| ol = z(180)2  md {

+72[n1
+ (ny —ng) - E(ny —ny) - E[B* -
+ 392(1 — g n1)<1 — - nz)[Esz —

- (B xmg)n, - (B xn)(E? -

n; - n,)[72(E* - (E - ng)*)(B? -

(B-ng)*) — 968|E - (B x ny)|*|

(E-np)?) +n; - (Bxng)(n, —ng)-E(B xng)-E+ (n; < ny)

(B -ng)?]]
(E-B)> -

ng - (E x B)J?]
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+784[(1 =m; -np)E - (B xng)(ng+n,) - (ExB) +

+ 168{(E - ng)ny - (B x E)[n,
+[IBP*(E -ng) -
+672[n

The above four-vectors are defined according to

k= wy(1,ng),
kn = (0, Aq) (static photon from the Coulomb field),
pi=p,=w(Lm),
P2 = py = wy(lmy). (27)

The unit vectors ng, ny, and n, are related to the incoming
photon, neutrino, and antineutrino pairs, respectively. In the
next section, we consider a special configuration where the
magnetic field is parallel to the incoming photon momen-
tum, i.e., BJk.

|

32G2a2 3 oy 2
Z|MBN| = ﬂ . {392(600601 — k- pp)(@ow; — k - py)[E*B? —

(180)2x

YXI:

32 % 392G1a” e w0, Q7

(180)*z i TAqF
12544610 Qe o, w0, Q* B a
(180)°z m;  |Aqf?

with the momentum transfer defined as

Aq =Kk —(p; +p2)- (29)
Assuming ¢ is the angle between the magnetic field and
the momentum transfer, the scattering angles 6, , between
the incoming photon and the outgoing particles can be
expressed as ng - (n;,n,) = (cos@,cos,). Thus, we
obtain

ZlMBN|

SSS

12544G1a* ayp, w0, 722 B2
(180)°z  m¢Bg; |Aqf

crit

X (1 =cos8;)(1 —cosd,)(1 — cos’p).
(30)
In order to establish a comparison with earlier research,

we calculated our cross section by numerically evaluating
the momentum integrals. We find that

48 .3 2( B >2<‘0>6 2. (31)
opn X4 X 107 ann Z° | —— — | cm-. (31
BN QED Bcrit m

(n; < ny)]

-(Bxmng)(1=mng-ny)+ (n; < ny)l
(B-mg)(E - B)|[(n; —ng) - E(1 =ng-n;) + (n; < ny)[}
1+ (Bxmng)(ny —=mg)-E+ (n; <& m)]E - (B xng)}.

(26)

|
III. PARALLEL CONFIGURATION

Examples of specific configurations include the mag-
netic field and incoming photon momentum being parallel
or perpendicular, i.e., B[k or BLk. In Ref. [24], the
perpendicular case was explored, resulting in the enhance-
ment mentioned in the introduction. However, even in the
case of a pure magnetic field background and the parallel
configuration, nonzero results can be obtained in the
final cross section. For the remainder of this paper, we
will focus only on the parallel scenario, where B x ng = 0
and B2 — (B - ng)? = 0. In this case, Eq. (26) has only one
contribution:

(E-B)?]}
—ng-n;)(1 —ng-my)(|Aq*B* - (Aq - B)?)

—no-n)(1—ny - my)(1 - cos’p), (28)

Our result can be compared to the cross section reported by
Rosenberg in 1963 [23]. Rosenberg’s study pertains to the
decay of an incoming photon in the presence of a Coulomb
field, resulting in the production of neutrino pairs:

6
0|HZ_>WN1.25X10'49aéEDZ2<%) cm?. (32)

By examining the ratio of these two cross sections, we

}/+Z—’IJU < CIlt)

which is directly proportional to the squared dimensionless
ratio of (B/B;)-

(33)

IV. CONCLUSIONS

In this paper, we investigated the scattering of a low-
energy photon in the presence of a combined field of a
nucleus and an external magnetic field. This scenario was
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different from previous studies involving only a magnetic
field which leads to an enhancement in the final cross
section. The presence of the Coulomb field results in a
large interaction volume in the forward direction
do/dQ o« 1/(Aq)*. We calculated the differential cross
section of the scattering process and found that it
exhibited a peak in the forward scattering direction.
The large interaction volume and the peak in the forward
scattering direction observed in this study have important
implications for the study of photon interactions in
astrophysical environments. It suggests that the combined
field of a nucleus and an external magnetic field can
significantly affect the behavior of photons, which could
impact the observations of astrophysical phenomena such
as the energy loss of stars. Overall, the study provides

valuable insights into the complex interactions between
photons and background fields, which are important for
understanding the behavior of photons in astrophysical
environments.
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