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The hot big bang model predicts the existence of a cosmic neutrino background. The number of particles
and antiparticles in this primordial bath of neutrinos can be different—a memory of processes that took
place at very early epochs. If neutrinos were massless, this asymmetry would not change once neutrinos
froze out. However, in the case of massive particles, the asymmetry is not protected by conservation laws
and can get erased via helicity-flipping scatterings off matter inhomogeneities. We evaluate this helicity-
flipping rate and demonstrate that if relic lepton asymmetry ever existed, it would remained largely intact in
the Earth’s neighborhood for realistic values of neutrino masses.
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I. INTRODUCTION

The hot big bang theory predicts that along with the
cosmic microwave background there exists a bath of
primordial neutrinos—the cosmic neutrino background
(CvB). The neutrinos decoupled from the thermalized
primordial plasma at temperatures T4.. ~ few MeV (see,
e.g., [1]) and their temperature today is predicted to be
T,~(4/11)'/3T ., (see, e.g., [2]). At decoupling, neutri-
nos had a relativistic Fermi-Dirac distribution, fgp(p), with
the temperature 7Ty, (up to small corrections [3]). The
distribution function of decoupled neutrinos subsequently
evolves (neglecting inhomogeneities) as

Fup1) = o (pﬁ) (1)

dec

conserving its shape in terms of conformal momentum.
Possibilities of direct detection of CvB have been discussed
since the 1960s [4,5] (see [6] for review), but recent years
saw a surge of interest to such type of experiments, thanks
to technological advances [7-27]. The measurement of the
CuvB would confirm one of the central predictions of the hot
big bang model and pave the road to future measurements
of anisotropies of CuvB [28-30]. It would also open a
window to new physics in the neutrino sector [31-35]. In
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particular, the CuvB can be hiding a large relic lepton
number.'

Indeed, the existing upper bounds [see, e.g., [36—40]] or
recent hints of detection [41,42] admit a lepton asymmetry
as large as |, | < O(1071).2

This asymmetry can in theory be measured via, e.g., the
Stodolski effect [5,16,25,43], although the detection thresh-
old is beyond the reach of current technologies [7].

The measurement of the relic neutrino asymmetry could
provide information about leptogenesis models [44—47] or
about other beyond-the-Standard Model processes taking
place in the early Universe [18,42,48-56].

If neutrinos were massless, the lepton asymmetry, stored
in the neutrino sector would remain unchanged after
decoupling. However, the existence of neutrino masses
means that this asymmetry changes via helicity-flipping
gravitational scattering of neutrinos of inhomogeneities. In
the long run, such processes should fully erase any left-over
lepton asymmetry. This question has been raised in [57]
where authors roughly estimated the flip of helicities and
obtained that such a rate would be small.

The goal of this paper is to determine the rate at
which such an erasure happens. We will find that
for admissible values of neutrino masses, only a small
fraction of the neutrino population may undergo helicity-
flipping until the present age of the Universe and the total
lepton number would remain hidden in the neutrino
background.

'By “lepton number” in this paper we always mean total lepton
number.

*Lepton asymmetry 7, is defined as (n, — n;)/s, where n;
(ny) is the total number density of leptons L (antileptons L), and s
is the entropy.
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The paper is organized as follows. First, we define lepton
asymmetry for Dirac or Majorana neutrinos. Next, we
argue that only a small fraction of neutrinos in the Earth’s
vicinity are gravitationally bound to the Milky Way (and
thus would have their lepton number erased). After that, we
compute the helicity-flipping cross section for neutrinos
scattering off matter inhomogeneities. We then estimate the
helicity-flipping rate and show that over the history of the
Universe most neutrinos have never experienced such a
process. We conclude with discussion of potential observ-
ability of the relic lepton number.

II. LEPTON ASYMMETRY FOR DIRAC AND
MAJORANA NEUTRINOS

In the Standard Model with massless neutrinos, there are
three classically conserved flavor lepton numbers (asymme-
tries between leptons and anti-leptons of a given generation).
Neutrino flavor oscillations redistribute these asymmetries
between flavors while leaving the total lepton number
unchanged. Suppose neutrino masses are of Majorana type
(we treat Majorana masses as coming from the Weinberg
operator [58] leaving aside its microscopic origin). In that
case, the conserved lepton number cannot be defined.
However, we can think of left-helical (LH) and right-helical
(RH) neutrino states as neutrinos and anti-neutrinos corre-
spondingly. The lepton asymmetry is then simply a disba-
lance between LH and RH states.

If neutrino mass is of the Dirac type, the total lepton
number is of course conserved but is redistributed among
four Dirac spin states—two from the Standard model sector
and two “sterile” (right-handed) counterparts. The same
helicity-flipping processes then equilibrate left-chiral
(active) and right-chiral (sterile) states. The LH-RH asym-
metry then means that sterile particle and sterile anti-
particle states are populated at different rates, leading to the
change of the mean helicity in the active sector. As we will
see below, the computations in both cases are similar up to
trivial numerical factors.

ITI. FRACTION OF GRAVITATIONALLY
BOUND NEUTRINOS

Neutrinos that are gravitationally bound to stars, gal-
axies, etc., change directions of their momenta but not their
spins. Therefore any helicity imbalance equilibrates after a
few orbital times. We estimate the bound fraction by
computing the number of neutrinos whose velocity v is
below the escape velocity of an object vg:

Flvee) = ) / = Buf,(v), 2)
0

where f,(v) today is given by
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FIG. 1. Fraction of neutrinos with velocity below v, for

2 different mass eigenstates: m = 0.05 eV green line and
m = 0.1 eV red line. The approximation p = mv was used for
Fermi distribution with temperature 7, = 1.9 K.
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v

fu(v) (3)

Here m is the heaviest neutrino mass,’ T,~19 K is the
CuvB temperature today, u is the chemical potential, n is
the normalization, ensuring that F(v) — 1 as v — 1.*
In what follows, p, /T is assumed to be small. The function
F(ves) is presented in Fig. 1 for m = 0.05 eV and 0.1 eV.’

The Milky Way (MW) has v, & 500-600 km/s [61,62]
and the fraction of bound neutrinos obeying distribution (3)
is ~9% for m=0.1eV (and ~1% for m =0.05 eV
neutrinos). These numbers should be further corrected
for local overdensity of neutrinos, Jy, see, e.g., [63—68].
Its estimates depend on the assumed mass distribution in
the Milky Way. The most recent work [68] reports
overdensities 0g ~ 12% for m = 0.06 eV and Jy =~ 50%
for m = 0.1 eV, including effects of the Milky Way,
Andromeda galaxy and the Virgo cluster. The resulting
fraction of bound neutrinos thus does not exceed 9 x 1.5 =~
13.5% for m~0.1 eV (and is of the order of 2%
for m ~0.05 eV).

IV. THE GRAVITATIONAL
HELICITY-FLIP RATE

The computation of the helicity-flipping rate is similar to
the well-known Rutherford scattering computation. The
main complication comes from the expanding Universe as

*It will dominate helicity-flipping rate.

*We work in natural units, c = kg =h = 1.

We adopt here two reference values of the neutrino mass:
m = 50 meV and m = 100 meV. In the ACDM model extended
by neutrino masses alone the sum of the neutrino masses is
limited to Y m, < 129 meV when combining the Planck mea-
surements [59] with those of eBOSS [60]. The bound shrinks
down to 100 meV if more datasets are combined [60].
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the characteristic scattering time for the largest structures is
larger than the Hubble time. We will bypass this compli-
cation by estimating the helicity-flipping rate from above,
using an auxiliary computation in the Minkowski space
with a small overdensity.

We start by considering Dirac neutrinos with the mass m.
A small perturbation over the Minkowski metric due to a
point-mass M is described via metric &,

G =M+ hyy With [, <1, (4)

or, correspondingly, vierbein,

ha
gﬂv:efjetljnab’ eZ:5Z+7M (5)
Writing the Dirac equation in the metric g,, and expanding
to first order in 4 we arrive at the perturbed Dirac equation

) i
iy“Oay — my =5 h™"y 0y, (6)
where indexes a, b correspond to flat space-time metrics.
The S-matrix element is given by

Spi=5 [ R Ot ()

which leads to the differential cross section for the helicity-
flipping process (see [69] for details of the computation):

do  (GyMm)?
d_Q:7§6;4sin4)§E2(l —cos ) (8)
where Gy is the Newton’s constant, £ and p = |p| are
energy and momentum of the neutrino; @ is the scattering
angle.6

The total helicity-flipping cross section displays a well-
known logarithmic divergence for both maximal and
minimal transferred momenta ¢ ~ log(ﬁ). The maximal
transferred momentum is ¢,,,x = 2p. The minimal momen-
tum transfer is related to the maximal impact parameter,
bmax» t0 be discussed below. Using the relation between
the scattering angle and the impact parameters in the
Schwarzschild metric (for b>> r, =2GyM) (see, e.g., [72])

0 1 1
sin— = = < 9
2 lagy 14 ®)

we can integrate Eq. (8) over 6. The resulting total helicity-
flip cross section for a Dirac fermion is:

6Equation (8) agrees with the computations of Ref. [70]. The
angular dependence also agrees with [71] although the latter has
the prefactor with the wrong dimensionality.

(GNMmE)*n 12Dy

p
In the relativistic limit E ~ | p| > m, the cross section (10)
behaves as (%)% as expected. In the nonrelativistic limit, the
cross section behaves as v™* times the logarithmic term and
is independent of mass m. The value of the impact
parameter b,,,, depends on the type of object. We will
see below that even using the largest possible b,,,, for all
objects will not change our conclusion about the survival of
the lepton asymmetry. In what follows we will ignore the
internal structure of the massive objects, considering the
simplest case of scattering on the gravitational center.

V. THE MAJORANA CASE

According to Eq. (6), the current coupled to the
gravitational field h®® is J,, = y,0,. The coupling form
of the transition matrix 7 contains twice more terms in the
Majorana case (see, e.g., the review [73]):

T o b (p )y + CIL,C (p) (1)

where C is the charge conjugation operator. It was
shown [74,75] that both terms in parentheses contribute
equally to weak-field coupling. Since the Majorana action
is constructed from the real spinors, y = % (wp +wh), it

contains an additional factor of 1/2, which cancels the
factor of 2 in (11). Therefore, Eq. (10) is also valid for
Majorana fermions since both couplings are identical.

VI. RESULT

Finally we find the number of helicity-flips, Ng;,, that
free-streaming neutrinos could have experienced until now:

2% dz
Now = e
flip /0 (1+2)H(z)

M ax
X / M dn(z, M)
Mmin dM

The cross section o(v, M) is given by Eq. (10); v(z) =
vo(1 + z) is the neutrino velocity at redshift z, v is the
current neutrino velocity, H(z) = v/Qx + Qy (1 +z2)3 is
the Hubble parameter with Q,, = 0.27, Q, = 0.63 [59].
The integral over dz is the time that neutrino has traveled in
the expanding Universe between initial redshift z;, and
today; while the integral over dM computes the scattering
rate, accounting for the number density of scattering centers
at redshift 0 < z < z,. The velocity of neutrinos can change
while scattering off the largest objects. Therefore, to
simplify our computations we estimate Ng;, from above
by substituting v(z) — v, for objects with the mass
M > 10'*M, in the expression for o(v, M).

v(z)o(v(z), M)  (12)
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FIG. 2. The mass integral of Eq. (12) as a function of M ,,,, for
various neutrino speeds v at redshift z = 0. The saturation of the
integral appears for masses M ~ 10'*~10"°M while the con-
tribution from lower masses is negligible.

To evaluate % we use the Press-Schechter formal-
ism [76], see, e.g., the textbook [77] for necessary details.
The integral over masses is saturated around M ~ 10'*M g,
see Fig. 2. At high masses, dn/dM falls exponentially
and the integral converges fast. Low masses do not
contribute significantly due to the M? dependence of
the cross section (10). This allows us to avoid uncertainties
of the Press-Schechter formalism at small masses and
therefore we do not revert to more sophisticated methods
like e.g., [78]. Finally, the integral is dominated by
redshifts z — 0 (where the velocities are the smallest
and the structures have grown), making the actual choice
of zo > 1 unimportant.

The final results for Ng;, are presented in Fig. 3 (using
Mpin = 103M o, My =23 x 1055M g and zo = 5))). If
Npip 2 1 we consider helicities to be equilibrated, i.e., the
lepton number erased. We see that Np;, monotonically
decreases with vy, never reaching Ny, ~ 1 for gravitation-
ally unbound neutrinos with vy > v... Neutrinos with
v < Ve are gravitationally bound to the Milky Way and
therefore we consider their asymmetry fully erased which
changes the total lepton asymmetry by a small fraction, as
discussed above. In the presented results, we adopted
several values of impact parameter b,,,, = 1, 10, 50 Mpc
which can be considered as typical values for distances
related to galaxy groups, clusters, and superclusters. In a
more accurate calculation, one can use a variable b,,,, value
depending on the mass of the scattering centers, as it would
be defined by the distance between them. But as we see in
our results for constant b,,,, = 50 Mpc, the flipping rate is
already too small, so there will be no qualitative difference.
The dependence on b, is weak with typical b,,,, being

"Larger redshifts can be ignored since the most massive objects
are not formed yet and velocities of neutrinos are too high for
effective helicity-flipping scattering.

1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= bmax =50 Mpc
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o
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FIG. 3. Top panel: the mean number of helicity-flips experi-

enced by free-streaming neutrinos as a function of their velocity
today (unshaded region). The number is significantly smaller than
1 for all admissible values of b,,. The shaded region corre-
sponds to the subpopulation of neutrinos, gravitationally bound
to the Milky Way and having their helicity erased. Note, that the
result does not depend on the mass of neutrinos as long as they
are nonrelativistic. Bottom panel: average Ng;, experienced by
the free-streaming neutrinos passing through the Milky Way
(v > ve) for different values of the impact parameter byp..
(Ngip) is the quantity in the top panel averaged with the
distribution function (3). The mass dependence is due to the
mass dependence of f,(v).

about ~O(10 Mpc). Finally, we stress that Ny, is inde-
pendent of the neutrino mass (for nonrelativistic neutrinos).
The mass dependence seen in the lower panel of Fig. 3 is
solely due to the bound fraction being dependent on mass
(c.f. Fig. 1).

VII. CONCLUSION

Lepton asymmetry (different numbers of leptons and
antileptons) can be generated at some early cosmological
epochs and be encoded in the cosmic neutrino background
(CuB). If neutrinos are Majorana particles, this asymmetry
is not protected by any conservation law. Nevertheless it
would remain largely intact today. To demonstrate this fact
we computed the probability of helicity-flipping gravita-
tional scattering of free-streaming neutrinos and showed
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that a nonrelativistic neutrino would experience Ny, < 1
over the lifetime of the Universe. This conclusion is valid
for any neutrino mass as long as neutrinos are nonrelativ-
istic today. The fraction of free-streaming neutrinos in the
Earth’s vicinity is estimated to be between ~85% and
~99% for currently admissible values of neutrino masses.
The remaining small fraction of neutrinos are gravitation-
ally bound and their asymmetry is erased. If neutrinos are
Dirac particles, the total lepton number is, of course,
conserved, but is redistributed between active and sterile
sectors. The above conclusion is then applied to the active
sector (left-chiral particles and right-chiral antiparticles).

Our results demonstrate that if the primordial lepton
asymmetry had ever been generated, it may in principle be
detectable via, e.g., precise measurements of the neutrino
capture rate in Tritium [23] or other elements [26] (for
recent details of experimental approach see Refs. [79,80]).

Note, that we only discussed the standard cosmology
scenario, where relic neutrinos have Fermi-Dirac distribu-
tion. In the case of nonstandard cosmology (see [81]),
neutrinos might have different distributions, which could
allow larger neutrino masses. In that case, the total flip will
completely depend on the exact shape of the distribution
since the probability of helicity flip is a function of velocity.
Our results, specifically the top panel of Fig. 3 can be
applied to estimate the total number of flips for a given
distribution.

Indeed, the lepton asymmetry changes the neutrino
number density and hence the capture rate. This will of
course require percent level precision of measurements (for
potential pitfalls see [82,83]). Additionally, the change of
the neutrino capture rate may also be due to the local CvB
overdensity [67]. The two scenarios may be distinguished
in the case of Dirac neutrinos with negative chemical
potential u/T, < 0. In this case, the capture rate would also
be lower than in the standard case—an effect that cannot be
imitated by the overdensity.8 Confronting such results with
the determination of the lepton asymmetry from primordial
nucleosynthesis or the cosmic microwave background
(see e.g., [42]) may provide an incredible test of the big
bang theory.
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$For Majorana neutrinos the rate is proportional to (1/T,)* and
always increases, see, e.g., [16].
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