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The energy spectrum of high-energy neutrinos reported by the IceCube Collaboration shows a dip
between 400 TeV and 1 PeV. One intriguing explanation is that high-energy neutrinos scatter with the
cosmic neutrino background through an ~MeV mediator. Taking the density matrix approach, we develop a
formalism to study the propagation of PeV neutrinos in the presence of the new neutrino interaction. If the
interaction is flavored such as the gauged L, — L, model we consider, the resonant collision may not
suppress the PeV neutrino flux completely. The new force mediator may also contribute to the number of
effectively massless degrees of freedom in the early Universe and change the diffusion time of neutrinos
from the supernova core. Astrophysical observations such as big bang nucleosynthesis and supernova
cooling provide an interesting test for the explanation.
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I. INTRODUCTION

The IceCube experiment has recently reported the
observation of neutrinos in the energy range of TeV-—
PeV [1-4], which provides the first evidence for extra-
terrestrial high-energy neutrinos. An interesting feature of
the observed spectrum is a null detection of high-energy
neutrinos in the energy range of 400-800 TeV. Although at
present statistics have not been sufficient enough to confirm
the existence of the dip in the spectrum, there have been
investigations whether it can be explained by some new
physics [5-16]. One possibility is that the high-energy
neutrinos may scatter with the cosmic neutrino background
(CvB) and lose their energy, resulting in the diplike feature
in the spectrum [9,11-13,15,17].

This scenario has several interesting implications. To
suppress the neutrino flux in the range of 400-800 TeV as
indicated by the IceCube observation, the scattering cross
section between the high-energy and CvB neutrinos must
be significantly large, which can be achieved by the
Breit-Wigner resonance. Since the resonance mass my is
close to the center-of-mass energy, it can be estimated as
mg = +/2m,E, ~ O(1) MeV, where neutrino energy E, ~
PeV and neutrino mass m, ~ 0.01 eV. Therefore, it pre-
dicts a new interaction in the neutrino sector with a force
mediator much lighter than the weak scale. Because the
resonant cross section is sensitive to E, and m,, the
IceCube neutrino spectrum may contain rich information
about neutrino mass and redshift of the source [11,12].

From the perspective of particle physics model building,
it is quite challenging to extend the lepton sector of the
Standard Model (SM) with an additional interaction. For
example, if the light mediator couples to the three gen-
erations of leptons universally, there are strong constraints on
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the interaction strength from such as electron beam-dump
experiments [ 18] and rare decays of mesons [19]. Therefore,
it is reasonable to consider models in which the new
interaction is not flavor blind. In this case, it is important
to treat the propagation of the high-energy neutrinos prop-
erly, in order to calculate the neutrino flux at IceCube. In this
paper, we use the density matrix approach to study propa-
gation of PeV neutrinos from the source to the IceCube
detector in the presence of a new flavored neutrino self-
interaction. To illustrate our main point, we consider an
extension of the SM with a gauged L, — L, [20-28]. This
model has several attractive features: it is gauge anomaly-
free; it explains the nearly maximum mixing angle between
the second and third generations; the model also evades
severe constraints from electron beam-dump experiments.

We also study cosmological and astrophysical implica-
tions of the model. Since the mediator mass is close to the
temperature of the big bang nucleosynthesis (BBN) era, the
presence of the mediator in the early Universe can potentially
contribute to the number of effectively massless degrees
of freedom. In addition, the light mediator may also be
produced in the core of supernovae. The frequent collision
between neutrinos mediated by the new force may signifi-
cantly reduce the neutrino mean free path, which slows down
the supernova cooling process. We show that both BBN and
supernova constraints are sensitive to the parameter region of
the model explaining the dip of the IceCube PeV neutrino
spectrum. Our result can be generalized to other models with
an O(1) MeV force carrier coupled to SM neutrinos.

The rest of the paper is organized as follows. In the next
section, we discuss the generic features of the gauged
L, — L, model and its experimental constraints. In Sec. III,
we derive the Boltzmann equation governing the evolution
of the neutrino density matrix. Then, we discuss cosmo-
logical and astrophysical implications in Sec. IV. Section V
is devoted to summarizing our results. In the Appendix, we
present the derivation of the resonant scattering rate.

© 2015 American Physical Society
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II. PARTICLE PHYSICS MODEL

We assume SM leptons have a new interaction with the
following Lagrangian

Ly =—92, Z[l—'ﬂ/ﬂ QreLy + Cry* Qepty], (1)
0

where ¢ is the coupling constant, Z;, is the new gauge
boson, L, denotes the lepton doublet, £ denotes the lepton
singlet, and the charge matrix is Q. = diag(0,1,—1) in
the interaction basis £ = (e, u, 7). We furthermore assume
that the gauge boson mass is m, ~ MeV.

There are several experimental constraints on this model.
The existence of the light Z’ opens up new decay channels for
W and Z bosons such as three-body decays W' — utvZ’.
These new processes change W/Z-boson decay branching
ratios by AI'/T" = 3¢%/16z7 in the limit of my << my/;
[29]. To achieve ~1% precision of measured W /Z-boson
decay branching ratios [30], we estimate ¢’ < 0.7.

One of the most stringent constraints on ¢ is from the
precise measurement of the muon anomalous magnetic
moment a, = (g —2)/2. The leading contribution from Z’
exchange to a, can be evaluated as [20,27,31]

2 2m2x2(1 -
dz/ dx— TMX( o 2 (2)
8 xmy + (1 =x)m

Z/

AdZ =

In fact, several experiments have reported the measured
value deviates from the SM prediction at the level of
Aa,® = (42.6 £16.5) x 1071° [32,33]. While the had-
ronic uncertainty is still in debate, we require Aaf/ to be
less than A", which gives rise to ¢ <5 x 107

The measurements of neutrino-electron interactions also
put stringent constraints on the model. Although the Z’
boson does not couple to electrons directly in our model, it
contributes to neutrino-electron scattering through photon-
7’ mixing radiatively induced by vacuum polarization with
u and 7 in the loop. Reference [34] analyzed data from
the Borexino (solar neutrino) [35] and GEMMA (reactor
neutrino) [36] experiments to put a constraint on the gauge
coupling constant gp_; of a gauged B — L model, which is
flavor blind. To apply their result to our model, we first
relax the Borexino constraint on gz_; by a factor of
(1/0.66)'/%, because the Z’' boson couples only to v,
and v,, but not v,, which accounts for about 34% of the
total solar neutrino flux [30]. We then impose the scaled

upper bound on \/eeg’, where e is the electric charge of

the electron, and ¢ is the photon-Z' mixing parameter.
We calculate the mixing parameter € as
x(1—x)q?

e=— 592/ dxx(1 —x)In [mz_ 2}, (3)

mﬂ —x(1=x)g

where m, and m, are the masses of u and 7, respectively.
We take a typical value of momentum transfer in
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neutrino-electron scattering, g> = —1 MeV?2. Note the
choice of ¢* does not change € as long as |¢*| < m2.
We find that the constraint from the Borexino experiment
is more stringent than that from the muon anomalous
magnetic moment in the light Z’-boson region of
myz <10 MeV. Since the GEMMA experiment looks
for reactor v,’s before they oscillate (the distance from
the reactor is 13.9 m), it is not applicable to our model
because Z' does not couple to v,.

The realization of the observed neutrino masses and
mixing angles in the gauged L, — L, model has been
discussed in the literature [23-28]. In this paper, we assume
that neutrino masses are quasidegenerate, which can be
achieved with a proper choice of the symmetry breaking
pattern [27]. In this case, we can translate the cosmological
limit ) J,m, < 0.25 eV [37-39] to an upper bound on the
individual neutrino mass m, < 0.083 eV. On the other
hand, the observed atmospheric neutrino mass is

/ AmZ,, = 0.049 eV [30], which leads to a lower bound
on m, ~0.035 eV for a degenerate neutrino mass spec-
trum. Since the dip of the PeV neutrino spectrum at
IceCube is in the energy range of 4 x 10> <E, <8 x
102 TeV [3,4] and the resonance condition for neutrino
scattering is m%, = 2F, m,, we obtain a preferred range of
7' mass 5 MeV < my < 10 MeV. If scattering occurs at a
high redshift, we can shift this mass range by a factor of

v/ 1+ z accordingly.

III. NEUTRINO PROPAGATION

We first estimate the coherence length of PeV neutrinos
as follows [40—42]. For any two of the neutrino mass
eigenstates composing a flavor state, the velocity difference
of their wave packets is |v; — v;| = |Am} | /2E2, where
Am}; = m7, —m; . After they travel distance L, the wave
packets are ~L|Am |/2E; apart. If L|Am7;|/2E7 is larger
than the uncertainty in their spatial locatlon the wave

packets do not overlap and lose coherence.' Therefore, the
coherence length can be estimated as [41]

AnE?
LCOh,ij = W Oy, (4)
ij

where o, is the spatial uncertainty of PeV neutrinos.
Assuming that IceCube PeV neutrinos are produced by
decays of high-energy pions, we expect the spatial uncer-
tainty of PeV neutrinos is of the order of the distance that
the pion travels before it decays; i.e., 6, = m,7,/(4E,)
[41], where m,/(4E,) is the Lorentz contraction factor,
and the pion lifetime and mass in the rest frame are
7,=2.6x107%s, and m, =140 MeV, respectively. Taking

'In this case, the density matrix defined in Eq. (5) is diagonal
in the mass basis.
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E, =1PeV and |[Am| =107 eV

spatial uncertainty ¢, = 2.7 x 107> c¢m and the coherence
length L, ;; = 100 Gpc. Therefore, if PeV neutrinos are
produced by decays of free pions, the coherent length can
be larger than the particle horizon size of the Universe
~14 Gpc. However, the environmental effects of the PeV
neutrino source, such as collisions of the parent particle
with particles in medium and the presence of magnetic
fields, may shorten the coherence length significantly
[41,43,44]. Furthermore, even if the coherent oscillation
is maintained during the propagation, it may not
be detected due to uncertainties of source distance and
limitations of detector resolution. In our analysis, we first
assume that PeV neutrinos are coherent and derive the
probability matrix in the presence of the new interaction,
and then take time averaging over the oscillatory terms to
include the possible decoherence effects. Therefore, the
formalism we will develop below is valid even if PeV
neutrinos have a coherent length shorter than the propa-
gation distance.

To describe propagation of the PeV neutrinos from the
source to the IceCube detector, we consider evolution of the
following density matrix

, we can estimate the

Fook.t) o (al(k)ap (k). (5)

where af(z) is an annihilation operator of v, with
momentum k. We normalize the density matrix such
that the number density is given by n.(t) =
J &k /(273 F 44 (k. 1). The evolution equation of the den-

sity matrix can be derived from nonequilibrium field
theory [45-47],

0 _~ -0 _ - S
E]—"(k,t)—Hkﬁ]:(k,t):—i[H(k),]-"(k,t)}—I—C[.ﬂ, (6)
where H is the Hubble expansion rate, [-,-] denotes the

commutator, H(%) is the Hamiltonian, and C[F] represents
the collision term. The Hamiltonian is

H(K) =/ K2+ MM, = (k) + AMM,/Qo(k)). (7)

where k = [k|, w(k) = \/k* +m2, m2 = tw(M;M,)/3,
and AM;M, = M;M,—m2. Since mass-squared
differences are small, we have |Am | < (k).

We write the collision term as

L1 2707}, ®)

ClF) = =5

and the total scattering rate is given by
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ry) = @) 12

my,mgzg

8lk —m3/(2m,)]. (9)

where ((s) is the Riemann zeta function. We present the
derivation of Eq. (9) in the Appendix.

Taking redshift z and incoming momentum ko as time
and momentum coordinates instead of cosmic time ¢ and

physical momentum k, respectively, we obtain the density
matrix evolution of PeV neutrinos,

—~i[AH (ko 2). F (ko 2)]

(ko’ z)

0 ~
—8*7:(/(0, 7) =

{F(ko,2), R} (10)

AMM,

F = F(k,1), A';( =
(&) (1 + 9PH(2)

3 o,
I, =1,(2)61 - 11
N TS <Z) |: + Z 2mbk0:| > ( )

and the optical depth 7,(z) is

FZ/

~ o 3 3 -
74(z) = 18£(3)T; (1 + 2) H(z)m2, my’

(12)

Integrating both sides of Eq. (10) from z; to z;, we obtain
a formal solution for F,

Jt-(lzovzf) :73(7"07Zf’Zi)‘%@O’Zi)’]B(%O?Zf?Zi>T (13)

with the nonunitary matrix

73(%0, Z/, Z)

(14)

where P is the propagation order operator defined such that
P{Q(2)Q'(7)} = Q(2)Q(<) for z < 2" and Q()Q(z)
for 7 < z. Substituting Eq. (11) into Eq. (14), we obtain

ﬁ(%o,zl, Z)
=U(ko, 7', 2,(ko))T y(2,(ko), 2/, 2)U (ko z,(ko), 2),  (15)

where
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~ o AM* _
U(ky, 7', z) = exp —iML(z’,z) with
2k
_ z dz"
L ZI’Z _/ L D rrs N 16
( ) y (1+Z”)2H(Zﬂ) ( )

~ . [exp(-T()R/2) (<7 <2)
T2, 2) = { 1 (otherwise)
Zs(kO) = m%//(zmukO) -1 (17)

Letting U denote the unitary matrix that relates the mass
basis v; to a basis of interest v, = ) ,U,v;, the density
matrix at z = z, can be written as

fff’(zf) = Z Uei, U;5i3Ts,f5f3 (stzﬂzi)Ut’gil U;,i,
C's,i's
xF¢ e, (Zi>Uf2i2 UZZ‘ZTS./@,Q(stzfvzi)UfﬁuU;/u
p 2k0 NEdad
2

Ams, -
SUL NE 1
L) (18)

X exp [—i

For PeV neutrinos, the oscillation length L ;; =
drko/|Am7| is 8 x 1078 (ko /PeV)(eV?/|AmF|) pe, while
the propagation length L(z/, z) is on the order of 1/H, =
3 x 10° Mpc/h as long as 7/ and z — 7 are on the order
of unity. This implies that we can take the period average
of the exponential terms, which gives rise to

(exp[—iAm%jZ/ (2ky)]) = 6;;. With this approximation,
we obtain the density matrix as
]:ff’(zf) = Z UfizUZ?sisz,fsfg (szfvzi)Ufm U;m

's,i's

X F,0,(2i)Up,yi, UZilTsfm(Zs’zf’ziﬂ]feiz U?iQ'

(19)

For PeV neutrino detection, it is useful to take the
interaction basis. Here, the unitary matrix is called the

Maki-Nakagawa-Sakata (MNS) matrix [48] that is often
parametrized by

1 0 0 c;3 0 53¢
Uuns = [0 c23 523 o 1 0
0 —sy3 c3] [—513¢® 0 ¢
2 s12 0
x | =515 cpp O |diag(1,e/@/2 e/@1/2), (20)
0O 00

with ¢;; and s;; denoting cos(6;;) and sin(6;;), respectively.
In the interaction basis, the interaction matrix is diagonal,
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F (2= {diagﬂye-fs<z”>/2,e-*s<z”)/2> (<2 <2)

1 (otherwise)
(21)
The elements of the probability matrix are
Peo = {velzp)lve (@) P = Frelko. 27)
for j:flfz(kOa 7)) = 5f,f’5f2f’» (22)

where we do not sum over £ or . We can write Pyp
explicitly as

Prp = E Ui Up i T g0, (260255 2)
?'s,i's

XUpi,Upi Upiy Ui T 0, (250 25 24)
X Up,i U, (23)

To evaluate P numerically, we take the following values for
the MNS matrix parameters (normal hierarchy) [30]:
sin?(0,) = 0.308, sin(6,3) =0.437, sin?(6,3) = 0.0234,
and 6/7 = 1.39. Combining Egs. (21) and (23), we obtain
0.30 0.13 0.12
P=10.13 0.06 0.05
0.12 0.05 0.04
0.07 -0.05 -0.03
-0.05 0.03 0.02
-0.03 0.02 0.01
0.18 0.15 0.12
+e %G 1015 029 031, (24)
0.12 031 0.35

+ e_%x(zs)/2

for z; > 0.

With the probability matrix given in Eq. (24), we check
several extreme cases. In the absence of scattering, i.e.,
7,(z,) = 0, the flavor composition of PeV neutrinos at the
IceCube detector is completely determined by the initial
condition and oscillations. From Eq. (24), we can see that
> o) Peer =1, where £'(€) = e, p, 7. This is expected
because without scattering, the total probability for finding
neutrinos in different flavors is conserved.

In the limit of 7,(z,) > 1, one might think that v, and v,
would be completely depleted in the neutrino flux reaching
the IceCube detector because of collisions mediated by
the Z'. However, this is not the case. Even though the last
two terms of Eq. (24) vanish, the first one does not depend
on 7,(z,) at all. Therefore, the probability for finding v,
and v, does not vanish. In general, for a model with flavor-
dependent neutrino interactions, the CvB cannot com-
pletely absorb each flavor of high-energy neutrinos.
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To check whether the L, — L, model can produce the dip
in the energy spectrum of high-energy neutrinos observed
by the IceCube, we consider two possible sources for the
high-energy neutrinos. If they originate from p p collisions,
the initial flavor compositions in the neutrino flux are
(¢ oy d0) = (b5, b5, b5,y = (1.2,0). Applying the
probability matrix of Eq. (24) with 7,(z,) > 1, we obtain
the final flavor composition (0.56,0.25,0.22), and the total
survival rate is 1/3. For a py source, the initial flavor
compositions are (1,1,0) and (0,1,0) for neutrinos and
antineutrinos, respectively. At the detector, they become
(0.43,0.19,0.17) with a 2/5 survival rate and (0.13,0.06,
0.05) with a 1/4 survival rate, respectively.

To examine the favored parameter region for the
L,—L, model, we use Eq. (12) and take m, = 8§ MeV,
m, = 0.05 eV, and k;, = 600 TeV. The Hubble expansion
rate is H(z) = Hy/Qu(1 +2)° +Q,, where H,=
100A km/s/Mpc, Qy = 0.32, Q, = 0.68, and h = 0.67
[38]. We find the redshift at which the collision occurs is
7, =0.07, and the optical depth is

7, = 1(#)2. (25)

We see that the required value ¢ for the model to explain
the dip is below the constraint from the muon ¢-—2
measurement, ¢ <5 x 107, It is interesting to note that
the model can explain the dip in the neutrino spectrum and
the discrepancy in the muon anomalous magnetic moment.
If we take ¢ = 5 x 10 as preferred by Aa,,, the optical
depth is 7, = 8.7, which is more than enough to suppress
the neutrino flux in the 400-800 TeV energy range at the
IceCube detector [13]. However, as we will show later, this
parameter region is strongly disfavored by the constraint
from supernova cooling.

Our result can be easily generalized to the case in which
the neutrino interaction is flavor blind. After replacing R =
diag(0, 1, 1) by diag(1,1,1), we can write the probability
matrix as

055 024 021
024 038 038 ]. (26)
021 038 041

P =3 e_%.\ (Z.\>

In this case, all flavor compositions in the neutrino flux will
be suppressed if 7,(z,) > 1.

In Fig. 1, we illustrate the event spectrum of the model,
together with the experimental data. As shown in [3], the
IceCube data can be fitted by a power law as E?¢(E) =
1.5 x 1078 (E/100 TeV)™%3 GeV em=2s~! sr~!. We multi-
ply the best-fit signal spectrum by the probability matrices
given in Egs. (24) and (26), respectively, to get the spectra
for the flavored and flavor-blind interactions. We take
my = 10 MeV and m, = 0.05 eV so that the resonant
scattering occurs near the detector (z, = 0) for neutrinos

PHYSICAL REVIEW D 92, 113004 (2015)

102

E m— SM E

F === Flavored 3

= = Flavor-blind -

10" ¢ E

a E E

= C ]

q>> L i
o 10°

107"

102 103 - 10t
E, [TeV]

FIG. 1 (color online). Expected number of PeV neutrino events
at the IceCube detector for the SM (solid), the flavored L, — L,
model (dotted), and a model in which neutrinos have a new
flavor-blind interaction (dashed), together with experimental data
[3]. For the L, — L, model, we assume that PeV neutrinos
originate from pp collisions. Because of the coherent effect in
PeV neutrino propagation, the neutrino flux does not vanish near
the resonance for the flavored model. In our analysis, we have
neglected the regeneration effect [12].

with measured energy ky =1 PeV and at the source
(zy; = 1.5) for those with k, =400 TeV. We can see that
in our flavored model the collision with CvB neutrinos does
not deplete PeV neutrinos completely in the energy range of
resonances. Within the current data set, the expected number
of events is just two. Therefore, a small suppression factor
can reduce the expected number of events below the Poisson
limit, one. Our result may be tested with better statistics in
the accumulated data set in the near future.

There is one caveat in the above analysis. In deriving the
collision term in Eq. (8), we have neglected the inverse
scattering process and implicitly assumed that PeV neu-
trinos do not reach the detector after scattering. Therefore,
our current analysis does not capture the regeneration
effect [12]; i.e., elastic scattering also leads to a pileup
of neutrinos at lower energy. Although the full Boltzmann
equation contains the regeneration term as shown in
Eq. (A3) (Appendix), it is difficult to solve. Since the
propagation length is a factor of ~10'" larger than the
oscillating length, tracking each oscillation cycle over
propagation in the numerical calculation is highly chal-
lenging. In our analysis, we have neglected the regeneration
term and solved the Boltzmann equation analytically. In our
model, we expect that the regeneration effect increases the
event number in the low-energy range, while leaving the
high-energy spectrum unchanged as in the case of [12].
Therefore, both the flavor and regeneration effects could be
important in determining the final signal spectrum for the
L# — L, model. On the other hand, if the force mediator
also couples to other states and scattering is inelastic, our
analysis is applicable directly because the regeneration
effect is absent in this case.
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IV. COSMOLOGICAL AND ASTROPHYSICAL
IMPLICATIONS

In this section, we study cosmological and astrophysical
implications if neutrinos interact with a new ~MeV force
carrier. We take the L, — L, model as an example, and our
analysis can be generalized to other models.

A. AN constraints

In the early Universe, Z’' bosons can be produced in the
SM thermal bath by inverse decay and pair annihilation of
leptons. The rate of inverse decay can be estimated as
iy ~ §?my X my /T, where my /T is the time dilation
factor. The rate for pair annihilation is I',,, ~ ¢*T. At early
stages when the temperature is high, the pair annihilation
process dominates the production of Z’ in the thermal bath.
But inverse decay becomes more important when 7'<
100 GeV(10™*/¢)(m, /10 MeV). When the temperature
drops below my, the number density of Z' becomes
suppressed by the Boltzmann factor. Since the Z’' mass
is close to the temperature when BBN starts, it may
contribute to the effective number of neutrinos N .

The mediator Z' may change N in two ways. If Z’ is
still relativistic during BBN, it contributes to N directly.
In this case, ANy = 3 x4/7 = 1.7, which is strongly
disfavored by observations of light nuclei abundances
[49,50] and cosmic microwave background anisotropies
[37-39]. Since my ~ 10 MeV in the model we consider,
the direct contribution to Ny at T =0.1-1 MeV is
negligible because of the Boltzmann suppression factor.
However, even in this case, Z' may still contribution to N
in an indirect way. When Z’ becomes nonrelativistic, it
transfers its entropy to v, and v, and increases their
temperature relative to the temperature of v, after neutrinos
decouple from the SM thermal bath at T, 4. = 1.5 MeV.
To study this subtle effect, we take the following steps. We
assume all neutrinos and antineutrinos have the same
temperature 7', 4. = 1.5 MeV when they decouple from
the SM thermal bath. After decoupling, the v,, v,, and 7'
form a thermal bath, which evolves independently from v,
and the photon. Then, we follow the phase space distri-
bution functions of v, v,, and Z' from T, 4. = 1.5 MeV to
T =0.1 MeV, and derive a lower bound on mj, by
demanding ANy < 0.7 at T = 0.1 MeV.

Since both inverse decay and pair annihilation processes
respect CP, the relevant phase space distribution functions
(per spin degrees of freedom) are given by

1
fu,,:fa,,:fu,:fa,:m,

1
fr= , (27)
e

k2+m§, /T =& 1

where T’ denotes the temperature of v,, v, and Z' after they
decouple from the SM thermal bath, & and & are the
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chemical potentials per unit temperature for the neutrinos
and Z' bosons, respectively.
To evaluate 77, & and &, we impose the following three
conditions.
(1) & =2¢, because the inverse decay process is in the
thermal equilibrium.
(ii)) The entropy per comoving volume is conserved,

(s, + 5, + 5y, + 55, +57)a’ = constant,  (28)

where a is the scale factor.

(iii) The third condition depends on whether the pair
annihilation process is in chemical equilibrium when
the number density of Z’' becomes negligible. We
estimate the equilibrium condition requires ¢ > 107>.
In this case, & = £. Combining with the first con-
dition, we have & = & = 0. If not, we instead use the
conservation condition of the comoving number
density

(my, +ng, +n, +ng +2nz)a’ = constant.  (29)

We will discuss both cases.
With the distribution functions given in Eq. (27), we can
write the entropy densities as

Ak dk [ 4k

; /4zzk2dk K+ m k2
SZ/ =

(2r)3 T * —<\fz

3T\ /K> + m,

Sy

M:sljﬂzsb :SDT:

T

(31)

In the case of & = & = 0, we use the entropy conserva-
tion condition Eq. (28) to determine the temperature, 77, at
T = 0.1 MeV for a given my. As we know, in the standard
case, all neutrino species have the same temperature
0.1 x (4/11)'/3 MeV when T = 0.1 MeV. In our case,
the v, evolves as before, but both v, and v, should have a
higher temperature than 0.1 x (4/11)!/3 because they
inherit the energy density of the Z' boson. To evaluate
the energy densities of the v,, v, and Z', we use

Ankidk
p— - p— v p— l_/ p— —k Us
P, =Py, = Pr, / 22)° f

L
(27)°

Pz = 3 k2 + m%/fz/. (32)

We find that py is negligible at 7 =0.1 MeV for
myz 2 1 MeV. Using the standard definition,

113004-6



COHERENT PROPAGATION OF PEV NEUTRINOS AND THE ...

1072 —

¥m,<0.25 [eV]

2 o2
(AMgyn/2)™“<m, ¢ I (IceCube dip) Borexino

my [MeV]

FIG. 2 (color online). Summary of the parameter space of the
gauged L, — L, model. Experimental bounds on the model are
from the muon g — 2 measurement (red band) and the electron-
neutrino interaction measurement (brown) at the Borexino experi-
ment (Sec. II). In the case of the quasidegenerate neutrino mass
spectrum, lower and upper bounds (blue vertical dashed) on
neutrino masses indicate the range of gauge boson mass my =
5-10 MeV required to produce the IceCube dip via resonant
interaction with CvB neutrinos (Sec. II). The optical depth (green
dashed) of the IceCube neutrinos 7, should be larger than unity
to reproduce the observed PeV neutrino spectrum (Sec. III).
Depending on the parameters, resonant scattering can occur at
different redshifts. Cosmological constraints require my 2
5 MeV such that ANy < 0.7 (gray vertical). For mz in the
range of 5-10 MeV, the energy density carried by the Z’' boson
may still give sizable contributions to AN, i.e., ANg ~ 0.1-0.7
(Sec. IVA). The resonant interaction may change the diffusion
time of v, and v, (black). If 7y is larger than ~10 s, it may delay
supernova cooling (Sec. IV B).

py +pu€ +pD€ +puﬂ +,017” +puf +:017,

SIS

we calculate AN . Since the presence of the Z’ boson does
not change the thermal history of y and v,, the following
relation is still valid in our model

7/ 4\43
py+ppe+pﬂe:/)y|:l+§(ﬁ> ] (34)

We demand AN defined in Eq. (33) to be less than 0.7, and
derive a lower bound my 5.3 MeV(T, 4../1.5 MeV)
shown in Fig. 2. We note that AN drops significantly for
larger my. For example, AN is 0.1 for my>
10 MeV(T, 4../1.5 MeV). This is because the energy den-
sity carried by the Z' boson is suppressed by the Boltzmann
factor ~exp(—mz /T, gec)-

If the rate of pair annihilation and creation becomes less
than the Hubble expansion rate when the Z’' boson becomes
nonrelativistic, 77, £, and & can be determined by solving
Egs. (28) and (29) simultaneously with the initial condition
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E=¢ =0 at T, 4ec = 1.5 MeV, where the number den-
sities are given by

Ank?dk
, = Np, =N, =y = wa
Ank*dk
Ny = 3/?‘]02/ (35)

Following a similar procedure, we obtain m, =
53 MeV(T, e/ 1.5 MeV) for AN < 0.7, which is sim-
ilar to the lower bound for the case of & = &. Therefore, our
lower bound on m, shown in Fig. 2 changes only a few
percent even in the small coupling region.

B. Supernova cooling and neutrino bursts

The presence of a new MeV force carrier between
neutrinos also has interesting implications for the physics
of supernova neutrinos. We first briefly summarize the
basic picture in the standard case; see Refs. [51,52] for
review and references therein. The core-collapse supernova
forms a proto-neutron star in its core. Its size and temper-
ature are R ~ 10 km and T ~ 30 MeV, respectively. In the
core, nuclear reactions and electron pair annihilations
produce large numbers of neutrinos. These neutrinos reach
thermal equilibrium with nuclear matter and cannot escape
from the core due to its high density. As density and
temperature decrease with distance from the core, the mean
free path of neutrinos becomes longer. Above some radius
(called the neutrino sphere), they start streaming freely.
The radius and temperature of the v, and v, sphere are
roughly R ~ 15 km and T ~ 8 MeV, respectively. The v,
sphere has a larger size and lower temperature since they
can interact with circumstellar media more strongly
through the charged current. The diffusion time can be
estimated as zgqiz = 4/c(R/A)?, where 1 is the neutrino
mean free path, and c is the speed of light. If neutrinos have
only the SM weak interaction, we can estimate 74 ~ 10 s,
which is consistent with observed duration of the neutrino
burst from SN1987A [53,54].

If neutrinos have new interactions, the standard picture
of supernova neutrinos changes. For the L, — L, model
we consider, the Z' mediator can be produced inside the
core if its mass is comparable to or less than the core
temperature. The travel distance before it decays is only
cty ~ 107 km(g'/1074)72(T /10 MeV)(10 MeV/m)?,
which is much smaller than the core radius. Therefore, the
produced Z’ boson will reach thermal equilibrium with
neutrinos and other particles in the core. These reactions
may prevent v, and v, from streaming freely, and change
their diffusion time. We evaluate the diffusion time in the
following way. The number density of v, and v, increases
as Z' decays, n, ~1/2(U'y)ny, where (I'y/) is the total
decay width of Z' averaged with its phase space distribu-
tion. Meanwhile, n, decreases through the inverse decay.
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FIG. 3. Prefactor f of the thermally averaged decay width,

(Ty) = ¢*/(12x)my f,(my /T), as a function of the ratio of Z’
mass to temperature. By using this result, we evaluate the mean free
path of v, and v, in the supernova core [see Egs. (36) and (37)].

Therefore, we have i, = 1/2(I'z)ny — (6v);,,1,ny. Since
n, =0 in equilibrium, the detailed balance tells us
(0V)iny = 1/2(Cz )03} /ni'n3, where n°’s are the number
densities when the particles are in thermal equilibrium as
given in Eq. (35). Therefore, we can evaluate the mean free
path for v, and v, as

C
A= e~ -
(1/2<FZ’>nz(}/nuq

(36)

To estimate the mean free path in Eq. (36), we factorize the
thermally averaged total width as (I'y/) = ¢*/(127)my fp
(my/T), where

fp = 48712

"2 [ sz ® [ G010

x / ()1 = £, (7)) @n) 6 (k= p—p)  (37)

with TI(k) = d3k/2w(27) as the phase space measure.
We evaluate f numerically as shown in Fig. 3. Roughly
speaking, fp can be regarded as the time dilation fac-
tor fp~my/T.

Using Eq. (36), we estimate the diffusion time for v,
and v, in the presence of Z’ as shown in Fig. 2 (solid
black), where we have taken the core size as 10 km and
temperature 8 MeV. For m, ~ 5-10 MeV and ¢ > 107,
v, and v, may not contribute to the neutrino cooling of
the core, and the neutrino burst would last 3 times longer
than expected in the standard case. This appears to be
incompatible with the observed ~10 s duration of the
neutrino burst of SN1987A, although we cannot draw a
concrete conclusion because uncertainties in supernova
modeling (e.g., nuclear equation of state), limited sta-
tistics of the observed events, and also uncertainties in
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deriving our limit. On the other hand, cooling processes
through other invisible particles can compensate the
suppressed neutrino cooling in this model. For example,
QCD axions with mass of ~meV [55-57] and hidden
photons with a mixing parameter of ~107'% [58,59] are
well-motivated candidates in charge of invisible cooling.
Running simulations with this model are warranted for
improxzfing the limit and comparing it with observations in
detail.

V. CONCLUSIONS

The IceCube experiment has observed high-energy
cosmic neutrinos for the first time. The observed neutrino
spectrum exhibits a dip around the sub-PeV energy scale,
which may indicate new physics beyond the SM of
particle physics. One possible explanation is that PeV
neutrinos may scatter with the CuvB through a MeV
resonance and lose their energy before reaching the
IceCube detector. In this paper, we have developed a
formalism to trace the propagation of PeV neutrinos in the
presence of the new interaction. For the flavored inter-
action, we have shown that resonant scattering may not
suppress the PeV neutrino flux completely, which could
be tested in the near future.

We have also discussed astrophysical and cosmological
constraints on this type of model. The MeV mediator
could be produced in the core of supernova, and frequent
neutrino collisions induced by the mediator in the core
could trap neutrinos inside the core. In the early Universe,
the mediator could thermalize with the SM thermal bath
and contribute to the number of effectively massless
degrees of freedom. We have shown both the BBN
and supernova observations are sensitive to the favored
parameter region explaining the dip in the IceCube high-
energy neutrino spectrum.
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APPENDIX: DERIVATION OF THE
SCATTERING RATE

The collision term C[F] describes scattering between the
PeV neutrinos with CvB neutrinos, v(k) 4+ o(p) <> v(k')+
v(p’), which is given by

*The simulations are performed for QCD axions [58,60].
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(p)2n)*6*(k+p—K —p')

xZ Z{Frkt) MPP (1 = Fr (K ) MPPYF g (5.0)(1 = Fr (B 1)y,

spms

-{1 —~7:T(k 1), Mf} hZFT(k f)M bﬁ}(l — Fr(P: ) b5, F 1. (P 1))

where TI(k) = d*k/(2w(k)(27)?) is the phase space mea-
sure, {-,-} denotes the anticommutator, My p are the
amplitude matrices for forward and backward scattering,
respectively, and Fr is a sum of density matrices of PeV
neutrinos F and background neutrinos Fp.

The collision term C[F] can be further simplified. Since
the phase space density of the PeV neutrinos is much less
than the quantum limit, F T(/? t) < 1 for k ~ PeV, we can
ignore the higher-order term of F?2 and the Pauli blocking
effect. In addition, we assume the distribution of background
neutrinos are flavor blind; ie., Fy(k.1) = fy(k.1) =
1/[exp(k/T,(t)) +1] with T,(t) =T,0(1 +z)=17x
107#(1 + z) eV and z parametrizing the redshift. With these
considerations, the collision term can be written as

ClF| = —%(k) / dTI(k') / dIi(p)
x /dl'[(])’)(27r)454(k +p—kK-p)

XZ Z{sz ), M2 M

spms
— MG F (K ) MR f (P 1)
- 2Mglb2Mg"b3T}—b2b3 (13/ t)fB(ié/, 1)].

In general, all s-, #-, and wu-channel exchanges of Z’
contribute to neutrino scattering. Here, we focus on the
parameter region where the s-channel resonance has a
dominant contribution. For the model we consider the

invariant amplitude matrices can be written as M54 =
M5OV, where Mz = M(v(k)+o(p) = v(K) +o(p')),
My = M(u(K) +2(p') > v(k) +5(p)). and O%L=Qyy
Q,, [see Eq. (1)]. Hence, we have the collision term as

5o | @) [ )

x / dTI(F) (27)** (k + p — K — p')

P} s(po0)

(A2)

ClF] = -

XZ 2| Mg|? {f(k 1), R}fe(p.1)

spms
— 2| M PR(Te(F(K, 6)R) f5(P'. 1)

+Te(F (. ORT) f5(k 1)), (A3)

(A1)

where R = Q? containing all information about flavor
structure of new neutrino interactions. For the L, — L,
model, R = diag(0,1,1) in the interaction basis. In
Eq. (A3), the first term in the square bracket corresponds
to the disappearance of neutrinos with energy k, while the
second one represents the regeneration effect due to
collisions between CvB neutrinos and those with energy
higher than k. The former can be simplified further as
discussed below, while the latter cannot. We drop the
second term in our calculation because of technical
challenges (see the discussion toward the end of Sec. III).
Noting the definition of scattering cross section

l/(k) + D(p/)>vrel

(k)
an(i) / A1) (20)'6* (k + p— K = p')

X Z|M(1/(k) +

spins

20(k)2w(p)o(v(k) + o(p) -

o(p) » (k) + (PP (Ad)

we write the scattering rate FS(%, 1) as

N

Iy (k1) =2 / 57’;3f3<za, No(w(k) +(p) = v+ D)

(AS)

The cross section for resonant scattering is given by the
Breit-Wigner formula

2J + 1 Br B
OR = 4m I, DI,
R <2S1 n 1)(2S2 n l) intout
1 E2.T2(Eem)
> cm ’ (A6)

X ——
Pem (E%m - mR) + Egmrz (E )

where s, and s, are the spins of initial particles, J is the spin
of the resonance, my is its mass, ['p is its decay width,
and Br;, and Br,, are decay branching ratios to initial and
final state particles, respectively. In the limit of mp > Iy,
Eq. (A6) can be written as

2J +1

'z
= 167° Br,,B S5(E? 2).
OR 7 (2S1+1)(2S2+1) Tip I.out’nR ( cm R)
(A7)

For the model we consider, s; = 5, =0, Bry, = Bry, =
1/2, and we have
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— ). (A8)

where 'y = ¢?>m /(127) is the Z' decay width in the rest frame. Therefore, the total scattering rate is

T, (k. 1) = 9¢(3)T3(1)

where {(s) is the Riemann zeta function.

1 T,

my, mz

o[k —m3,/(2m,)]. (A9)
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