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FIG. 1. In the left frame, we show the contribution to the e↵ective number of neutrino species from Hawking evaporation in
a scenario in which the early universe included a black hole dominated era. Results are shown for a single, light decoupled
state that is either a Dirac fermion, Weyl Fermion, real scalar, massive vector, or massless spin-2 graviton, as a function of the
temperature of the universe after black hole evaporation. Also shown are the current constraints [28] as well as the projected
sensitivity of stage IV CMB measurements [81–83]. For �Ne↵ ⇠ 0.1�0.3 the tension between the value of the Hubble constant
as determined from local measurements and as inferred from the temperature anisotropies in the cosmic microwave background
can be substantially relaxed [25–27]. In the right frame, we show the relationship between the initial mass of the black holes
and the temperature of the universe following their evaporation, assuming black hole domination.

where N⌫ ' 3.046 is the e↵ective number of SM neutrinos and we have used Eqs. (8) and (16). Thus, entropy
conservation yields

TEQ
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=

✓
aRH

aEQ

◆✓
g?,S(TRH)

g?,S(TEQ)

◆1/3

, (19)

and the energy density in SM radiation is diluted by the following factor:
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◆
. (20)

Using Eqs. (15) and (20), the dark and SM radiation density ratio at matter-radiation equality becomes

⇢DR(TEQ)

⇢R(TEQ)
=

✓
gDR,H

g?,H

◆✓
g?,S(TEQ)4/3

g?(TEQ) g?,S(TRH)1/3

◆
, (21)

which is related to the e↵ective number of neutrino species via

�Ne↵ =
⇢DR(TEQ)

⇢R(TEQ)
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For high reheat temperatures, we thus have

�Ne↵ ⇡ 0.10

✓
gDR,H

4

◆✓
106

g?(TRH)

◆1/3

, (23)

which is one of our main results. Using Eq. (23) we see that, unlike relativistic thermal relics in equilibrium with
the SM radiation bath, �Ne↵ . 0.2 for any individual decoupled species produced via Hawking radiation, including
Dirac fermions. This conclusion holds even for low values of TRH ⌧ 100 GeV because the BH “branching fraction”
into dark radiation scales as gDR,H(TBH)/g?,H(TBH) and TBH � 100 GeV is always satisfied for BH masses that fully
evaporate before BBN (⌧ ⌧ sec), so the relative DR contribution is always diluted by a factor of g?,H(TBH) ' 108.

“Dark Radiation  and Superheavy Dark Matter and from Black Hole Domination”
With Dan Hooper & Sam McDermott

Gordan Krnjaic: Astro Theory

?

i = SM+DM+ axion + · · ·
<latexit sha1_base64="DtdeaWFCT1ty7yW2iimEtXyi8Ec=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBKJSkCroRirpwU6hoH9CEMplM2qGTTJiZiCUU3Pgrblwo4tafcOffOG2z0NYDFw7n3Mu993gxo1JZ1reRW1hcWl7JrxbW1jc2t8ztnabkicCkgTnjou0hSRiNSENRxUg7FgSFHiMtb3A59lv3REjKozs1jIkbol5EA4qR0lLX3KPwHDoihLe10lWthB60WnKwz5XsmkWrbE0A54mdkSLIUO+aX47PcRKSSGGGpOzYVqzcFAlFMSOjgpNIEiM8QD3S0TRCIZFuOvlhBA+14sOAC12RghP190SKQimHoac7Q6T6ctYbi/95nUQFZ25KozhRJMLTRUHCoOJwHAj0qSBYsaEmCAuqb4W4jwTCSsdW0CHYsy/Pk2albB+XKzcnxepFFkce7IMDcARscAqq4BrUQQNg8AiewSt4M56MF+Pd+Ji25oxsZhf8gfH5A5ualj4=</latexit>

 BH 

aXiv:1905.01301 

http://arxiv.org/abs/arXiv:1905.01301


4

10�3 10�2 10�1 1 10 102 103

m� [MeV]

10�4

10�3

10�2

10�1

1

g �

Universal coupling

L
ab

co
ns

tr
ai

nt
sB

B
N

(real
�
)

(com
plex

�
)

SI
�

M
I�

BBN
(Dirac �)

10�3 10�2 10�1 1 10 102 103

m� [MeV]

10�4

10�3

10�2

10�1

1
ge

� �
�e coupling

K ! e��

�
�
�

de
ca

y

B
B

N
(real

�
)

(com
plex

�
)

SI
�

M
I�

BBN
(Dirac �)

10�3 10�2 10�1 1 10 102 103

m� [MeV]

10�4

10�3

10�2

10�1

1

gµ
�

�

�µ coupling

K ! µ��

B
B

N
(real

�
)

(com
plex

�
)

SI
�

M
I�

BBN
(Dirac �)

10�3 10�2 10�1 1 10 102 103

m� [MeV]

10�4

10�3

10�2

10�1

1

g�
�

�

�� coupling

� ! ����

B
B

N
(real

�
)

(com
plex

�
)

SI
�

M
I�

BBN
(Dirac �)

FIG. 2. Bounds on light neutrino-coupled mediators assuming flavor universal couplings (top-left). Bounds on flavor specific
couplings to ⌫e (top-right), ⌫µ (bottom left), and ⌫⌧ (bottom right). The diagonal bands labeled MI⌫ and SI⌫ are the preferred
regions from Eq. (2) [20] translated into the g�-m� plane. Also shown are constraints from ⌧ and rare meson decays [26–29],
double-beta decay experiments [30–32], and BBN.

Scalar Mediators: By a similar argument, any scalar
mediator � that realizes Ge↵ from the interaction in
Eq. (3) with g� & 10�4 as required by Eq. (7) also has a
thermal abundance at Tdec. Relativistic scalars in equi-
librium with neutrinos contribute �Ne↵ = 0.57 (1.1)
for a real (complex) �, which has one (two) degree(s)
of freedom. As for the vector case, the � density must
become Boltzmann-suppressed before neutrino-photon
decoupling, leading to a lower limit on m�. We use
AlterBBN 2.1 [39, 40] as described in App. A to obtain
the 95% CL lower bounds

m� >

(
1.3 MeV (real scalar)

5.2 MeV (complex scalar)
, (12)

for the SI⌫ preferred values of the baryon density (the

corresponding MI⌫ bounds are somewhat weaker – see
App. A). These bounds are are shown as red vertical
lines labeled BBN in Fig. 2.

B. Excluding Dirac Neutrinos

If neutrinos are Dirac particles, then all neutrino
masses arise from the Higgs-neutrino Yukawa interaction

LDirac � y⌫HL⌫R ! m⌫⌫⌫R , m⌫ ⌘ y⌫v/

p
2 , (13)

where H is the Higgs doublet, L = (⌫, `)T is a lepton
doublet, ⌫R is a right-handed neutrino (RHN), and flavor
indices have been suppressed. The Weyl fermions ⌫ and
⌫R become Dirac partners after EWSB and acquire iden-
tical masses. In the absence of additional interactions,

FERMILAB-PUB-19-175-A-T

Constraining the Self-Interacting Neutrino Interpretation of the Hubble Tension

Nikita Blinov,⇤ Kevin J. Kelly,† Gordan Krnjaic,‡ and Samuel D. McDermott§

Fermi National Accelerator Laboratory, Batavia, IL, USA
(Dated: May 9, 2019)

Large, non-standard neutrino self-interactions have been shown to resolve the ⇠ 4� tension in
Hubble constant measurements and a milder tension in the amplitude of matter fluctuations. We
demonstrate that interactions of the necessary size imply the existence of a force-carrier with a
large neutrino coupling (> 10�4) and mass in the keV – 100 MeV range. This mediator is subject
to stringent cosmological and laboratory bounds, and we find that nearly all realizations of such
a particle are excluded by existing data unless it carries spin 0 and couples almost exclusively to
⌧ -flavored neutrinos. Furthermore, we find that the light neutrinos must be Majorana, and that a
UV-complete model requires a non-minimal mechanism to simultaneously generate neutrino masses
and appreciable self-interactions.

I. INTRODUCTION

The discrepancy between low-redshift and Cosmic
Microwave Background (CMB) determinations of the
present-day Hubble parameter, H0, has grown in signif-
icance to ⇠ 4� over the last several years [1–5]. The
standard cosmological model, ⇤CDM, may need to be
augmented if this “H0 tension” is not resolved by ob-
servational systematics. Intriguingly, this tension cannot
be addressed by modifying ⇤CDM at low redshift [6–
9], but adding new physics before recombination seems
more promising [10–16]. Furthermore, low redshift mea-
surements of the matter density fluctuation amplitude on
8 Mpc scales, �8, also appear to be lower than predicted
by ⇤CDM from the CMB. This milder �8 tension is not
ameliorated in the models of [11–16].

A particularly interesting resolution to these issues is a
non-standard neutrino self-interaction of the form [17–20]

Le↵ = Ge↵(⌫̄⌫)(⌫̄⌫), (1)

where Ge↵ is a dimensionful coupling and flavor indices
have been suppressed. If Ge↵ is much larger than the
Standard Model (SM) Fermi constant, GF, neutrinos re-
main tightly coupled to each other until relatively late
times. This inhibits their free-streaming and results in
enhanced power on small scales and a shift in the acous-
tic peaks of the CMB spectrum relative to ⇤CDM [21].
The e↵ect of neutrino self-interactions is degenerate with
other parameters in the CMB fit, such as the angular
scale of the sound horizon, the spectral index and ampli-
tude of primordial fluctuations, and extra free-streaming
radiation (as parametrized by Ne↵).

These approximate degeneracies have been shown to
prefer Ge↵ � GF in cosmological data [17–20] and relax
the H0 tension [18–20]. The latest results of Ref. [20] ex-
tended previous analyses by allowing for finite neutrino
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masses and extra free-streaming radiation at the time of
the CMB. They found that Ge↵ in the “strongly inter-
acting” (SI⌫) or “moderately interacting” (MI⌫) regimes

Ge↵ =

(
(4.6 ± 0.5MeV)�2 (SI⌫)

(90+170

�60
MeV)�2 (MI⌫)

(2)

could simultaneously reduce the H0 and �8 tensions. In-
terestingly, the SI⌫ cosmology prefers a value of H0 com-
patible with local measurements at the 1� level, even
before including local data in the fit.
The favored range of Ge↵ in Eq. (2) vastly exceeds

the strength of weak interactions, whose corresponding
coupling is GF ' (2.9 ⇥ 105 MeV)�2. As we discuss be-
low, such an interaction can only arise from the virtual
exchange of a force carrier (“mediator”) with O(MeV)
mass and appreciable couplings to neutrinos. This mass
range indicates that this scenario faces a variety of strin-
gent cosmological and laboratory constraints.
We find that if the interaction in Eq. (1) resolves the

H0 tension, then:

• SI⌫ is excluded: The SI⌫-range of Eq. (2) can-
not be realized in any of the consistent, low-energy,
weakly coupled models that we consider.

• Vector forces are excluded: Constraints from
the epoch of Big Bang Nucleosynthesis (BBN) ex-
clude all self-consistent vector mediators.

• Dirac neutrinos are excluded: If neutrinos are
Dirac particles, mediator-neutrino interactions ef-
ficiently thermalize the right-handed component of
neutrinos, thereby significantly increasing the num-
ber of neutrino species at BBN.

• Minimal seesaw models are excluded: Achiev-
ing the necessary interaction strength in Eq. (2)
from a gauge-invariant, UV-complete model is chal-
lenging with minimal field content in a Type-I or
-II seesaw model; a non-minimal mechanism is re-
quired to generate neutrino masses.

• Interactions with ⌫⌧ are favored: Couplings to
⌫e, ⌫µ with Ge↵ in the range of Eq. (2) are largely
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excluded by laboratory searches for rare K decays
and for neutrinoless double-beta decay, except for
a small island for the ⌫µ coupling. This means
that the mass-eigenstate neutrinos only interact via
their ⌫⌧ components.

This work is organized as follows: Sec. II demonstrates
that a light new particle is required to generate the in-
teraction in Eq. (1) with appropriate coupling strength;
Sec. III presents the cosmological bounds on this sce-
nario; Sec. IV discusses the corresponding laboratory
constraints; Sec. V shows how Eq. (1) can arise in UV
complete models; finally, Sec. VI o↵ers some concluding
remarks.

II. THE NECESSITY OF A LIGHT MEDIATOR

The Boltzmann equations used in Refs. [18–20, 22]
assume that left-handed (LH), mass-eigenstate neutri-
nos participate in elastic 2 ! 2 scattering processes.
They also assume that the interactions in Eq. (1) in-
volve constant and flavor-universal values of Ge↵ during
all epochs relevant for the CMB. The largest CMB mul-
tipoles observed by Planck correspond to modes that en-
tered the horizon when the universe had a temperature
of < 100 eV.This temperature sets the characteristic en-
ergy scale of scattering reactions during this epoch, and
it is important that the form of the Lagrangian shown in
Eq. (1) is valid in this regime. At higher energies, how-
ever, this description can break down. In this section, we
therefore emphasize the need to introduce new particle
content to study laboratory and early universe processes
that occur at energies ⇠ O(MeV).

As noted in Refs. [17–20], the operator in Eq. (1) is
non-renormalizable, and thus is necessarily replaced by
a di↵erent interaction with new degree(s) of freedom at
some energy scale higher than the energies probed by the
CMB (see Ref. [23] for a review). Since Ge↵ in Eq. (1) is
momentum-independent, we will assume this interaction
arises from “integrating out” a particle � with mass m�

and a perturbative coupling to neutrinos g�:

Lphen � �
1

2
m

2

��
2 +

1

2
(g↵�

� ⌫↵⌫�� + h.c.), (3)

where ⌫↵ are two-component left-handed neutrinos, ↵

and � are flavor indices and the subscript “phen” indi-
cates that we will use this Lagrangian for our phenomeno-
logical analysis. In Eq. (3) we have assumed that � is a
real scalar without loss of essential generality. In par-
ticular, our conclusions remain una↵ected if � is a CP-
odd or complex scalar. We focus on a scalar mediator
here for clarity; introducing a new vector force instead,
for example, follows the same reasoning but comes with
additional, stronger constraints discussed in more detail
below. We also explicitly allow for generic couplings g

↵�
�

between di↵erent neutrino species, and discuss implica-
tions of di↵erent choices of g

↵�
� below.

q ⌧ m�

Ge↵

⌫ ⌫ ⌫

⌫

⌫

⌫ ⌫ ⌫

g� g�

�

FIG. 1. Cartoon for how renormalizable interactions in
Eq. (3) (left diagram) yield the contact interaction in Eq. (1)
(right diagram) at low energies; flavor indices are suppressed.

Using Eq. (3), we see that the ⌫⌫ ! ⌫⌫ scattering
amplitude M is always proportional to two powers of g�

multiplying the � propagator, as shown schematically in
Fig. 1. If the momentum transfer q satisfies |q

2
| ⌧ m

2

�,
we have

M /
g
2

�

m
2

� � q2
! Ge↵

 
1 +

q
2

m
2

�

+ · · ·

!
, (4)

where we have suppressed flavor indices and defined

Ge↵ '
g
2

�

m
2

�

= (10 MeV)�2

⇣
g�

10�1

⌘2
✓
MeV

m�

◆2

. (5)

In the opposite limit, m
2

� ⌧ |q
2
|, then M / g

2

�/|q
2
|,

leading to a qualitatively di↵erent energy and tempera-
ture dependence of neutrino self-interactions; this regime
was investigated in Refs. [24, 25], which found no im-
provement in the H0 tension. Thus, for the remainder
of this work we focus on models in which m

2

� � |q
2
|

at energy scales relevant to the CMB. The intermediate
regime, where the mediator mass is negligible for some
CMB wave-numbers and not for others, is beyond the
scope of this work. We therefore require a new degree of
freedom with m

2

� � |q
2
|.

Throughout this cosmological epoch the neutrinos are
relativistic, so the typical momentum transfer is |q

2
| ⇠

T
2

⌫ . Therefore, the expansion indicated by the arrow in
Eq. (4) is valid (and we may neglect the momentum- and,
hence, temperature-dependence in Ge↵) only if m� � T⌫ .
Comparing the values in Eq. (2) to the expression for Ge↵

in Eq. (5), we see that

m� ' (4 � 200) ⇥ |g�|MeV , (6)

so a new sub-GeV state is generically required to realize
the self-interacting-neutrino solution to the H0 tension.
Since T⌫ < 100 eV at horizon entry of the highest mo-
mentum modes relevant for CMB anisotropies, the valid-
ity of the e↵ective interaction in Eq. (1) in the analyses of
Refs. [17–20, 22] requires m� & keV (as already pointed
out in Ref. [20]). From Eq. (6), this condition translates
to

m� & keV =) |g�| & 10�4
. (7)

Eqs. (6) and (7) bound the range of m�.
Finally, we note that the interaction in Eq. (3) is not

gauge-invariant at energies above the scale of electroweak
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