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Large, non-standard neutrino self-interactions have been shown to resolve the ~ 40 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 (> 1074) 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
T-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, Hy, has grown in signif-
icance to ~ 4o over the last several years [IH5]. The
standard cosmological model, ACDM, may need to be
augmented if this “Hy tension” is not resolved by ob-
servational systematics. Intriguingly, this tension cannot
be addressed by modifying ACDM at low redshift [6-
9], but adding new physics before recombination seems
more promising [I0HI6]. Furthermore, low redshift mea-
surements of the matter density fluctuation amplitude on
8 Mpc scales, og, also appear to be lower than predicted
by ACDM from the CMB. This milder og tension is not
ameliorated in the models of [TTHI6].

A particularly interesting resolution to these issues is a
non-standard neutrino self-interaction of the form [I7H20]

Aceff = Geff(ﬁl/)(py)v (1)

where Geg is a dimensionful coupling and flavor indices
have been suppressed. If Geg is much larger than the
Standard Model (SM) Fermi constant, G, 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 ACDM [21].
The effect 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 Neg).

These approximate degeneracies have been shown to
prefer Gegr > Gy in cosmological data [I7H20] and relax
the Hy tension [I8-20]. 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 Geg in the “strongly inter-
acting” (SIv) or “moderately interacting” (MIv) regimes
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could simultaneously reduce the Hy and og tensions. In-
terestingly, the SIv cosmology prefers a value of Hy com-
patible with local measurements at the lo level, even
before including local data in the fit.

The favored range of Geg in Eq. vastly exceeds
the strength of weak interactions, whose corresponding
coupling is G ~ (2.9 x 10° 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. resolves the
Hj tension, then:

e SIv is excluded: The Slv-range of Eq. can-
not be realized in any of the consistent, low-energy,
weakly coupled models that we consider.

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

e 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.

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

e Interactions with v, are favored: Couplings to
Ve, vy, With Geg in the range of Eq. 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 v, coupling. This means
that the mass-eigenstate neutrinos only interact via
their v, components.

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

II. THE NECESSITY OF A LIGHT MEDIATOR

The Boltzmann equations used in Refs. [I8H20, 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. in-
volve constant and flavor-universal values of Geg 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. 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. [I7H20], the operator in Eq. is
non-renormalizable, and thus is necessarily replaced by
a different 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 Gog in Eq. (1)) is
momentum-independent, we will assume this interaction
arises from “integrating out” a particle ¢ with mass my
and a perturbative coupling to neutrinos gg:

1 1 .
Ephen ) 7§m3$¢2 + §(g¢ﬂyayﬁ¢ + h'C')7 (3)

where v, are two-component left-handed neutrinos, «
and (3 are flavor indices and the subscript “phen” indi-
cates that we will use this Lagrangian for our phenomeno-
logical analysis. In Eq. we have assumed that ¢ is a
real scalar without loss of essential generality. In par-
ticular, our conclusions remain unaffected 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 ggﬁ
between different neutrino species, and discuss implica-
tions of different choices of ggﬁ below.
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FIG. 1. Cartoon for how renormalizable interactions in
Eq. (left diagram) yield the contact interaction in Eq.
(right diagram) at low energies; flavor indices are suppressed.

Using Eq. , we see that the vv — v scattering
amplitude M is always proportional to two powers of gy
multiplying the ¢ propagator, as shown schematically in
Fig. [1l If the momentum transfer q satisfies |¢?| < mi,
we have

93 'S
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where we have suppressed flavor indices and defined
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In the opposite limit, mi < |¢?|, then M o g;/\q2|7
leading to a qualitatively different energy and tempera-
ture dependence of neutrino self-interactions; this regime
was investigated in Refs. [24] 25], which found no im-
provement in the Hy tension. Thus, for the remainder
of this work we focus on models in which m3 > [¢?|
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 m3 > [¢?|.

Throughout this cosmological epoch the neutrinos are
relativistic, so the typical momentum transfer is |¢?| ~
T2. Therefore, the expansion indicated by the arrow in
Eq. is valid (and we may neglect the momentum- and,
hence, temperature-dependence in Geg) only if mg > T,,.
Comparing the values in Eq. to the expression for Gog
in Eq. (f]), we see that

me =~ (4 —200) x |gg| MeV (6)

so a new sub-GeV state is generically required to realize
the self-interacting-neutrino solution to the Hy tension.
Since T, < 100eV at horizon entry of the highest mo-
mentum modes relevant for CMB anisotropies, the valid-
ity of the effective interaction in Eq. in the analyses of
Refs. [I7H20} 22] requires my 2 keV (as already pointed
out in Ref. [20]). From Eq. (6]), this condition translates
to

l9o] 2 107%. (7)

Egs. (6) and (7) bound the range of m.
Finally, we note that the interaction in Eq. is not
gauge-invariant at energies above the scale of electroweak

me 2 keV =



symmetry breaking (EWSB). This is because v, is a com-
ponent of the L, = (vVa, £o)? doublet of the SU(2)w
group, whose gauge transformations rotate v, into the
corresponding charged lepton ¢,. Thus, some particle
with non-trivial electroweak quantum numbers must re-
place the interaction of Eq. at energies above the
Higgs vacuum expectation value v ~ 246 GeV. We defer
a complete discussion of this issue to Sec [V} for now we
assume that the interaction of Eq. is valid well below
the electroweak scale.

III. COSMOLOGICAL BOUNDS

The successful predictions of BBN in standard cosmol-
ogy (with only SM particle content) provide a power-
ful probe of additional light species. New particles in
thermal equilibrium with neutrinos increase the Hubble
expansion rate during BBN as extra relativistic degrees
of freedom or by heating neutrinos relative to photons.
Away from mass thresholds, both effects are captured by
a constant shift in N.g, the effective number of neutri-
nos. We find that the observed light element abundances
constrain ANeg < 0.5 (0.7) at 95% CL for the SIv- (MIv-
) preferred values of the baryon density, as explained in
more detail in App. [A]

Note that we do not use the Planck limit on ANeg [4],
since that result assumes free-streaming neutrinos. In
fact, a large ANeg ~ 1 at the time of the formation of
the CMB is crucial for reconciling the MIr and Slv cos-
mologies with the observed CMB power spectrum [20].
The concordance of the CMB and BBN measurements
of AN.g within the self-interacting neutrino framework
thus seems to require an injection of energy between nu-
cleosynthesis and recombination; we remain agnostic on
this point. Given this discussion, we conservatively only
apply a constraint on ANcg from considerations of BBN
physics alone.

A. Mediators and AN.g

The interaction in Eq. induces ¢ < vv decays and
inverse decays; this process can bring ¢ into into ther-
mal equilibrium with the neutrino bath before BBNE
From Egs. @ and , the mediator that generates suf-
ficiently large neutrino self-interactions must have mass
in the keV — few MeV range. Consequently, this particle
is at least semi-relativistic when neutrinos decouple from
photons at Tgec ~ MeV. We can estimate the resulting
contribution to the expansion rate as parametrized by

1 Annihilation and scattering processes (e.g. vv <> ¢¢ and vv
vve) also contribute to ¢ equilibration, but the corresponding
rates are suppressed by additional powers of the small coupling
go < 1, so their contribution is always subdominant.

A Neg assuming ¢ is relativistic:

8 (T, 4P¢
ANeﬁ_7(Tu) 2, (8)

where p,, is the energy density of photons and T’, is their
temperature. If ¢ becomes non-relativistic before the end
of BBN, ANy is increased further as ¢ decays raise the
neutrino temperature (see, e.g., Ref. [33]). Here, we show
that a mediator whose interactions realize the necessary
Gegr in Eq. necessarily equilibrates with neutrinos be-
fore Tyec.

Vector Mediators: If Eq. arises from integrating

out a vector particle ¢, with mass mg, the Lagrangian
at energies above my is

1
LD Qmi(b”(bu + (gd)(ﬁuuT&”V + h.c.) , (9)

where gg is the dimensionless gauge coupling. At low
energies, the interaction in Eq. @[) yields

2 2
9 —of 96 \? [keV
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The vector equilibrates before Ty via vv <> ¢ if the cor-
responding thermally averaged rate I',,_,4 exceeds Hub-
ble when T' = max(Tqec, Mg):
g3mZ Mp, Gt

FVV—>¢
~ (10 Mev)—2* 1V

H max(Tgec, Mg )3

108

where Mp; = 1.22x 10" GeV and we have used Egs.
and . Thus, this reaction is in equilibrium for all values
of couplings and masses of interest. As a result, ¢ has a
thermal number density at Tye. in both the MIr and SIv
scenarios. Using Eq. (8)), we find ANeg = (8/7)(3/2) ~
1.7 assuming ¢ remains relativistic throughout BBN. If,
instead, ¢ becomes non-relativistic between Tye. and ~
30 keV at the end of BBN, then AN.g =~ 2.5, so ¢ must
become non-relativistic well before Tyee. In Ref. [16] it
was found that the Boltzmann suppression for massive
vector particles is effective for my > 10 MeV at 95%
CL. Using Eq. , this requires g4 2 O(0.1), which is
excluded in all theoretically-consistent (or anomaly-free)
vector models with neutrino couplings [34]. Anomaly-
free vectors, such as those coupled to L. — L; currents,
where L; is a lepton family number, would additionally
introduce large Dreée interactions which would likely spoil
the CMB fit.

Finally, we note that Eq. @ can arise if active neu-
trinos mix with heavy sterile-neutrinos, which couple di-
rectly to the vector ¢, [35H37]. The mediators in these
models are subject to the same BBN constraint above,
but because their coupling to active neutrinos is derived
from the active-sterile mixing angle, the resulting g4 faces
additional bounds from laboratory searches [38] that ex-
clude the interaction strengths in Eq. required to re-
solve the Hj tension.
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FIG. 2. Bounds on light neutrino-coupled mediators assuming flavor universal couplings (top-left). Bounds on flavor specific

couplings to ve (top-right),

v, (bottom left), and v, (bottom right). The diagonal bands labeled MIv and SIv are the preferred

regions from Eq. [20] translated into the g4-my plane. Also shown are constraints from 7 and rare meson decays [26H29],

double-beta decay experiments [30H32], and BBN.

Scalar Mediators: By a similar argument, any scalar
mediator ¢ that realizes Geg from the interaction in
Eq. with g4 2 10~* as required by Eq. @ also has a
thermal abundance at Tge.. Relativistic scalars in equi-
librium with neutrinos contribute ANeg = 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 mg. We use
AlterBBN 2.1 [39, 40] as described in App. [A| to obtain
the 95% CL lower bounds
my > 1.3 MeV  (real scalar) 7 (12)
5.2 MeV (complex scalar)

for the SIv preferred values of the baryon density (the

corresponding MIv bounds are somewhat weaker — see
App. E[) These bounds are are shown as red vertical
lines labeled BBN in Fig.

B. Excluding Dirac Neutrinos

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

EDirac D yuHLVR — MyVVR , My = yl/v/\/i ) (13)

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



the Yukawa coupling y, ~ 10712(m, /0.1eV) in Eq.
is insufficient to thermalize right handed helicity states,
so the relic neutrinos consist exclusively of left-handed
neutrinos and right-handed antineutrinos [41].

The light mediator interactions in Eq. are much
stronger than the weak force at late times, so ¢ and vg
can both thermalize. Approximating the RHN produc-
tion rate as 'y (my/m¢)2F¢HW, for m,, = 0.1
eV we have

Loosvvn _ 9o M
oovvr 9o - PL_ g6 Gegr eV7 (14)
H my (10MeV)~=2 my

where T' = mg 2 Tgec is the temperature at which RHN
production is maximized relative to Hubble expansion.
For a more detailed discussion, see App.

Observations of neutrino oscillations require that at
least two of the light neutrinos are massive, with one
heavier than ~ 1072 eV and one heavier than ~ 107!
eV [42]. Thus, for all values of m, we consider in the
SIv range, at least one RHN will thermalize before BBN.
For this reason, we assume that neutrinos are Majorana
particles for the remainder of this work.

C. Supernova 1987A

A light new particle with appreciable couplings to neu-
trinos can alter the qualitative behavior of neutrino emis-
sion that was observed in the aftermath of Supernova
1987A. We find that for the parameter space shown in
Fig. [2lthe ¢ particle is trapped and does not drain energy
from the supernova. See App. [C] for further discussion.

IV. LABORATORY BOUNDS

Because terrestrial experiments routinely reach ener-
gies above the MeV scale, there are many possible probes
of the models we consider. Here we specialize to CP-even
scalar mediators without loss of essential generality; we
comment on CP-odd scalars in Sec. [Vl The main con-
straints are as follows:

Double Beta Decay: If gg° # 0 in Eq. and ¢ is
lighter than the Q-value of a double-beta-decaying nu-
cleus, the process (Z, A) — (Z +2, A) e"e” ¢ may occur,
contributing to measured 2v[3( rates. Measurements of
this process constrain [gg°| < 107 if my < 2 MeV [B0-
32]. This constraint is shown in the top row of Fig.

Meson Decays: Nonzero g;B can allow for the meson
decays m* — (Tvgg if mg < my — my, [26H29]. Note
that, unlike m — fv decays, this process is not helicity
suppressed. The strongest constraints come from kaon
decay. The measured ratio of Br(K+ — e, )/Br(KT —

pty,) = (2.416 +0.043) x 10" constrains g;ﬁ as shown
in the top row of Fig. [43 44]. The limit on Br(K* —
pty,pr) < 2.4 x 107° [5] constrains g4” as shown by

the purple-shaded region in bottom-left panel of Fig.
Non-zero gi® still contributes when my > mg+ —m,, via
off-shell ¢ [28]. Note that, if ¢ decays to visible matter
via ¢ — vy or ¢ — eTe~ through some other interaction
(e.g. ¢-higgs mixing), the branching ratio must be sub-
dominant to ¢ — vv decays to avoid tight v —y coupling
below T' ~ MeV, which would spoil the solution to the
Hj tension. Thus, the laboratory bounds presented here
are unaffected by other possible couplings (see [46] for a
review).

7 Decays: Similar to meson decays, ¢ that couples to
v, with g;B allows for decays 7= — {gUgl,¢. For my <

mr —my,, this constrains g;f < 0.3 [43]. This is depicted
as a purple band in the bottom-right panel of Fig.

In Fig. [2] we summarize our main findings: values of
Geg from Eq. favored by the Hj tension are ex-
cluded if ¢ couples universally to all flavor- and mass-
eigenstates (top left panel), which was explicitly consid-
ered in Refs. [I7H20] 22], or if ¢ couples predominantly
to ve or v, (top-right and bottom-left panels, respec-
tively). Similarly, we can rule out the possibility that ¢
couples to any single mass-eigenstate neutrino, since the
ve- and v,-composition of each mass eigenstate is similar.
Moreover, in this case, the collisional Boltzmann equa-
tions would be much more complicated to solve (because
different eigenstates will start to free-stream at different
times), and the results of Refs. [T7H20], [22] may not apply.

However, a flavor-restricted coupling leads to approx-
imately the same neutrino mass-eigenstate interactions
as in Refs. [I7H20] 22], since the flavor eigenstates are
well-mixed in the mass basis. In particular, a 7-only
coupling, in which the matrix g,g is zero except for the
g+ entry, is potentially viable since 7 decays are less
constraining than meson decays. Thus, we are unable to
fully exclude an interaction G4V v U-v-. In this case,

Te = A X Geg for Geg defined in Eq. and A ~ O(1)
is a constant that accounts for the reduced scattering
probability of each mass eigenstate. However, because
mixed mass-eigenstate vertices are possible in this sce-
nario, there are additional diagrams compared to the
mass-diagonal case. For this reason, we caution that the
effect on the CMB anisotropies of flavor-specific neutrino
self-interactions can be mildly different than that consid-
ered in Refs. [I7H20, 22]. Nonetheless, we expect that
the preferred coupling range should shift slightly up rela-
tive to the flavor-universal case. For this reason, the SIv
range is ruled out regardless of choice of flavor structure
in Eq. . The MIv range is still allowed in a 7-flavor-
only scenario, though a dedicated study is necessary and
well motivated.



V. POSSIBLE ULTRAVIOLET COMPLETIONS

In this section we quantify the difficulty of realizing the
operator in Eq. from renormalizable, gauge invariant
interactions that also accommodate neutrino masses and
mixings. In light of the discussion in Sec [[I, we only
consider models of Majorana neutrinos. We focus on the
type-1 and type-II seesaw mechanisms of Majorana neu-
trino mass generation with an additional scalar parti-
cle ¢. In both cases, we find the resulting ¢vv Yukawa
coupling is suppressed by factors of the light neutrino
mass. In these minimal models, it is therefore impossible
to simultaneously generate neutrino masses and a large
enough Geg in Eq. to address the Hy tension.

A. Type-I Seesaw
We consider the Lagrangian
1
Ly DyNLHN+§(MN+)\N¢)NN+h.C., (15)

where we have suppressed flavor indices. After EWSB,

the first term in Eq. and the My NN term generate

light neutrino masses after N is integrated out:
2My’

(16)

my, ~

These interactions also generate the coupling of ¢ to LH
neutrinos in Eq. 3| with

m A2,m?2
=AN—— = Geg = ¥
96 = AN T 2z,

(17)

Thus, realizing Geg ~ (4 — 300 MeV) ™ requires My ~
103m, ~ 10 eV. If this is true, the RHNs thermalize
before BBN and spoil AN.g as discussed in analogy to
the Dirac case discussed in Sec. [[IIB] Therefore, a min-
imal scenario where the same Type-I Seesaw generates
the neutrino mass and the operator in Eq. with the
magnitude in Eq. is not possible.

We also consider the case in which, instead of My vi-
olating lepton number explicitly, we replace the term in
parentheses in Eq. with a complex scalar ®. This
acquires a vacuum expectation value (VEV) of (@) =
fexp(ig/f), dynamically generating a mass for N [47-
49]. The light neutrinos couple to the pseudo-Goldstone
boson ¢, the Majoron, of this symmetry breaking. The
coupling is of the form i(m;/f)pv;v;, so the Majoron is
a pseudoscalar mediator. We note that our results from
the previous sections apply to the Majoron, since all pro-
cesses we have considered involve relativistic neutrinos
for which the distinction between scalar and pseudoscalar
¢ is irrelevant. As with the above case, we see that the
neutrino self-interaction strength will be suppressed by
the light neutrino masses.

B. Type-II Seesaw

We augment the Standard Model with a complex
SU(2)w triplet T. The type-II Seesaw Lagrangian is
L1 D yrLTL + (ur + Ar¢)HTTH + h.c.
— M2 Te(T'T), (18)
where the dimensionful coupling pr is a soft breaking

of Lepton number. After integrating out 7' and EWSB,
neutrinos acquire masses of order

2
. Yyrprv
m, = T%’ (19)
and a coupling to ¢ of the form of Eq. [3] with
y )\2 2
g¢:)\Tm7$Geﬂf:€7’rng. (20)
KT My

The scale pr is bounded by non-observation of rare
lepton-number-violating processes such as p — ey or
7 — pee [50H52]. Thus, for my > keV, the m?2/u% sup-
pression is too severe to permit values of Geg in Eq. (2),
as required to resolve the Hy tension.

As with the Type-1 Seesaw, we may consider the Ma-
joron case where ur 4+ A7 ¢ is replaced by a field ® which
acquires a VEV. The neutrinos couple to the pseudo-
Goldstone boson of this lepton number symmetry break-
ing, with coupling of the form i(m;/f)dv;v;. Again, this
coupling is highly suppressed.

We conclude that the ¢ coupling to active neutrinos
cannot arise from interactions with the same field that
generates neutrino masses (the RH neutrino N in Type-
I seesaw and the triplet T in Type-1I), without being
suppressed by neutrino masses. A large enough Geg can
therefore be obtained using separate seesaw mechanisms
to generate the neutrino masses and the ¢vv interaction.
For instance, we can use the Type-I Seesaw with Ay = 0
for the light neutrino masses and add the Type-II Seesaw
with pur = 0 to allow for large gg"- In this scenario, the

size of g" is independent of the neutrino masses.

VI. CONCLUDING REMARKS

In this work we have shown that the self-interacting
neutrino explanation of the Hy tension requires the exis-
tence of a light ~ MeV-scale mediator, which is subject
to stringent cosmological and laboratory bounds. Conse-
quently, most realizations of this scenario are robustly
excluded by the BBN-only bounds on AN.g, acceler-
ator constraints for rare K decays, and precise results
from neutrinoless double-beta decay searches. If v self-
interactions resolve the Hj tension, they cannot viably
arise in models with vector-mediated forces or with Dirac
neutrinos, and they cannot reside in the strongly inter-
acting parameter space in Eq. .



Our analysis identifies viable phenomenological mod-
els with a ~ 10 MeV scalar mediator and large O(0.1)
couplings to 7-flavored neutrinos only. However, real-
izing such interactions in UV-complete, gauge-invariant
models is challenging. We find that sufficiently strong in-
teractions cannot arise in models that generate neutrino
masses via a single Type-I or -II seesaw mechanism: the
resulting neutrino-scalar coupling is suppressed by fac-
tors of m, /A where A > m, is the appropriate seesaw
scale.

Looking forward, a dedicated exploration of the 7-only
scattering scenario favored by our analysis will be neces-
sary to see if the moderately interacting-scenario is in-
deed able to resolve the Hj tension while not running
afoul of laboratory measurements. Our results also mo-
tivate exploration of the “intermediate” mediator-mass
regime, where neutrino scattering is relevant for a par-
tial range of redshifts explored by the CMB.

ACKNOWLEDGMENTS

We thank André de Gouvéa, Francis-Yan Cyr-Racine,
Joshua Isaacson, Martina Gerbino, Stefan Hoche, Mas-
similiano Lattanzi, Kohta Murase, Jessica Turner, and
Yue Zhang for helpful conversations. This manuscript
has been authored by Fermi Research Alliance, LLC un-
der Contract No. DE-AC02-07CH11359 with the U.S.
Department of Energy, Office of Science, Office of High
Energy Physics. The United States Government retains
and the publisher, by accepting the article for publica-
tion, acknowledges that the United States Government
retains a non-exclusive, paid-up, irrevocable, world-wide
license to publish or reproduce the published form of this
manuscript, or allow others to do so, for United States
Government purposes.

Appendix A: Calculating AN.g

The Hubble expansion rate at the time of BBN is
sensitive to the energy density in neutrinos and other
relativistic species when photon temperatures are be-
low an MeV [63H55]. New relativistic particles or an
injection of energy into the Standard Model neutrino
bath (via the decays or annihilations of a w-coupled
species) can increase the Hubble expansion rate at this
time. A larger expansion rate at the time of BBN mod-
ifies the neutron-to-proton ratio and the freeze-out of
deuterium-burning reactions, leading to larger yields of
Helium-4 and Deuterium. The primordial abundances of
these elements are measured in pristine gas clouds to be
Y, = 0.2449+0.004 [56] and 10° D/H = 2.527+0.03 [57],
respectively. These observations are in good agreement
with predictions assuming only Standard Model particle
content at the time of BBN [58].

We use the measurements of Y, and D/H to constrain
modifications to the expansion rate using the BBN Boltz-

mann code AlterBBN 2.1 [39, [40]. We follow the Monte
Carlo procedure outlined in Ref. [59] to estimate theo-
retical uncertainties from nuclear reaction rates. In de-
riving limits we marginalize over a Gaussian prior on the
baryon density 7, corresponding to the best-fit points
of ACDM [4], SIr and MIv [20]. Using the results
of Refs. [58, [60] to convert Q,h% to mp, we find that
1007, = 6.133 £ 0.027, 6.146 & 0.082, and 6.248 + 0.082
in ACDM, SIrv and Mlv, respectively. Note that the best
fit values of 7, in these cosmologies are all compatible
with the range 5.8 < 10%, < 6.6 (95 % CL) extracted
only from BBN data [45].

If the new particles remain relativistic throughout nu-
cleosynthesis, their modification of the Hubble rate is
specified by a constant shift of the number of relativis-
tic degrees of freedom, Neg. We find that the observed
values of Y}, and D/H favor the values of Neg shown in
Tab. [l for the different cosmologies. Note that the ACDM
result is higher than reported in, e.g., Ref. [58], and it
has a smaller uncertainty. This is because of updated D
burning rates and observed abundances used in our anal-
ysis; for further discussion, see Ref. [59]. These improve-
ments actually weaken the BBN constraint compared to
Ref. [58] because of the slight preference for Neg > 3.
The upper limits in SIry and MIv are weaker still, due to
their larger central values and uncertainties of the baryon
density: a larger baryon density reduces the Deuterium
yield, which can be compensated by increasing Nog [58].

The upper bounds in Tab. [I[] apply to light particles
that are fully relativistic at the time of nucleosynthe-
sis. If these particles have masses at the MeV scale,
then their decays or annihilations can heat the neutri-
nos relative to photons; if they are much heavier, they
transfer their entropy to neutrinos while those are still in
equilibrium with photons. The resulting change in neu-
trino temperature and the corresponding AN.g can be
estimated assuming instantaneous neutrino-photon de-
coupling at Tgec =& 1 — 2 MeV and by using entropy
conservation [33]. This crude estimate along with Tab.
suggests that neutrino-coupled scalars in the SIv cosmol-
ogy with my < 2 —7 MeV should be incompatible with
the observed light element abundances, where the range
corresponds to varying Tye. and the number of scalar
degrees of freedom from 1 (real scalar) to 2 (complex
scalar). The results of a full calculation using AlterBBN
(which does not make these approximations), shown in
Tab. [l are compatible with this estimate.

We point out that the contribution of a scalar to A Nqg
at the 95% CL limit from our BBN analysis is also com-
patible with the extra radiation density at the best fit
point in Ref. [20] at only the 20 level. In order to be in
better agreement with ANgg ~ 1.02 £+ 0.29 for the SIv
mode, new semi-relativistic degrees of freedom may need
to come into equilibrium with the neutrino bath after
BBN is complete [59].



Model Negt 95% upper limit
ACDM |[3.27 +0.137 3.54

Slv | 3.27+0.14 3.56

MIv | 3.43+£0.13 3.72

TABLE I. Preferred values and upper limits on the effective
number of neutrino species, Neg, from primordial nucleosyn-
thesis. The cosmological models differ through their values
of the baryon density parameter 7, (and its uncertainty) de-
termined from the CMB power spectrum as described in the
text.

95% CL lower bound on my (MeV)
Model real ¢ complex ¢
ACDM 2.0 6.1
Slv 1.3 5.2
MIv 0.6 3.7

TABLE II. Lower limits on mediator mass mg from primor-
dial nucleosynthesis, assuming ¢ was in thermal equilibrium
before BBN. The cosmological models differ through their val-
ues of the baryon density parameter 7, (and its uncertainty)
as determined from the CMB power spectrum.

Appendix B: Dirac Neutrino Thermalization

If neutrinos are Dirac fermions, their right-handed
(RH) components must not come into equilibrium with
the Standard Model plasma before ~ 1 MeV, since they
would give ANeg = 1 during nucleosynthesis, which is
clearly incompatible with the results of App.[A] In this
section we derive the conditions for RH neutrino ther-
malization.

In the Standard Model, RH neutrinos (neutrinos with
the “wrong” helicity) can be created in any interac-
tion that produces LH neutrinos, i.e. weak interac-
tions. The characteristic production rate of RH neutri-
nos in scattering reactions is ['ry ~ GZT°(m,,/T)? [41].
If weak interactions are the only interactions produc-
ing neutrinos, then RHNs do not thermalize as long as
m, < O(100 keV), which is comfortably satisfied in the
Standard Model. However, the interaction introduced
in Egs. and is many orders of magnitude stronger
than its weak counterpart, and the resulting RH neutrino
production rate is much larger.

Thermalization is described by a Boltzmann equation
of the form

pVR + 4HpVR =C, (Bl)

where p,, is the energy density in “wrong helicity”
neutrinos and C' is the collision term encoding the
processes that produce these neutrinos. Thermaliza-
tion/equilibration occurs when C ~ 4Hp%'. The dom-
inant process responsible for RH neutrino production is
the decay ¢ — vv(A = +1/2), where A = +1/2 (—1/2)
is a helicity label corresponding to RH (LH) neutrinos;

scattering reactions such as vv — vv(A) are suppressed
by an additional factor of g;. We therefore evaluate the

collision term for ¢ — vv(\ = +1/2):
€2 / 03B, MO\ = +1/2)2f,(1— £,),  (B2)

where d®3 is the Lorentz-invariant phase-space (includ-
ing the momentum conservation delta function) and fy,
f. are the phase-space distributions of ¢ and LH neutri-
nos. We have neglected the inverse decay contribution
and the RH neutrino Pauli-blocking factors. These ap-
proximations are adequate for estimating the onset of
equilibrium, assuming the initial abundance of RH neu-
trinos is negligible, i.e. f,, < 1. We have also multiplied
the right-hand side by two to account for ¢* decays which
can also produce wrong helicity neutrinos.

We use the Lagrangian in Eq. (with a complex ¢ for
a Dirac neutrino) to evaluate the matrix element squared
in the plasma frame, without summing over one of the
helicities [61]

Ev (14 cos@)m2 A= +1/2
|M(>\)|2 oy gi 2E2,,R( ) v / 7 (B3)
mg A=-1/2

where 6 is the angle between the vp and ¢ direction
of motion, and we have kept only the leading terms in
m,,/me. Note that when cos = —1, the “wrong” helic-
ity amplitude vanishes at this order as a result of angular
momentum conservation (the next term is oc m}). Using
this result in Eq. , we find that

2m2 3
o~ (205 ) evtmon.

™

where the factor in parentheses is the number density of
relativistic ¢ and the function C; is ~ 1 for my/T < 1
and becomes Boltzmann-suppressed for my/T > 1.

We can apply the nucleosynthesis bound as computed
in Appendix @ if thermalization occurs before Tye. ~
1 MeV. By using the approximate thermalization crite-
rion below Eq. (B1]), we find that RH neutrinos thermal-
ize before BBN if

Taee) )2 (0.1 eV
> 5 x 103 (X070, Taee) . (B5
9o 290X ( MeV - (B5)

This bound (evaluated using the full numerical C,) is
shown in Fig. [2| as a black dashed line.

Appendix C: Supernova 1987A

A new weakly coupled particle can change the behavior
of the neutrino emission that was observed from the ex-
plosion of Supernova 1987A. The proto-neutron star cool-
ing phase that was observed in large water Cherenkov de-
tectors was qualitatively similar to the Standard Model-
only expectation [62]. If a new particle species X car-
ried away too much energy during the proto-neutron



star cooling phase, the time over which neutrinos ar-
rived would have been unacceptably reduced [63] [64]. A
semi-analytic criterion that the luminosity of this parti-
cle should obey is Lx < L, = 3 x 102 erg /s at times of
order 1 second after the core bounce [65]. Following the
procedure described in more detail in [66], we have

— fiv d’k prod e abs g/ C
Ly = ; av (27T)3w]f‘¢ exp | — ’ rgedr' ), (C1)

where: the ¢ has four-momentum (w,lg); Fj}’s is the ¢

absorptive width; I'?™? is the ¢ production rate, which

is related to the absorptive width in equilibrium by
Fgmd = exp(—w/T)T5™; R, is the radius of the neu-
trinosphere, outside of which neutrinos free-stream; and
R, = 100km is the radius inside of which neutrinos gain
energy on average in elastic scattering events. We cal-
culate I'y including ¢ decay and ¢ annihilation to neu-
trino pairs, both of which are important for the masses
of interest. We have not included contributions from
the neutrino effective potentials, which may be signifi-
cant at small m, [32]. We have also neglected neutrino
Pauli blocking in I'¢, which is important near the proto-
neutron star core, since this will become unimportant
between R, and R,.

We find that L4 given by Eq. exceeds L, if g4 is
roughly in the range

1

1+ m¢/keV' (C2)

95"~ (5x107% =6 x 107°) x

The sharp change in the shape of the bound at m, ~
keV is due to the fact that rate of decay and inverse
decay, Tyesi0 o< gZm3 /T, becomes subdominant to the
annihilation rate, I'gpepp X gbe, for masses mg < goTe,
where T, ~ O(30MeV) is the core temperature. These
bounds are approximately compatible with those shown
in [32] at masses above 10 keV. From Eq. (C2), we see
that bounds arising from the luminosity of ¢ particles
from Supernova 1987A are generally below the coupling
range of interest in this work.

It is also interesting to understand the constraints on
gy’ arising from deleptonization of the core, which have
been obtained in the ~ O(MeV) mass range in [32] and
which approximately overlap the range in Eq. . At
lower masses, this likely has an effect on the early phases
of collapse and the collapse progenitor. Such a possibility
was suggested in [67] and was studied in the aftermath
of Supernova 1987A by [68]. This latter study found a
constraint gg© < 3x 104, neglecting any mg-dependence.
Because these bounds are determined by physics at the
beginning of the core collapse, when temperatures are
~ O(fewMeV), the bound likely cuts off at ~ 5MeV,
similar to the Ovg bounds cited above. A detailed study
is of interest, but beyond the scope of this work.
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