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Differences in lepton number G.e., L, -L,, L,—L;, L,— L., or combinations thereof) are not
conserved charges in the Standard Model due to the observation of neutrino oscillations. We compute the
divergence of the corresponding currents in the case of Majorana or Dirac-type neutrinos and show that, in
the high energy limit, the vector interactions map onto those of a light scalar coupled to neutrinos with its
coupling fixed by the observed neutrino masses and mixing. This leads to amplitudes with external light
vectors that scale inversely with the vector mass. By studying these processes, we set new constraints
on L; — L; through a combination of semileptonic meson decays, invisible neutrino decays, neutrinoless
double beta decays, and observations of big bang nucleosynthesis/supernova, which can be much stronger
than previous limits for vector masses below an eV. These bounds have important implications on the
experimental prospects of detecting L; — L; long-range forces.
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I. INTRODUCTION

Light vector bosons (X*) are simple, technically natural,
extensions to the Standard Model of particle physics, which
can play a key role in explaining experimental anomalies
[1-7], act as a mediator to the dark sector [8—10], or make
up dark matter themselves [11-16]. If a vector mass (my) is
well below the weak scale then, depending on the type of
current involved, experimental signals have drastically
different behavior as a function of my. For a vector coupled
to the electromagnetic current (i.e., a kinetically mixed
dark photon), then as my — 0 it becomes an unobservable
correction to electromagnetism resulting in all constraints
deteriorating at low masses. On the other hand, if it couples
to any other conserved current, j,, (i.e., a current which
satisfies 0, j# = 0 at the quantum level) then the constraints
become mass-independent as my — 0. Lastly, if a vector is
coupled to a nonconserved current, there exist processes
whose amplitudes are proportional to 1/my, leading to
constraints that get stronger at low masses (see [17-24] for
cases where this property was previously used to set bounds
on light vectors).

The Standard Model with massless neutrinos has a set of
four linearly-independent conserved currents':
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jEM’ jB—L? jLe—Luv jLM—L,' (1)
where jgy is the electromagnetic current, B and L are
baryon and lepton number respectively, and L; denotes
lepton number of generation, i. Once neutrino masses are
introduced the only currents which remain conserved are
electromagnetism and B — L (assuming neutrinos are of
Dirac-type); The “flavored” leptonic currents, j L,-L;> can-
not explain the observed neutrino masses and mixing
without introducing a small breaking, typically assumed
to be from integrating out some scalar(s) and right-handed
neutrinos [25—28].2 While the inevitable breaking has
negligible impact when my = eV, it can have dramatic
effects at lower masses, in the form of enhanced production
of the vector’s longitudinal mode. Our goal is to explore
these effects.

Since the symmetry is broken by the observed neutrino
masses and mixing it will lead to amplitudes proportional to
(gxm,/my), and hence most prominent at low my. As we
will show, a combination of constraints from semileptonic
meson decays (K* — £*uX, nt — ¢*uvX), lepton-flavor
violating processes (v; — v;X, X-emitting neutrinoless
double beta decays), and neutrino annihilations (changing
AN_q/supernova), result in important bounds on the

These mechanisms are generically easier to build when
my/gx 2 100 GeV since then the vacuum expectation values
of any U(1), _ 1,-breaking scalar can contribute evenly to all the
neutrinos, thereby preventing any of the lepton mixing angles
from being too small. However, we do not take this as a bound as
one can always evade this theoretical challenge by introducing
multiple scalar fields.
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L; — L parameter space. To keep the discussion general we
do not specify a particular mass mechanism for the
neutrinos. While this has the drawback that processes
may develop sensitivity to the UV, most do not, and we
focus on bounds that are robust.

Aside from the constraints we present here, the best
constraints on gauged L; — L; depend strongly on whether
the difference in lepton number includes electron number.
For vectors coupled to jLe—LM and j; _;  with my <
0O(0.1 eV) the most stringent current limits are from fifth
force/EP-violation searches [29-32] and modifications to
neutrino oscillations due to a long-range potential induced
by the Earth, Sun, or whole galaxies [29,33-38], with the
gauge coupling (gx) being constrained to be weaker than
gravity for my < O(1073 eV).

For L, — L,, where common matter does not induce a
long-ranged force, the dominant low mass constraints are
from dynamics of neutron star inspirals [39] as well as from
pulsar binaries [39,40]. For my = 107! eV (the inverse
size of a neutron star) these bounds do not apply and the
most stringent bounds are from (nonenhanced) neutrino
annihilations to vectors increasing AN.. If the Universe
reheated above the muon mass after inflation and there
were no additional entropy dumps after muons froze-out,
then the best constraints are from muon annihilations
to vectors utu — yX constraining gy <4 x 1070 [41]
(see [42,43] for earlier work). Otherwise, the strongest
limits are due to neutrino annihilations constraining
gy <5x107% [44]. We will consider the same process
but focusing on the enhanced contributions in Sec. VI
For light bosons there are additional constraints from the
observation of near-extremal black holes and the null
observation of superradiance [45,46]. While we include
these, they could change dramatically if the scalar field
used to provide to break U(1), _;  is light enough to induce

self-interactions within the superradiance cloud [46].

The constraints presented here, dramatically shape the
low mass L; —L; parameter space. In particular, for
L,—L,and L, — L, theenhanced processes are the strongest
bounds for my < 10722-10"'7 eV, depending on the theory
assumptions. For L, — L, the new constraints can be the
strongest for all my < 100 eV or for eV < my < 10710 eV
and my < 10715 eV, depending on the theory assumptions.

The paper is organized as follows. In Sec. II we compute
the divergence of L; — L; current and study the correspon-
dence between L; — L; vectors and light scalars. We use
these to compute constraints from semileptonic meson
decays in Sec. III, neutrino decays in Sec. IV, neutrinoless
double beta decays in Sec. V, and neutrino annihilations
prior to big bang nucleosynthesis and inside supernova in
Sec. VI. We conclude by discussing the implications of
these new bounds focusing on the prospects of seeing
deviations to neutrino oscillations from long-range forces
in Sec. VIL

IL. L; - L; AND NONCONSERVED CURRENTS

We begin by summarizing gauged L; — L; models, with
an emphasis on the parts relevant for nonconserved
currents. The coupling of X* to the Standard Model
fermions is given in terms of two-component Weyl spinors
by,3

Ly = QXX”Qii(LAﬂle_’u?:ﬂi - %%5”2;- + ﬁj5 v),  (2)
where we denote right-handed fields using a ¢ and write all
quantities in the flavor basis with ~. The U(1) L,-L, Charge

matrix, Q,-j depends on the particular flavor symmetry and
is = diag(1,-1,0), diag(1,0,-1), or diag(0,1,-1) for
L,—-L, L,—L, or L,— L, respectively. In addition,
there may be couplings of right-handed neutrinos to X,
X" Q”u o,l5,

¢, which only needs to satisfy the anomaly cancellation
condition, TrQ“* = 0. We discuss the implications of the
right-handed neutrino-X interaction in some detail below.

Imposing one of the lepton flavor symmetries, while
assuming the U(1)-breaking sector does not contribute to
the lepton masses, prevents mixing in the charged lepton
sector (i.e., 7 ; = ¢;) and hence the observed lepton mixing
which makes up the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, U, arises entirely from the neutrino mixing
matrix (i.e., o; = U;;v;). As such, performing a rotation to
the mass basis,

with an a priori unknown charge matrix,

‘CX - gXX (Qttl/p I/ﬂ QtszTo- I/ﬂc ([]1 QU)Z] i Vj>’

(3)

changes the form of the coupling to neutrinos but leaves the
charged lepton interaction diagonal. The neutrino mass
term depends on whether neutrinos are Majorana (M) or
Dirac (D),

In either case imposing L; —L; cannot reproduce the
PMNS matrix. This is simple to see if neutrinos are
Majorana since L; — L; would restrict /n;; from having
any mixing between one of the flavors from the other two
and hence cannot possibly reproduce nonzero values for all
three 3 mixing angles.

If neutrinos are Dirac then the situation is more subtle.
Upon diagonalization the mass term is given by,

*We follow the conventions of two-component spinors laid
out in [47].

“The case of pseudo-Dirac neutrinos will be somewhere in-
between the two possibilities studied here.
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_‘Cmass = (V.I-mU)ijﬁq

1

where V is the right-hand neutrino rotation matrix neces-
sary to diagonalize 7;; such that VinU =m=
diag(my, my, m3). V is undetermined until a choice is
made for the charges of the right-handed neutrinos, Q,C
However, even allowing for arbitrary right-handed neutrino
charges, the observed masses and mixing violate L; — L;
symmetry. To see this explicitly consider the effect of a
L; — L rotation on the neutrino mass masses. In order for
the term to be L; — L; invariant we require

OTVimUuQ = vimu, (6)
= (VOTVHYmUQ = mU. (7)

For an arbitrary matrix, VQCTV"', this equation has no
solution since the form of Q requires the left-hand side to
have a vanishing column while mU has been measured to
be entirely nonvanishing. We conclude that the observed
neutrino masses and their mixing always break U(1), _ L

The consequence of this breaking can be seen by
computing the divergence of the current and we carry this
out in detail in Appendix A. The result is,

RN M
L, = i{ Cu e M He, @)
! [Qbmab + Qamab]ygyb (D>
or in terms of the mass eigenstates,
muV,v M
,,j’i__L_ _ { Qab b¥a¥b . . ( ) +H.C., (9)
Y [Qabma + Qabmb]yayb (D)

where we have introduced some convenient notation to
eliminate extra Us when possible: Q = UTQU (Majorana)
or Q = UTQU (Dirac) and my 5 3 are the neutrino masses in
ascending order.” We will use Q or O depending on which
is more convenient.

In the Majorana case, the divergence is manifestly
nonzero if Q;; and m; are nonzero, while for the Dirac

case one can show that there is no choice of Qy; that allows

the Dirac term to vanish, which is simply a restatement of
the above observation that the presence of neutrino masses
and mixing inevitably breaks the L; — L ; symmetry. For all
processes studied in this work, a right-handed neutrino
coupling to X would only add to the rates at leading order in
the neutrino mass (which will be an expansion parameter).

*When explicit numbers are necessary, we will take the best fit
numbers from [48] for a normal ordered hierarchy such that
my =~/ Ami, ~0.05 eV, my =~ \/Amgol ~0.087 eV, m; ~0
though none of our observables are particularly sensitive to
my or the neutrino hierarchy.

To be conservative we simply set Q¢ = 0 throughout but
note that if the right-handed neutrinos are charged under
U(l), - L it would strengthen our prospective bounds.

The impact of this term becomes clear employing
Goldstone boson equivalence theorem (GBET), which
states that, in the high energy limit (energy of X much
larger than its mass), we can compute amplitudes of X*
employing the replacement, X¥ — gxid"¢py/my, and com-
puting the amplitudes for a scalar ¢y instead (see
Appendix A for more details). The @y interactions, in
the mass basis, are then governed by,

EX = Xﬂjl;‘[_L/_?

igX Qabma
—_ o= -

- X{”“”” M e (10)

vey, (D)

To obtain this expression we have integrated by parts
to replace 0, j’zi_L/_ using (8), setting Q¢ — 0. For boosted

external X*, this results in amplitudes proportional to
gxm,/my. These will always be parametrically the most
important processes as my — 0. We see that, at high
energies L; — L; vectors are effectively Majorons [49]
for Majorana neutrinos and neutrinophilic scalars for
Dirac neutrinos. Of course one is always free to either
use the Goldstone boson expression, (10) or the vector
Lagrangian, (3) (though this correspondence breaks down
when X* is virtual).

Any UV complete model will contribute new sources to
the right-hand side of (8) or (9) through the field(s) that
spontaneously break the symmetry and adding these could
change our results. In particular since we can be in the
regime where my/gy ~ eV, it is likely other degrees of
freedom can be produced on-shell in processes closely
related to the ones studied here. While this would add to the
rates, these are more model-dependent and we do not
include them. Furthermore, using these additional degrees
of freedom to eliminate the processes computed here would
likely introduce an enormous fine-tuning and would be
challenging given the multitude of possible signals.

Lastly, we comment on the minimal requirement for
theories with a nonconserved current—ensuring unitarity;
If gy /my is too large, then in any diagram with neutrinos,
we can add an additional external X and increase the
amplitude, leading to a breakdown of unitarity. Since a
gx/myx-enhancement will always cost a power of a neutrino
mass, the unitarity condition is,

4
g_Xg_”_ (11)
my m,

The factor of 4z arises from the phase space cost of adding
in an extra particle. The unitarity bound applies equally to
both Majorana and Dirac neutrinos and is robust against
the details of the UV completion (up to O(1) corrections).
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We will impose this throughout as an orange region in our
constraint plots.

III. MESON DECAYS (P* — ¢;v,X)

As our first enhanced process we study semileptonic
meson decays, P* — £fv,X (P=B, D, K, n). This
process is depicted in the Goldstone picture in Fig. 1
(top left), where the scalar is radiated off the neutrino leg. In
the vector picture there are two diagrams that one must add
together, and a delicate cancellation takes place for the
longitudinal mode leaving only the piece proportional to
m,gy/my. This process was previously considered in [50]
to probe L; — L; however they did not include the impor-
tant enhanced contribution for small my. Energy-enhanced
semileptonic decays to ZvX were discussed for parity
violating muon couplings [18] and for vectors coupled
only to neutrinos [19,51,52]. Such vectors are coupled to
currents whose divergence is proportional to the lepton
masses and hence have amplitudes that grow as o« m,/my.

The decay rate is different in the case of Majorana and
Dirac neutrinos and we compute both. The final result is,

Mp 1-a? 1-a?/(1-x) v
FP__’K;VAIX:WA dx1 [_az_x] de‘M s (12)

where phase space integral is given in term of the energy
fractions x| =2Ex/Mp, x, =2E, /Mp, and we defined
a=M,/Mp, the ratio of the lepton to meson mass, and
neglected the X* and external neutrino masses. The spin-
averaged square of the matrix element for Majorana (top
line) and Dirac (bottom line) neutrinos is,

- 2 2
|/\/l|2 = 'g L Ix M%I(xl,xz),

zm%v VCKM

X

o { 1>2:0QaiUpi(m, + mi)‘Z' (13)

|0 Upainy|?

Vckwm 18 the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element on the hadronic side (= 1 for pion decay, the sine
of the Cabibo angle for kaon decay, etc.), and fp+ is the
meson factor (f, ~130.2 + 0.8 MeV [53], fx ~155.7 +
0.3 MeV [53], etc.), g ~ 0.6 is the weak coupling, my, is the
W boson mass. The dimensionless function, I(x;,x5), is
given by,

2P - pyP-k—Mip, -k

I(xl’x2) =
k- paM%’

, (14)

1 2 -2 _ 2
_ + X7 + XX, — 2x; 2x2 a’ (15)

l—x—x—a

where the momenta are defined in Fig. 1 (top left). The
phase space integral has an IR divergence when the internal
neutrino goes on-shell, a feature emphasized and treated
carefully in [54]. This arises from loop corrections of X* to

the neutrino mass. The sensitivity to this divergence is mild
and can be regulated by introducing a small mass for the
internal neutrino and we employ this strategy here.

There are many experiments that looked for semileptonic
charged meson decays. Due to the number of events, the
best constraints arise from pion and kaon decays and we
focus on those. Decays to electrons have a significant
advantage as an additional vector can lift the usual 2-body
helicity suppression, reducing the background rates. For
rare pion decays a dedicated search for 7% — e*v(X —
inv) was performed in [55] constraining the branching ratio
to <4 x 1075, which we approximate as our limit. In
addition, we note that the recent PIENU experiment has
about ~10° times as many pions and could likely signifi-
cantly improve this limit as was recently done for heavy
neutrino searches in pion decays [56,57]. No analogous
search exists for 7t — p*vX though, given its additional
experimental challenges, it is not likely to significantly
improve the limits.

There are no dedicated searches for K* — e*vX or
K* — pu*uX however E949 looked for K* — uFvwv [58]
constraining the branching ratio to <2.4 x 10~ (improving
on a limit set in [59]). Since the neutrino and X channels
share a similar final state, we use this limit to approximate
our bound. We note that the constraints may be able to
be improved by searching for the electron channel due to
reduced Standard Model backgrounds.

The limits are depicted in the case of Majorana neutrinos
for L,—L, and L, — L, in Figs. 2 and 3. Given their
qualitative similarity we reserve the rest of the cases to
Appendix B. We see that both these constraints are a
powerful bound on the parameter space. Furthermore, they
are insensitive to the UV completion, do not make any
assumptions about cosmology, and apply to both Majorana
and Dirac neutrinos. This robustness against the modifi-
cations of the model makes this channel important in
searching for light L; — L; vectors.

IV. NEUTRINO DECAYS (v, — v;,X)

Gauging L; — L; induces (neutrino mass-suppressed)
lepton-number violating processes. The simplest possibil-
ities are invisible neutrino decays, as depicted in Fig. |
(bottom left), where a heavier neutrino decays into a lighter
neutrino, emitting off a L; — L; vector. In principle its
possible to look for visible neutrino decays instead of
invisible decays through the neutrino magnetic moment,
v, = X(v;, = v,y). While the bounds on such decays are
much more stringent, with searches looking for spectral
distortions in the cosmic microwave background (CMB)
constraining lifetimes reaching O(10% sec) [60], the
insertion of a magnetic moment suppresses the rate relative
to the invisible decay by a parametric factor of ~(m,, /my)*
which is too large a suppression to be relevant for us here
and we focus on invisible decays.
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FIG. 1.
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+(crossed)

Different processes used to constrain L; — L; vectors with diagrams shown as computed in the Goldstone boson equivalent

theories. We show semileptonic meson decay (top left), neutrino decay (bottom left), neutrinoless double beta decays (top right), and
neutrino annihilations (bottom right). Black dots indicate the L; — L; Goldstone boson emission point. For neutrinoless double beta
decay, the internal neutrinos are in the flavor basis as emphasized by the .

The v, — v, X decay rate into the longitudinal mode is,

1
I 2
a—bX 1(37T’71a |“A/1|

A2 (mg. . my)

2 ’
a

(16)

where A(a,B,y) =a* + > +y*> = 2(af + py +ay). The
spin-averaged matrix element squared has a mild depend-
ence on whether neutrinos are Majorana (top line) or Dirac
(bottom line):

IM|? = 9x { (m% — m3)*ReQ3, + (m, + my,) ImQ7,
-2
my

31Qu | (mG = mj)? ’

(17)

where ReQ,;, and ImQ,, denote the real and imaginary
parts of Q. In the limit the PMNS matrix is real, the rates
differ by a factor of 2.

The strongest constraint on invisible neutrino decays
come from cosmology. If neutrinos are present during
recombination then their decay, in combination with

10*2 AL AL DRI AL IR I IR AL AL AL DAL AL SRR IS IALL AL IR B AL L I e

8x

3
R
FBH-SR

26 ol il il ol

ool o vod vl o o o vod v vl ol ol v vl il vl v ol v iy

L,-L,
(Majorana) 7

wd vl ]

10—22 10—2() 10—18 10—16 10714

10—12
myx[eV]

107° 10* 10° 10* 102 10°

FIG. 2. Constraints on L, — L, for Majorana neutrinos. Previous constraints are shown in gray and are from neutron star binaries [39],
black hole superradiance [46], and AN measured through big bang nucleosynthesis, with the latter depending on whether the Universe
reheated above the muon mass [41] (dashed) or below [44] (solid). Enhanced constraints come from unitarity (orange) meson decays
(blue) with K — ZvX being most stringent, AN measured with big bang nucleosynthesis due to enhanced neutrino annihilations
(green), and neutrino decays (red). The neutrino decay bounds arise from both terrestrial (solid) and cosmological (dashed) searches, the
latter which assumes the neutrinos are present during recombination.
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mx[eV]
FIG. 3. Constraints on L, — L, in the case of Majorana neutrinos. In gray are previous constraints from fifth forces [29], deviations to

neutrino oscillation data [38], and black hole superradiance [46]. The enhanced constraints come from unitarity (orange), meson decays
(blue), dominated by K — £vX, neutrinoless double beta decay searches (pink), big bang nucleosynthesis/supernova (green), and
neutrino decays (red). Neutrino decay bounds depend on whether or not neutrinos are present during recombination (dashed vs solid).

subsequent coalescence with X, can prevent free-streaming
from efficiently wiping out structure at small enough-Z in
cosmic microwave background [61,62]. A recent study
using Planck 2018 data [63] set a bound on the lifetime,

3
Ml > 13x10%s [ —oe )", (18)
a=bX ™~ 0.05 eV

These are the strongest limits on L;—L; through
enhanced processes. In addition, the cosmological bound
could be drastically improved with the observation of a
nonzero neutrino mass sum [64-66]. A null result would
improve the robustness of the cosmological bound and
resultantly significantly change the allowed parameter
space making cosmological neutrino lifetime measure-
ments the most promising avenue to discover ultralight
L; = L; vectors.

While significant, the present constraints assume neu-
trinos are around during recombination, which need not
be the case if additional decay or annihilation channels
were active after big bang nucleosynthesis producing
other purely free-streaming sources of radiation [67].
Alternatively, one could consider cases where the neu-
trino masses vary in the late Universe [68], rendering
them stable during recombination. While perverse, these
options reflect a clear model-dependency in the con-
straints and hence we also include constraints on the
neutrino lifetime from terrestrial experiments. The strong-
est such bound is from studying the flavor composition
of solar neutrinos [69]. Observations of the Sudbury
Neutrino Observatory in combination of other solar
neutrino experiments [70], constrain the lifetime of the
second neutrino mass eigenstate,

=X ~

- >1.04x1073 2 19
X sec <eV (19)

while the constraint on v decay is considerably weaker
[71]. The huge gap between the ability of cosmological
and terrestrial bounds will be reduced by roughly four
orders of magnitude with future studies of the flavor
content of astrophysical neutrinos at IceCube, if astro-
physical uncertainties can be sufficiently well understood
[72-74] (with even some hints at decays in current
data [75]).

We show the constraining power of these processes in
red in Fig. 2 for L, — L, and in Fig. 3 for L, — L, with the
cosmological bound as a dashed line and the, more robust,
terrestrial bound as a solid line.

V. 002X DECAYS

If neutrinos are Majorana-type, then L; — L ; vectors can
induce in neutrinoless double f decays. For L, — L, and
L, — L, the dominant production mode is single X emis-
sion as shown in Fig. I (top right). For L, — L, this process
is forbidden. This is easiest to see when working in the
flavor basis, where the W and X interactions are both flavor
diagonal and all the mixing is in the mass terms. Since
the X interactions are diagonal, and X does not couple to
electrons for L u— L, an additional neutrino mass insertion
is needed to induce neutrinoless double beta process
making it highly suppressed. As such, the dominant mode
for L, — L, is double-X emission.

In either case, X-induced neutrinoless double beta
decays are only allowed for Majorana neutrinos, where
the high energy limit matches precisely to that of a Majoron
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with appropriate identification of the couplings, allowing
us to make use of dedicated Majoron studies. Searches for
neutrinoless double beta decays in association with a
Majoron have been carried out by KamLAND-Zen [76]
and NEMO [77,78] with the strongest limit from the
former, setting the bound on the Majoron coupling to
electron neutrinos, |g,,| < (0.8-1.6) x 107>, depending on
the nuclear matrix element. The corresponding coupling in
terms of L; — L; parameters is,

oo < gx Q117 (20)
my

(recall that the hats denote the matrices within the flavor
basis). The prospective sensitivity to neutrinoless double
beta decays with multiple-X emission was considered for
Majorons [79] and is comparable in overall rate sensitivity,
however, since the rate is proportional to (gym,/my)*, we
do not expect these to significantly improve the bounds
given other constraints and as such we do not include
them here.

The sensitivity of Ov28X searches is shown in pink in
Fig. 3. As discussed above, these do not apply for Dirac
neutrinos, nor for L” —-L,.

VI. NEUTRINO ANNIHILATIONS

X bosons can also be produced through neutrino
annihilations in a thermal bath in the early Universe
or during a supernova, as depicted in Fig. 1 (bottom
right). If both Xs are transverse then the amplitude is
x g%, if one X is transverse and the other is longitudinal,
then the amplitude is « g%m,/my while if both Xs are
longitudinal then the diagram is o gym2/m%. Since we
focus on the case where gy < 1, the dominant contri-
bution will be from double-longitudinal emission and we
neglect the rest.

Unlike the rest of the processes discussed so far, which
can be computed in either the Goldstone boson equiv-
alent Lagrangian or using the vector Lagrangian, double-
X emission processes must be computed using the
Goldstone boson picture to get a reasonable estimate
of the rate (without providing a UV completion for the
source of neutrino masses). The reason for this can be
traced back to additional contribution from the UV
completion to the divergence of the current in (8), (9).
In a U(1),,_, -invariant model there must be a conden-
sate coupling to X* (e.g., a L; — L;-breaking elementary
scalar). Since the condensate breaks the symmetry, it
must also have linear couplings to X, X* and will always
contribute to processes with double-X emission. These
are crucial since otherwise one may mistakenly conclude
that double-longitudinal emission amplitudes for vv —
XX scattering can scale be « 1/my, as opposed to the
expected o 1/m%. This confusion does not arise if one

works in the Goldstone boson equivalent theory since
then the condensate coupling is not needed to ensure this
cancellation.

Note that a U(1) Li_Ll_-breaking condensate will not

have a significant impact on single-X emission consid-
ered above since single-X emission using additional
scalars must arise from operators with derivatives on
the scalar field(s) which can only interfere with the
contributions we computed at loop level. Aside from
this somewhat technical point this highlights an important
point: bounds from neutrino annihilations have additional
O(1) uncertainties due to the presence of additional
diagrams that contribution at the same order. In this
sense multiple-X emission bounds are less robust, prior to
choosing a UV completion, than single-X emission
bounds. Keeping this in mind, we can still roughly
estimate the bounds using places where neutrino scatter-
ing to invisible states can be actively measured, namely,
big bang nucleosynthesis and supernova.

Since we are interested in the high energy limit, we can
again make use of the literature on Majorons and neutrino-
philic scalars. Bounds from big bang nucleosynthesis
(BBN) on Majorons were computed in [44]. Assuming
flavor diagonal couplings they find the Majoron coupling
to must be <2 x 107> at low masses to avoid disturbing
the measured light element abundances. The constraints
for L;—L; vectors will be similar with appropriate
reweighting of the coupling. To estimate the bounds we
set this equal to ~gyms3/v/3my, where the factor of 1/v/3
attempts to account for the fact that only one neutrino is
interacting to first approximation (the most massive one).
We require the same bound for Dirac neutrinos. The
bounds are then shown in Fig. 2 and Fig. 3 for L, — L,
and L, — L, respectively.

Supernova cooling bounds using supernova 1987A
were computed for Majorons in the massless case
[80], constraining Majoron couplings to the level of
O(107°). These could slightly strengthen the bounds
from BBN, however are sensitive to the assumption on
the inner temperature and could potentially be irrelevant
if there was no protoneutron star present after the
supernova at all [81]. Since these do not improve the
bounds significantly, we do not include these but note
that a supernova in our galaxy or improvements in
supernova simulations would improve upon the annihi-
lation bounds.

There are a few other scattering processes one may
consider. Charged lepton annihilations can proceed
through 77 — XX and £¢ — Xy however these will
not be enhanced at tree level. In addition, neutrinos
scattering off leptons or quarks through virtual electro-
weak boson exchange and radiating off a single X can
result in enhanced processes. These will be efficient in a
thermal bath at high enough temperatures, however, any
limits set to this way will be inherently sensitive to the
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physics prior to BBN and will not be a robust bound on
the parameter space. Alternatively, one could try to use
neutrino-nucleus or neutrino-electron scattering experi-
ments, however these experiments do not have the
sensitivity necessary to probe the parameter space con-
sidered here.

VII. DISCUSSION

In this work, we presented new constraints on L; — L;
using the nonconserved nature of the currents. These
bounds get stronger for smaller vector masses, making
them particularly relevant for searches for long-range
forces associated with gauging differences in Ilepton
number. In particular, with current data we find that
for L,—L, or L,—L,, the new limits are now the
strongest for my < 107'% eV with a traditional cosmology
or my <1072* eV with a modified cosmology to evade
CMB limits on the neutrino lifetime. For L, — L., where
searches for long-range forces are less constraining, we
find the new limits are the most important bounds on the
parameter space for my <1072 eV with a traditional
cosmology or for a modified cosmology: 1071 eV <
my <1072 eV in conjunction with my < 10718 eV.

In either case our results have profound implications
on the prospects of detecting L; —L; vectors using
neutrino oscillation searches. For gauged L,—L, or
L,— L, the bounds are no longer the strongest to
arbitrarily small masses and observing such long-range
forces on galactic scales [38] 1is not possible.
Interestingly, if a measurement of the neutrino lifetime
improves to cosmological scales (e.g., if a nonvanishing
sum of neutrino mass is detected), the new bound could
make it impossible to see deviations to neutrino oscil-
lations even from the Earth/Sun. This would require a
measurement of 7, _,, x X 10% year, within the reach
possible with the upcoming Euclid Satellite in combina-
tion with Planck data [66].

In addition, there have been proposals to probe gauged
L, — L, with a mass-mixing of the vector with the Z boson
(i.e., introducing a term e,m%X 4Z"), and again looking for
deviations to neutrino oscillations patterns constraining
the product, e,gx < O(1073') for my <1071 eV [82,83].
Combining previously studied bounds on the mass-
mixing parameter, e, < 1073(my /10715 eV) [23] with
CMB bounds on neutrino lifetime from this work,
gx <107 (my /10715 eV), we find searching for mass-
mixed L, — L, is no longer viable. Relaxing the CMB
bounds allows a small window for masses above the
neutron star binary bounds.

We conclude by commenting on other prospective
enhanced signals, which do not turn out to be effective
at looking for L; — L; vectors. First, one can look for

lepton-number violating processes such as charged cur-
rent decays at one-loop through neutrino mass insertions.
For Dirac neutrinos, the chiral structure of the electro-
weak interactions forbid any contributions to the ampli-
tude at order O(m,) leading to a suppression by an
additional power of m,/my, rendering the decays unob-
servable. This suppression turns out to be present also for
Majorana neutrinos. This is easiest to see in the
Goldstone picture for X. In this case, the only diagram
that can contribute to £, — £}, X is from radiating off ¢y
from an internal neutrino leg. The chirality structure of
the neutrinos and the weak interaction then requires an
additional neutrino mass insertion for the process to take
place. This suppression is significant enough to make this
process uninteresting for our purposes. Alternatively,
double-py emission can take place however this is both
phase space and double-neutrino mass suppressed making
it a challenging way to discover L; — L; forces. Lastly,
one can look for enhanced W — ZvX decays as studied
in [20]. The W branching ratios are known to 0(0.1%).
When combined with the phase space penalty for
producing a 3 body final state, this channel is not
effective for looking for L; — L; vectors relative to other
signals.
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APPENDIX A: GOLDSTONE BOSON
EQUIVALENCE

In this section we prove that the following replacement
rule for external X*:

Lx=X,J" - g;(n(ﬂx (=i, ") — Sl mij@if/iﬁ .
X

The switch from X* to its Goldstone mode ¢y follows
from Goldstone boson equivalence theorem and we take
it as a given. Our goal is then to prove that the
divergence of the current can be replaced with the mass
term, even when the fermions are off-shell. The deriva-
tion is in close analogy with that of the Schwinger-Dyson
equations.
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Consider a general correlation function,

Z= /p...(WIWQ...)etS<X.a,2), (A2)

where S contains the kinetic and mass terms for the
fermionic and X fields as well as the source term
Jd*yj,(y)X*(y). We wuse the shorthand, D---=
DXDvD¢ and w; = b;(x;), Z;(x;), or X(x;). Consider an
infinitesimal field redefinition corresponding to a local
U(1),,—, rotation,

D = (1+iQ;a(x))p;, (A3)
¢ = (1+i0,a(x))Z; (A4)

(leaving the vectors untouched). This field redefinition
leaves the measure is unchanged since L; — L; transfor-
mations are anomaly free. Working in the flavor basis, its
clear that the only terms in the action that are changed are
the mass and interaction terms, i.e.,

35 = [ dy = 0,a(0) ) = i, 0its(1)8,(5) + Hee
(A5)
We take the neutrinos to be Majorana form here, though a

similar equation will hold for Dirac neutrinos.
In terms of these rotated fields, Z takes the form,

zZ= /D o ei5+i§S(1 + lelaa)l//1<1 + Qy/zaa)WZ Tt

(A6)
Expanding the exponential and rearranging,

53:/D’"eis(llf11//2"')/d4y(aﬂj”—imijQiﬁiﬁj

+ (0, 8(y = x1) + 0y, 8(y = %)) + - -)a(y).
(A7)

Since a is arbitrary this should hold for any « allowing us to
drop the integral. Furthermore, since a correlation function

should be invariant under a field redefinition, 6Z = 0,
and we have,

0= /D' Sy, - -)(6ﬂj”(x) - imijQif/i(x)ﬁj(x)

+ (QV,I(S(X - xl) + Q,/,25(x — xz)) + .. ) (AS)
We conclude that,
— {QITO, J* ()yryz -+ |Q)
R R contact
= 1 Qi QT (x)yys - - |Q) + Hee | + .
terms
(A9)

This proves the replacement rule (A1). A similar derivation
applies for the case of Dirac neutrinos, giving

— {QIT[0, " (Jy1ya - ]|

)
= (’hiij + ﬁliij)<Q|T[f/i’9j(x)W1V/2 —]|Q),  (A10)

in addition to contact terms.

APPENDIX B: ADDITIONAL RESULTS

In the main text we only showed the constraints on
L,—L, and L, — L, and only for Majorana neutrinos.
For those interested in quantitative limits we provide the
limits for the other cases here. The summary of limits for
L,—L, L,—L, and L, — L, are shown in Fig. 4 in the
top, center, and bottom panels respectively. On the left
we present the limits for Majorana neutrinos and on the
right we present the limits for Dirac neutrinos. The
nonenhanced bounds are all shown in gray and come
a combination of fifth force/equivalence principle viola-
tion searches, cosmology, and long-range forces affecting
neutrino oscillation patterns. In orange we show the
unitarity bound, in blue the limits from meson decays
(dominated by kaon decays for all cases except L, — L,
for Dirac neutrinos, where K — uvX is suppressed by
additional powers of neutrino masses), in pink neutrino-
less double beta decay search limits, in green constraints
from neutrino annihilations through observations of big
bang nucleosynthesis/supernova, and in red the bounds
from neutrino decays (the cosmological bounds are
dashed).
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FIG. 4. Constraints on L; — L; for Majorana and Dirac neutrinos. Previous constraints (gray) are from black hole superradiance [46],
neutron star binaries [39], fifth forces/Equivalence principle tests [29], deviations to neutrino oscillations [38], and AN measured
through big bang nucleosynthesis, with the latter depending on whether the Universe reheated above the muon mass [41] (dashed) or
below [44] (solid). The enhanced constraints come from unitarity (orange), meson decays (blue), dominated by K — £vX, neutrinoless
double beta decay searches (pink), big bang nucleosynthesis/supernova (green), and neutrino decays (red).
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