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Nonstandard interactions (NSI) of neutrinos with matter mediated by a scalar field would induce
medium-dependent neutrino masses which can modify oscillation probabilities. Generating observable
effects requires an ultralight scalar mediator. We derive general expressions for the scalar NSI using
techniques of quantum field theory at finite density and temperature, including the long-range force effects,
and discuss various limiting cases applicable to the neutrino propagation in different media, such as the
Earth, Sun, supernovae and early Universe. We also analyze various terrestrial and space-based
experimental constraints, as well as astrophysical and cosmological constraints on these NSI parameters,
applicable to either Dirac or Majorana neutrinos. By combining all these constraints, we show that
observable scalar NSI effects, although precluded in terrestrial experiments, are still possible in future solar
and supernovae neutrino data, and in cosmological observations such as cosmic microwave background

and big bang nucleosynthesis data.
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I. INTRODUCTION

The discovery of neutrino oscillations implies that at
least two of the three neutrinos must have small but nonzero
masses [1]. The global neutrino oscillation program is
now entering a new era, where the known mixing angles
and mass-squared differences are being measured with an
ever-increasing accuracy. Next-generation of long-baseline
oscillation experiments like DUNE are poised to resolve
the subdominant effects in oscillation data sensitive to
the currently unknown oscillation parameters, namely the
Dirac CP phase, sign of the atmospheric mass-squared
difference and the octant of the atmospheric mixing angle.
These analyses are usually performed within the 3 x 3
neutrino mixing scheme under the assumption that neu-
trinos interact with matter only through the weak inter-
actions mediated by Standard Model (SM) W and Z
bosons. On the other hand, the origin of neutrino mass
clearly requires some new physics beyond the SM, which
often comes with additional nonstandard interactions (NSI)
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of neutrinos with matter fermions (i.e., electrons and/or
nucleons). Allowing for these NSI in neutrino production,
propagation, and/or detection can in principle change the
whole picture and crucially affect the interpretation of the
experimental data in terms of the relevant 3 x 3 oscillation
parameters. It is, therefore, of paramount importance to
understand all possible kinds of NSI effects, and to see
how large these effects could be, while being consistent
with other theoretical and experimental constraints. The
study of NSI also opens up the possibility of using neutrino
oscillations to probe the origin of neutrino mass.

Following the SM interactions of neutrinos with matter
via either charged current (CC) or neutral current (NC),
which after Fierz transformation can be written in the
form (U,1*Prv,)(f7,Pf) (with £, f' € {e, u,d} the matter
fermions and P € {P;, Pg} the chirality projection oper-
ators), NSI induced by either a vector or charged-scalar
mediator can be parametrized in terms of vector and axial-
vector currents [2]:

LN =-2V2Gp > & 0y Prvg) (FruPf). (1)
f.Pap

L6 ==2V2Gr Y el @ar' Prly) (Fr Pf).  (2)
f.Pap

where G is Fermi’s constant and the ¢ terms quantify the
size of the new interactions. The vector components of NSI
given by Egs. (1) and (2) affect neutrino oscillations during
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propagation in matter by providing a new flavor-dependent
matter potential. The size of vector NSI is governed by the
parameter € ~ gxm3,/(g*?m%), where gy and my are respec-
tively the coupling and mass of the mediator X, and g is the
SU(2), gauge coupling. There are two possibilities to
realize experimentally observable vector NSI, which
require €,5 2 1072 [3,4]: (i) heavy mediator case with my ~
O(100) GeV and gy ~ O(1); and (ii) light mediator case
with my < my and gy < 1 such that g% /m% ~ G, while
evading the low-energy experimental constraints. For con-
crete ultraviolet (UV)-complete model realizations, see
e.g., Ref. [3] for the heavy mediator case and Refs. [5-7]
for the light mediator case. For a recent review on different
aspects of vector NSI, see Ref. [8]. For the current global
status of the constraints on ¢, see Ref. [4].

On the other hand, NSI induced by a neutral scalar
mediator is no longer composed of a vector current as in
Egs. (1) or (2), but a scalar interaction for Dirac neutrinos
given by [9]

£y == Carn) 7). ()

where y, and y,; are respectively the Yukawa couplings
of the matter fermion and neutrinos to the scalar mediator
¢. This cannot be converted to vector currents, and hence,
does not contribute to the matter potential.1 Instead, it
appears as a medium-dependent correction to the neutrino
mass term, with the correction factor Am,,; being
inversely proportional to the square of the mediator mass.
As we will explicitly show below, a large enough scalar
NSI effect is possible only for a sufficiently light scalar
mediator,” since we need G = YYap/my ~ 101G to
have any observable effect for neutrino propagating in
Earth with Am, ~O(0.1m,). Nevertheless, this could
potentially lead to significantly different phenomenological
consequences in reactor, solar, atmospheric, and accelerator
neutrino oscillations, as well as for supernovae and early-
universe neutrino interactions.

In this paper, we derive a general formula for evaluating
the scalar NSI of the neutrinos which is applicable to
different environments. We perform a systematic study of
the scalar NSI in presence of a light scalar mediator ¢. We
consider both Dirac and Majorana neutrino possibilities.
The main objective of our paper is to provide a general
field-theoretic derivation of the scalar NSI effect at finite
temperature and density, which can be applied to different
environments, such as the Earth, Sun, supernovae and early
Universe. Then we go on to derive various constraints on
the couplings in Eq. (3) as a function of the mediator mass

The same is true for tensor NSI of the form (2,6 v4)(f6,,.f).

Equatlon (3) is equally applicable for both light and heavy
mediator, since we are dealing with coherent forward scattering
of neutrinos with ¢> — 0.

my from fifth force experiments, solar and supernova
neutrino data, stellar cooling constraints from red giants
(RG) and horizontal branch (HB) stars, and big bang
nucleosynthesis (BBN). We have considered scalar inter-
actions with electrons and nucleons separately to show the
differences in the constraints. We find that the fifth force
experiments constrain masses of ¢ below 0.1 eV and
couplings up to 107>*, RG/HB stars constrain couplings
up to 107!2 for nucleons and up to 107!¢ for electrons
coupling to ¢. Bounds from BBN constrain couplings up to
107 for the light scalar mediators. After taking into account
all these constraints, we conclude that any prospects of
observing scalar NSI in Earth matter have been ruled out,
while these effects are still measurable with future solar
neutrino data, supernova neutrino bursts or in cosmological
observations of extra relativistic degrees of freedom.

The rest of the paper is organized as follows: In Sec. II,
we present a general field-theoretic derivation of scalar NSI
and discuss various limiting cases that are applicable to the
Earth, Sun, supernovae, and early universe. In Sec. III, we
discuss the long-range force effects of a light scalar. In
Sec. IV, we summarize the current experimental constraints
on the Yukawa couplings relevant for scalar NSI as a
function of the mediator mass. In Sec. V, we discuss the
thermal mass of the mediator. In Sec. VI, we derive a
quantum-mechanical bound on the effective in-medium
mediator mass. In Sec. VII, we present our main results
and discussions. In Sec. VIII, we present a UV-complete
model for scalar NSI. Our conclusions are given in
Sec. IX. In Appendix A, we give the detailed derivation
of various limiting cases for the scalar NSI discussed in
Sec. II. In Appendix B, we provide details of the
calculation of the neutrino self-energy in neutrino back-
ground. In Appendix D, we present the calculation for
thermal mass of the scalar mediator.

II. FIELD THEORETIC ORIGIN
OF SCALAR NSI

In this section, we derive expressions for medium-
dependent neutrino mass and energy when the neutrinos
have scalar NSI with matter fermions in the propagating
medium. The results derived here are equally applicable for
Dirac and Majorana neutrinos. As we will see later, for
observable scalar NSI it will be required that the scalar field
is very light, which we assume here. Consider the inter-
action of fermions f and Dirac neutrinos v with a light
scalar ¢, with the relevant interaction terms given by the
Lagrangian:

_ mi
LD =yuplaPrp = Yifhf — moplolp — 74’2- (4)

In the case of Majorana neutrinos, the relevant Lagrangian
has the form:
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£ =2y = v Ff vy - "’¢2 (5)

We shall focus primarily on the Dirac neutrinos, but
essentially all of our results will apply for Majorana
neutrinos as well, provided that the normalization of
couplings is as in Eq. (5). We shall comment on differences
when they arise between the two cases.

A neutrino with four-momentum p* propagating through
matter obeys the Dirac equation given by

¥ —Z(p)ly = 0. (6)

In a general medium, the self-energy X of the neutrino gets
modified. We apply real time formalism of field theory at
finite temperature and density in our derivations, which is
manifestly Lorentz covariant [10]. With pure scalar inter-
actions of the type given in Egs. (4) and (5), the neutrino
self-energy takes the general form

2(p) = m — (ap + by + d[p. f]). (7)

where m is the neutrino mass inside the medium, u* is the
four-velocity of the medium, and a, b, d are functions of
only two Lorentz scalars, viz., p? and p.u. In a Lorentz
covariant description of field theory at finite temperature
and density, one introduces a medium four-velocity vector
u* as in Eq. (7) obeying u> = 1. In real time formalism of
thermal field theory, the finite temperature and density
correction to self-energy of a fermion can be calculated
with the help of finite temperature Green’s function for a
free Dirac field [10] (for applications to neutrino propa-
gation in matter see Refs. [11-13]):

Si(p) = (P +my) +ils(p)|  (8)

p* —mj +ie
where

[y(p)=2a6(p*

—md)ny (9)O(po) +ni(p)O(=po)l. (9)

Here © is the Heaviside step function and n; (ny) is the

Fermi-Dirac distribution function for the fermion (anti-
fermion) occupation number of the medium given by

1
ellpul=p)/T 4 1’

(10)

1
nj(p)= Pl /T 1

ng(p) =
where u is the chemical potential and 7 is the temperature.
Integrating the occupation number over all possible
momentum states yields the total number density of the
fermions (or antifermions) in the medium:

& p
Ny = 95 / W”f(i‘)(l?)- (11)

fv
; -
¢
Vo : Vg Vo ' Vs : Vg
(a) (b)
FIG. 1. Neutrino self-energy diagrams: (a) Tadpole with back-

ground of f and v, and (b) self-energy in a neutrino background.

Here g denotes the number of internal degrees of freedom
and is equal to two for electrons, nucleons, and neutrinos
for the two different spin states.

A. Neutrino self-energy from tadpole diagram

The one-loop thermal self-energy corrections for the
neutrinos arising from Eq. (4) or Eq. (5) are shown in
Fig. 1. We first compute the one-loop neutrino thermal mass
correction induced by the tadpole diagram in Fig. 1(a). The
Lorentz-invariant form of X as given in Eq. (7) can be
conveniently evaluated by going to the rest frame of the
medium, where the amplitude takes a simple form:

Tos =i i / 'k Trliy, iS, (k). (12)
—i2,5 = 1y, 1yri .
7 7 qz _ m(z/) (271)4 SR f

In Eq. (12), we can set ¢g*> = 0 for the momentum transfer
because we are only interested in the coherent forward
scattering of neutrinos in matter for the NSI effect. Only
retaining the finite temperature and density part of the self-
energy, we obtain

y”/”yfmf/ dk/ k2 k 5(k
ﬂ'm¢

X [ny (ko) + nz(=ko)l. (13)

-k + m%)

Integrating over k> using the delta function yields the final
result:

_ YapYym
/"ff/ dko \/ kG — m3[n (ko) + ny(ko)]
ﬂ' m(/) my
= Amy gp. (14)

While deriving Eq. (14), it has been assumed that the
background medium contains both fermions and antifer-
mions. Thus, Eq. (14) is the complete expression for scalar
NSI of neutrinos at any finite temperature and density in a
background without neutrinos. We have provided details of
evaluating the integral of Eq. (14) in various useful limits in
Appendix A.

Note that the scalar NSI of Eq. (14) appears as a
medium-dependent mass of the neutrino. The relevant
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integral can be evaluated analytically in the high temper-
ature as well as low temperature regimes. We find
Yry
Amy g5 =22 (N + N7)
My

(. T<mg) (15)

2
VeYap™My (3\3, 2/3 | 22/3
Ambqaﬂ :m—ZZT (;) (Nf/ +Nj_c/) (,u>mf>> T)

(16)

2 N2
YfYapy [ T 3,.2/3 2/3
A, gy ==L ( (3)> (NP +N) (u<mp<T),

3m2  \12¢

4
(17)

If the medium does not contain either fermions or anti-
fermions of a certain type, the corresponding number
density should be set to zero in the final result. If the
background has more than one type of fermion, the various
contributions should be added. Equation (15) for u, T <
my is the nonrelativistic limit for the scalar NSI expression
and matches the result stated in Ref. [9]. It is most useful in
the case of Earth and Sun. The limiting case Eq. (16) is
useful for relativistic medium backgrounds as with elec-
trons in supernovae. For effect of scalar NSI in the early
Universe, Eq. (17) is the most relevant. Detailed application
of these results is carried out in Sec. VIL.

B. Neutrino self-energy in a neutrino background

There is another important diagram that might contribute
to the effect of neutrino propagation in a medium, as shown
in Fig. 1(b). This diagram contributes to neutrino self-
energy only in media with a neutrino or an antineutrino
background. This situation is realized in supernovae and
early Universe cosmology. Here we derive the contribution
of Fig. 1(b) in such backgrounds. Again using the real-time
formalism of thermal field theory, we can write this
contribution for a Dirac neutrino as

d*k
ZZﬂ = _YﬂryVa/W (k"‘?"‘ mv)
{ Ly(k—5% r,(k+5)
(

+ ] (18)
k+5)72=mi (k=5)72—mj

where I', is defined in Eq. (9) and for I'j;, we have used the
finite temperature Green’s function for a free bosonic field
given by

Sp(p) = { :

p? —mj +ie

- irb<p>} (19)
where

Ty (p) = 2a5(p* — m})n,(p)©(po). (20)

with the Bose-Einstein distribution function given by

1

ST 1 (21)

ny(p) =
noting that the chemical potential of the real scalar
field ¢ is zero. We have carried out the evaluation of the
self-energy integral of Eq. (18) in Appendix B; here we
summarize our main results. The contribution of Eq. (18)
can be written as

yﬂyyya
X, =— J, 22
v 82p| >

with J identified as the integral of Eq. (18), except for an
overall factor, and can be decomposed as

J=ap+bj+c+dp, . (23)

By taking traces of the integral in Eq. (18) multiplied
by (1, g, #, pi), we can solve for the Lorentz scalars
(a,b,c,d). Defining

J,=Tr(Jp), J,=Tr(Jf), and J,=Tr(J), (24)
we find
_ Ju(p'u)_‘]p b:Jp(p'u>_JLtp2
4(pu)* = p?]’ 4(pu)*=p’’
c:%, and d=0. (25)

It is clear that the coefficient ¢ contributes to the neutrino
mass in the medium [cf. Eq. (7)]. But this effect is negligible
in our case, because there is no 1/ mf/) enhancement.

There is also a matter potential that is caused by the
neutrino self-interactions. To arrive at it we examine the
pole in the neutrino propagator:

is;'(p) =i(p—2") = ilp(1 - A) - Bf].  (26)

where A and B are matrices in flavor-space, with elements
given by

- yﬁyyy(l

- _ a _ y/}yyya
? " sl

87°|p|

ap — b. (27)

Since A and B commute, S, can be obtained in terms of A
and B as

[(1-A)p — Bi]
{(1-=A)p - Bup*’

We define energy and momentum of the neutrino (in the
massless limit) in the rest frame of the medium as [12]

E=pu, P =/E - pt (29)

iS,(p) =i (28)
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The pole in the neutrino propagator of Eq. (28) occurs at
energy values given by

B;

&i=1_2A

£ P, (30)

This leads to the modified dispersion relation £ = UE,U"
(where U is the unitary matrix that diagonalizes A and B).
The energy shift for neutrinos is thus B/(1 — A), while the
shift in antineutrino energy is —B/(1 — A), which are both
nondiagonal in the flavor basis [cf. Eq. (27)].

For significant regions of the Yukawa couplings y,,
and yy, the scalar ¢ does not get thermalized. In this case,
there is no ¢ background and the term proportional to
I';(k— p/2) should be set to zero. We present our results
here in this case first. The contribution from X ; can then be

written as
d3k k + + m,)
y(lyyy[)’ ﬁp dkO _ mé

ey

We defer the details of evaluating this integral to Appendix B.
Here we present the results in the high temperature limit,
assuming that the chemical potential is vanishing. This
condition is generally true in the early Universe when
neutrinos propagate in a background of neutrinos.
Furthermore, we set the neutrino mass to be zero, which
is a consistent approximation as the medium-induced m,, is
proportional to the original m,. In the absence of neutrino
mass, we can set p3 — |p|> = 0. Under these conditions, our
results are as follows (see Appendix B for details):

n’T? 167|p|T
— I b o1g(=-1) -1
== 20 -0 (500

¢
T 2 T
—~In2In ( ﬂp' )
4 f/)
n’T?
b=———. 32
Here {'(—1) = —0.165421 is the derivative of Riemann zeta

function evaluated at argument equal to —1. Using these
results along with Eq. (30), we arrive at the energy shift
experienced by the neutrino in a background of neutrinos:

LA N U S P 12¢(~1)
“96lp| Y Y 1920p]?
) 1n<16ﬂ|£)|T) }
my

T 2V2|p|T
—yy’ ———In2In \ﬂp' . (33)
327%|p| my, o

Agw&aﬁ

Here we have made use of the fact that yy" = UDU", where
D is a diagonal matrix and U is unitary, obtained the poles in
the neutrino propagators in the diagonal basis, and reinserted
the unitary matrix in writing Eq. (33). While we do not use
these results explicitly in our analyses, these are part of the
neutrino scalar NSI which may find use in early Universe
cosmology where there is a thermal background of neutrinos.

If the scalar field ¢ is also in thermal equilibrium, a
similar analysis goes through albeit with some replace-
ments, as can be seen from Eq. (18): I, = 'y, p — —p,
with a change in sign of p in the numerator and change
of my — m, only in the denominator. These thermal ¢
contributions will add to the neutrino self-energy contri-
bution to J given in Eq. (23). In particular, the coefficients

o J s Jy of Eq. (24) will become J, +J%,J, +J%,J,,+

J? . where the new contributions are given in Appendix B.

III. LONG-RANGE FORCE EFFECTS

A light scalar coupling to fermions can lead to long-
range forces. This applies to charged fermions as well as
neutrinos propagating through a medium. Even when the
neutrino propagates outside of the medium, such long-
range forces can affect its propagation. Thus, calculating
the neutrino energy using point interactions with a very
light mediator does not provide a complete picture. In this
section, we sketch a heuristic derivation to account for these
long-range force effects. Long range effects in nonrelativ-
istic media have been studied in Refs. [14,15]. Here, we
have extended the analysis for all background media, i.e.,
both nonrelativistic and relativistic cases. This will be
especially useful in relativistic media such as in supernovae
and in the early Universe.

We use the Euler-Lagrange equations for the Lagrangian
in Eq. (4) to obtain equations of motion for v and ¢:

(lﬁ - maﬁ - y(lﬂ¢)1/ﬂ = 0’ (34)
(82 +m§§)¢_yaﬁl_/ay/} _yf}‘f: 0. (35)

As can be seen from Eq. (34), the interaction vertex
YapPa®Vp leads to an extra contribution to neutrino mass:

Amu,aﬂ = yaﬁ<¢>medium' (36)

To calculate the mass correction for a neutrino propagating
in a medium, we will need to calculate the expectation value
of the operators at finite temperature and density, appearing
in Egs. (34) and (35).

A medium in thermal equilibrium with fermion number
density N, and antifermion number density N; can be
represented as a Fock state |¥). This state contains
information about particle and antiparticle distribution in
different momentum states. Since the system is assumed to
be in thermal equilibrium, the fermion and antifermion
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density in each momentum state does not change in time.
Thus, we can set = 0 and the state |¥) is normalized, i.e.,
(Y|¥) = 1. The field operators for the fermion and anti-
fermion fields can be written as [16]

o= [k Sl

emipx + bf,T

ys(p)eip.x]’

(37)
|

]_C(X) 277: 2E Z bs —s —ip.x+aiV)Tﬁs(p)eip.x].

(38)

We need to calculate the expectation value of the
operator ff. While trying to interpret these quantities
classically, we first need to normal order the product of
the quantum fields:

3 3
<1ff:>=<\l‘|:ff:|lp>:/‘125)13/61172

ST g -
X E aPl aPz )

ux/ (pz)e_i(pl —P2)X

1 1
(2z)* \/2E, \/2E,,
+ (a Ibs'> S(p1)v* (py)eiPrip)x
+ (b by, )8 (p1)v” (pa)e PP, (39)

+ (by, ay, )0 (p1)u*' (py)e'Prip)x

where we have used (A) = (P|A|¥) for brevity and the
symbol : : signifies normal ordering of the product. In
Eq. (39), terms like a’b" and a b vanish, since they cannot
be contracted because they act on different subspaces. It is
well known from quantum field theory at zero temperature
that a'a and b7h are the number density operators for
fermions and antifermions respectively. This can be gen-
eralized to finite temperature and density using the Fermi-
Dirac distribution:

<‘I‘|a p2|lP> = ”f(Pl) (P

<\P|b”bs ¥) = ”f<P1)5(P1

- p2>5s,s’7 (40)

- p2>5s,s" (41)
Equation (40) can be understood by integrating it over

all momentum states which yields the total number
density Ny:

&3 43
/ Pl3 P23 (P|a
(27)° ) (2x)
Using the normalization of states #’(p)u*(p) = 2my, we
obtain

ap,ay,|¥) =Ny (42)

3p m
(Ff) = (¥F %) =g, / (;’T’;}E—:[nf@) tar(p). (43)

Converting Eq. (43) into an energy integral, we have

m
) f/ dko\ /K3 — ma{ny (ko) + ny(ko)].  (44)
my

Notice that the integral form of Eq. (44) matches Eq. (14)
except for the prefactors. This implies that generalizing the
limiting cases for Eq. (44) is straightforward.

Now to calculate Am,, ;4 in Eq. (36), we need to solve
Eq. (35) for ¢. Considering yf]_‘f as a source term and
neglecting the second term assuming low neutrino number
density, we can write the solution as

@) = -y [ ex L oo

4r|x — X/|

Under assumptions of spherical symmetry of the medium,
integrating over the angular variables yields the solution of
the form:

Amy, 45(r) = yfy“ﬁ< —mwlrx(]_‘f) sinh(m,x)dx

myr
+ sinh(m,r) /oo x(ff)e"”dzxdx). (46)

We have worked out Eq. (46) in the relativistic limit for two
different density profile distributions in Appendix C. While
we do not use these analytic results in our numerical
analysis, these special cases can give insight for general
situations. We use actual density profiles of the Sun and
supernovae in our numerical calculations, integrating the
relevant integrals exactly.

IV. EXPERIMENTAL CONSTRAINTS
ON COUPLINGS

In this section we explore two specific scenarios:
(i) scalar ¢ coupling only to electrons and neutri-
nos, and
(ii) scalar ¢ coupling only to nucleons and neutrinos.
Here neutrinos can be either Dirac or Majorana in nature.
In this section, we discuss experimental constraints on the
couplings and mass of ¢ in the aforementioned scenarios.
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Z

TABLE I. The compositions of source and test masses used in the experiment listed and the corresponding values of ratio i—:A—z.
Label References Source mass composition Test mass composition i_:,%
1 Stanford [21] Gold, silicon Gold 0.1804
IT Colorado [19] Tungsten Tungsten 0.1621
i Eot-Wash 2007 [20] Molybdenum, tantalum Molybdenum 0.1839
v HUST 2012 [22] Tungsten Tungsten 0.1621
v HUST+ 2016 [23] Tungsten Tungsten 0.1621
VI Irvine A [18] Copper Copper 0.2159
VII Irvine B [18] Stainless steel Copper 0.2116
In accordance to Eq. (4), the scalar coupling to electron y%
. . — —myr
is denoted by y,. On the other hand, the scalar coupling V(r) = _me ”, (49)

to quark cannot be probed directly but only measurable
through their effect with scalar-nucleon interaction. Thus,
we present the experimental constraints on scalar-nucleon
coupling labeled as yy. The conversion from quark level
couplings y, to yy is discussed later in Sec. [VA 4.

A. Constraints on y, and yy

1. Anomalous electron magnetic moment

A scalar coupling with the electrons will contribute
to the electron anomalous magnetic moment (g — 2), given
by [17]

1 [
~ 822 )y

(1-x)2(1 +x)y;

hae (=P & x(mp/m )

(47)

There is currently a 2.4¢0 discrepancy between the exper-
imentally inferred value and SM prediction for Aa, =
ag? —aM = (—88 +36) x 107!* [1]. A light scalar can
potentially make this discrepancy worse, as it gives a
positive contribution, and thus provides a useful limit on
scalar NSI parameters. Using the 3¢ value for the Aa,, the
allowed region in the y, —m, plane is obtained. This
constraint is shown in Figs. 3 and 5, labeled as (g —2),.
This constraint yields an almost constant upper bound of
¥, < 3.4 x 107 for light scalar mediators.

2. Fifth force experiments

These experiments measure the presence of fifth forces
as deviation from the Newtonian gravitational potential
between a given source mass and a test mass, which is
parametrized as follows:

Gm1m2

V(r) = (14 ae™"/%). (48)

-
Given an interaction vertex of the form y fﬁb f asin Egs. (4)
and (5), consider the scattering of two distinguishable
fermions in the nonrelativistic limit. The corresponding

Yukawa potential for the interaction is given by (see
Sec. 4.7 of Ref. [16]):

where r is the distance between the scattering particles.

For experiments detailed in Refs. [18-23] in the range
A = 107%to 10? m, the constraints provided on ain Eq. (48)
are not directly applicable to y; in Eq. (49). Therefore, we
will translate the constraints on a to those on y for our case.
Assuming a particle (e.g., lepton, quark) couples to the
scalar mediator with strength ¢ and each interacting body
contains N number of these particles, the potential between
two extended bodies can be written as

NygN
Vy(r) = - =422 g, (50)

We identify the inverse of the length scale 4 as mass of the
scalar particle ¢. Thus, we have

_NigiNagy - g 1 g g
a= = 5 = s-—-—. (51)
4rGmim,  4rGAAyu”  4rGu~A; A,

where we have used the relation m = NAu (A = mass
number, # = 1 atomic mass unit) and G is the gravitational
constant. For bounds on y,, the coupling strength will be
proportional to the lepton number (L), which is identical to
atomic number (Z) for a given material, ie., g = Zy,,
leading to

2
Ye Z1Z,
- 2122 52
T 4G A A, (52)

Values for charge to mass number ratio for test and
source masses can be obtained from the experimental
setups as given in Table 1. These are shown in Figs. 3
and 5 by the labels I to VII. Similar results follow for
coupling to the nucleons yy by replacing the atomic
numbers (Z) by mass numbers (A) in Eq. (52). This implies
that constraints on yy will be independent of the material
used in the experiment. These limits are shown in Figs. 4
and 6.

Additional constraints on y, and y, can be directly
obtained from Ref. [24] which used experiments in the
range 1 = 107! to 10'* m and the corresponding limits on
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Ve

—_—. 53
47Gu? (53)

a =
This constraint is labeled as ‘torsional balances” in
Fig. 3-6. It can be seen from these figures that fifth-force
experiments constrain both couplings y, and yy with an
upper bound in the range 107%-10~" for m, < 0.1 eV.

3. Constraints from stellar and supernova cooling

¢ — e coupling.—The production of the light scalar ¢ in
stellar bodies can lead to a new channel for energy loss
leading to rapid cooling. This can help severely constrain
the interaction of a scalar with electrons. The dominant
production of this scalar is via its resonant mixing with the
longitudinal component of the photon in the plasma [25].
The extra energy loss processes in red giants (RG) can
delay their onset of helium ignition and can change the
helium-burning lifetime of the horizontal branch (HB)
stars, in disagreement with the stellar models that match
observations. For bounds from supernova, the energy
loss from production of a scalar is required to be less than
that of SN1987A neutrino burst. The energy loss rate
from resonant production of a scalar with a plasmon is
given by [25,26]

w; [® 1
Qres ~ L <_L H¢L> op s (54)

4 \my eT — 1

where w; is the resonant frequency and IT?" is the mixing
of the scalar with the longitudinal component of the photon
in the medium, given by

eff
_Yeemgimy,

w2 [ dp Pl (E,) 4 (E,)
Wy, w; + vk Zmé
2L - , 55
% [vk o8 (a)L - vk) w? — k*v? (55)

where v = p/E,, is the electron velocity, mS" is the effective

thermal mass of the electron, and k = /w} — mj is the

three-momentum of the scalar mediator ¢, where E¢ =wy
due to the resonant production of scalar. Reference [26]
considers the resonant production process as dominant over
the Compton scattering or electron-ion interactions.

For large values of the coupling, the scalar can get
trapped inside the star/supernova. This capture would help
alleviate the stringent upper bound on the coupling y,. To
derive the trapping limit, the detailed balance of production
and absorption rates is used, i.e.,

Torod(Eg) = €T Tang(Ey). (56)

Since we are only interested in ultralight mediators with
my < 1 MeV, the absorption through the decay channel

¢ — eTe™ is absent for our purposes. Thus, the absorption
rate from the resonant mixing yields a mean free path
length 4 given by

4
1 E,

A=t
Fabs(Eqﬁ) Qres

(57)

By requiring the mean free path to be shorter than
R = 10 km, which is the typical size of a supernova core,
we derive a bound on the coupling y,, as shown in Figs. 3
and 5, labeled “SN1987A.”

In case of SN1987A, constraints on y, range from 10~°
to 1077 for scalar mediators lighter than the electron. Even
stronger constraints are obtained from HB/RG stars with an
upper bound of y, ~ 10~ for light scalar mediators.

¢ — N coupling.—The constraints are similar to the ¢ — e
coupling case. In HB and RG stars with typical temper-
atures of 10 keV, the main constraints for scalar coupling to
nucleon in the literature are derived using Compton
scattering, y + He — He + ¢, as the dominant process. It
is required that the new energy loss per unit mass should be
less than e < 10 erg/g/s [27]. As shown in Ref. [25],
resonant production through ¢ mixing with a photon can
increase the energy loss for low scalar masses and therefore
the ¢ coupling to nucleon is highly constrained.

The constraints from a supernova comes from scalar
production through bremsstrahlung process N + N — N +
N + ¢ [28]. Bounds on a coupling can be obtained by
requiring the energy loss to be less than the energy contained
in the neutrino burst, i.e., ¢ < 10" erg/g/s [27]. Similarly,
the trapping regime of the scalar being reabsorbed can be
derived using the detailed balance between the absorption
and production rates. Requiring the mean free path 1
ep/T* to be smaller than 10 km yields the constraint on yy
[26], as shown in Figs. 4 and 6.

In case of SN1987A, constraints on yy range from
1071° to 1077 for scalar mediators lighter than electron.
Similar to y,, stronger constraints are obtained from HB/
RG stars with an upper bound of y, ~ 107!2 for light scalar
mediators.

4. Meson decays

A light scalar coupling to nucleons can be produced in
meson decays. The only process of interest in this case is a
charged kaon decay to a charged pion and the scalar:
K+ — nt¢. This production cross section is highly con-
strained from the measurement of branching ratios from
charged kaon decay: Br(K™ — ztiv) < 1.7 x 10719 [1].

Using the low-energy effective Lagrangian formalism
presented in Ref. [29], the branching ratio for the process in
consideration is given by
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BR(KT = zt¢)
2
327TmK+ FK+ ud T us 7m%(+ ’m%ﬁ ’

where B =

s and A(a.b.c) = a® + b+ c? — 2ab-
2bc — 2ac. Matching the nucleon level interaction to the

effective Lagrangian:

where N = p, n, the nucleon coupling y, can be written in
terms of fundamental quark -level couplings y,(y,) as

YN = quggv (60)
q

where gf is the nucleon scalar charge. We assume that the
scalar couples equally to the up and down quark i.e.,
v, = y4- The effective nucleon couplings to a scalar is then
given by

yv = Yu(gé + g8) ~9.47y,, (61)

where we have used g% = 5.20 and g¢ = 4.27 [30]. This
constraint is labeled as “K* — zt¢” in Figs. 4 and 6. It
yields an almost constant upper bound of yy ~ 2.3 x 107>
for light scalar mediators.

5. Big bang nucleosynthesis

¢ — e coupling.—In the early Universe, the scalar mediator
¢ can be in thermal equilibrium with the SM particles
through annihilation (e"e~ — y¢) and Compton scattering
(e7y = e~¢). In the limit s > mj, mg, the cross sections

for these processes are [26]

2
a,y; s 5
Coymrep X {log( 5 2> + ] , (62)
s mg + my 2
2a,y> s
Oy ~——log <4m2> ’ (63)

where @, = e¢?/4n is the fine-structure constant. The
thermally averaged cross section for these two processes
are given below:

- 1
Cer—et") = 16,275k, (o T)
x/jodsa(s—mz)\/gl(l <\/7§>, (64)
T
(Coemppv) = 8mAT(Ky(m,/T))?

x A i dso(s — 4m2)V/5K, (g) (65)

m,

If ¢ enters equilibrium with electrons before 7~ 1 MeV, it
can decrease the deuterium abundance which is in conflict

with observations [26]. In our case, the mediator thermal-
izes if the thermally averaged cross section exceeds the
Hubble expansion rate H(T) ~ 1.66,/g,T%/Mp, (where g,
is the number of relativistic degrees of freedom and Mp is
the Planck mass) at 7 =1 MeV. This yields an upper
bound of y, =5 x 107! for ultralight scalar mediators,
independent of m.

Note that LEP measurements of the Bhabha scattering
cross section (ete™ — ete™) can also constrain the cou-
pling y, through s- and r-channel ¢ exchange, but we
estimate it to be only at the O(0.1) level [3,31].

¢ — N coupling.—In this case, we require that the scalar
¢ thermalizes around the QCD phase transition temper-
ature. This will help dilute the relativistic degrees of
freedom (N) until the nucleosynthesis phase is reached.
Otherwise, the scalar ¢ will be in equilibrium with SM and
will have a significant contribution to relativistic degrees of
freedom (AN 4 = 4/7) at the time of BBN, in tension with
the current measurements from Planck [32]. Thus, we
require that the interaction rate should be lower than the
Hubble rate at 7 = 200 MeV. We can estimate the rate of ¢
production from the processes like uit — ¢ (and dd — ¢)
as [y ~ y2T. This should be compared with Hubble rate
H(T) ~ 1.66,/g.T*/Mp,. This condition leads to a strin-
gent constraint on y, < 2.63 x 107!° Converting the
quark-scalar coupling to nucleon level coupling using
Eq. (61), we get yy < 2.49 x 107°.

B. Experimental constraints on y,

1. Dirac v — ¢ coupling

The analysis in this case is similar as for the ¢p — N
coupling. If the scalar ¢b thermalizes (even partially) in the
early Universe, it introduces additional degrees of freedom
that contribute to the total entropy [33]. We require that the
scalar ¢, as well as the right-handed neutrinos, should
decouple from the thermal plasma at a temperature above
the QCD phase transition temperature which will dilute the
AN =3+ ‘7‘ ~3.57 by the time BBN occurs, in agree-
ment with the currently allowed range from Planck [32].
Thus, requiring that the interaction rate of processes like
v — ¢ should be lower than the Hubble rate at T =
200 MeV yields an upper bound of y, ~2.6 x 10719,

2. Majorana v — ¢ coupling

Presence of NSI can lead to rethermalization of the
neutrinos, which otherwise decouple at 7 ~ 1 MeV in the
standard scenario. This can leave a signature in the cosmo-
logical observables. The analysis in Ref. [34] constrains the
couplings in the secret interaction of neutrinos with a
light mediator. Assuming model independence, we use
the upper bound on coupling y, from Ref. [34], which
yields a stringent limit of y, < 2 x 107,
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fv
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FIG. 2. Feynman diagram responsible for the thermal mass of
the scalar ¢.

The next-generation CMB experiments, such as CMB-
S4 [35] which will have better sensitivity to departures
from the ACDM paradigm could test such neutrino self-
interactions mediated by light scalars, as discussed here.

Additional constraints on y, exist from neutrino self-
interactions within astrophysical sources like core-collapse
supernovae [36] with high neutrino number densities of
n, ~ O(10°) cm™3, where they can lose energy via higher-
order processes like 2v — 4r and may be unable to transfer
enough energy to the stalled supernova shock wave to
revive it, halting the explosion altogether [36,37]. Similarly,
elastic scattering of astrophysical neutrinos off the cosmic
neutrino background as they propagate to Earth would
distort the energy spectrum of the astrophysical neutrinos
by introducing a deficit at high energies and a pileup at
low energies, potentially falling below the energy threshold
for detection, as well as delaying their arrival time on
Earth, compared to their electromagnetic-wave counterpart
[36,38]. However, these astrophysical constraints on y, turn
out to be much weaker than the cosmological constraints
discussed above for light scalars with m, <1 MeV.

It should also be pointed out that there are other weaker
constraints applicable in our scenario but not relevant to the
scalar NSI discussion here. For example, coherent elastic
neutrino-nucleus scattering data by COHERENT experi-
ment constrains yy only at the O(1) level for the values of
the y, used in this work [39].

V. THERMAL MASS OF SCALAR ¢

If the interactions of the scalar ¢ with the medium are
significant enough, then it might get thermalized with the
medium. Since the scalar field in consideration is ultralight,
medium effects might lead to substantial correction to the
vacuum mass of the ¢. The medium induced mass at one-
loop is shown in the Feynman diagram in Fig. 2. The
relevant contribution to the mass of ¢ at finite density and
temperature is given by

d*k p?
— 4v2 2 2
M = 4yf/ 2y (k -5t mf>

" [ (k+p/2) [(k—p/2)
(k=p/2)?=m;  (k+p/2)*—m;

} . (66)

We refer the reader to Appendix D for the evaluation of the
scalar mass integral. In the limit my — 0, the mass
correction for scalar is found to be

2
y (¢
Am} = —ﬂf; dkon (ko) \/ kG — m?. (67)

mg

Note that the same integral appears in Eq. (14). Thus, using
the known limiting forms of the integral (cf. Appendix A),
we obtain

7

Y5 (3\F, 2 2/3
Amd = 7 <;> (N +N/‘) (u>mp>T) (69)

3 2 2
y 7 3
) Yy 2/3 | A2/3
Am¢f—3 (125(3)) (N +N5 ) (w<m;<T). (70)

These expressions are also applicable to Majoron (J)
propagation in a medium with pseudoscalar interactions
of the form oy Juv. For example, in the early universe,
Majoron propagating in a neutrino background will have a
mass given by the high-temperature limit, which will be
approximately mj; ~y, T [cf. Egs. (70) and (A14)].

Equation (70) will also be relevant to deriving neutrino
self-interaction limits from early Universe cosmology.
CMB anisotropies strongly depend on the anisotropy of
the neutrino field. Neutrino self-interactions would iso-
tropize the neutrino field, affecting the CMB. It has been
found that CMB anisotropy data constrain such interactions
to be (y;/my) < (3 MeV)~2 (for my; > 1 keV) [40]. If the
scalar field indeed thermalizes with the medium, which
occurs for y, > 107!9 or so, then one should use the thermal
mass of ¢, Eq. (70) in this constraint, which can weaken
the constraint significantly. In cosmological simulations
involving a light scalar, the thermal mass effects of Eq. (70)
should be included. Such interactions may be testable in
future CMB and large-scale structure observations through
the thermally induced mass in such settings.

In the limit when m, — O but acquires a thermal mass,
the scalar NSI expression Eq. (14) takes a special form:

Vg,

Ammﬂ = fe (71)

Note that Eq. (71) is independent of the scalar mass m,, in
this limit. This scenario may be realized in supernovae,
provided that ¢ has significant interactions with matter.
From discussions in Sec. IVA 3, it is clear that for high
enough values of y, or yy, the scalar gets trapped and
thermal correction to the mass should be taken into
account. Thus, in case of thermalization of the scalar,
Eq. (71) should be used in lieu of Egs. (15), (16) and (17).
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VI. QUANTUM-MECHANICAL BOUND ON LIGHT
SCALAR MASS

Here we show that the uncertainty principle of quantum
mechanics sets a lower limit on the minimum ¢’ that
appears in neutrino forward scattering. This limit applies to
a neutrino propagating through Earth, where it interacts
either with electrons in atoms, or with nucleons inside
the nuclei.

Consider v, — e elastic scattering. Working in the rest
frame of the electron, the initial and final four-momenta of
the electron can be written as

p*=(m,.0,0,0), p’”=( p?+fﬂ%,0,0,pe), (72)

where p, is the recoil momentum of the electron. The ¢?
related to coherent forward scattering is then

¢ = (p' - p)* =2m, <me —\/pi+ m?) ~—pz,  (73)

where in the second step g < m?2 is assumed.

Now, the recoil momentum of the electron is subject to
the uncertainty relation. Its position is not precisely known
inside the atom, so we have

ApAx Z h. (74)
When we set g> =0 in the computation of forward

scattering, we only know this up to an uncertainty in g>
given by (setting 7 = 1)

(75)

Using Ax = 140 x 1078 cm, which is the radius of *Fe—
the most abundant element in Earth’s matter, one obtains
for the uncertainty in ¢> to be

2 ~ (14 eV)2, (76)

Thus, when the mediator mass becomes much smaller than
14 eV, one should use this quantum mechanical cutoff in
computing scalar NSI. Similarly for coupling to a nucleon,
the cutoff would be given by the inverse of the nuclear
radius of *%Fe. Using nuclear diameter Ax = 9.6 fm, we
obtain

g%, ~ (21 MeV)2. (77)

These rough quantum-mechanical bounds can be better
motivated by using atomic/nuclear form factors for coher-
ent forward scattering. In Earth, the expression for scalar
NSI will get modified with the inclusion of a form factor,

y fyaﬂN

Am, oy = LF(m3). (78)
ap mé qz 7

The original result in Eq. (15) was obtained by setting
q*> = 0and F(my) = 1, but if the mass of the scalar n,—0
then the denominator is not well defined. This is remedied
by the atomic form factor F (mi) which is of the form [41]

m2

2y _
F(m)—m2+q(2),

(79)

where g, = 1/4ra, and qy is the radius of the first orbit for
hydrogenlike atoms. Similar qualitative results should
apply for the outermost-orbit electrons in *Fe. For high
values of mj > qj, F(mj)~1 as expected. Thus, the

vanishing ¢> limit is well defined and yields the original
result in Eq. (15). The difference appears in the regime
my, < g, where F(mg) ~ mj/qg. The form of Eq. (78) in
the low my limit and with ¢*> — 0 is thus given by

N
Amv,aﬂ = Yr¥apy 5 (80)

3

which is independent of m,. This result agrees with the
quantum-mechanical bound discussed above based on the
uncertainty principle.

When a scalar mediator couples to the electron, from
fifth force constraints either the mass of the mediator
should be larger than a keV, or its coupling to the electron
should be extremely weak, of order 1072*. For such tiny
couplings, to generate scalar NSI in the observable range,
one could naively make the mediator mass of order
1078 eV. In this case, the quantum-mechanical intrinsic
bound should be applied for computing forward scattering.
The result is that scalar NSI arising from coupling to
electrons cannot be in the observable range for neutrino
propagation in Earth.

These quantum-mechanical limits are not applicable to
Sun or supernovae due to the absence of bound states in
them. The major baryonic component in Sun and super-
novae is ionized hydrogen gas (protons) and neutrons
respectively. Thus, the neutrinos scatter off against either
free electrons or the protons/neutrons inside these stellar
bodies. For the relevant neutrino energies of O(keV-MeV),
the protons/neutrons behave as point particles, and there-
fore, the finite-size effect discussed above is not applicable
to them.

VII. NUMERICAL RESULTS

We have discussed the calculation for scalar NSI and the
experimental constraints on them in previous sections. Here
we put these constraints together and explore possible tests
of this scenario in future neutrino experiments. We also
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FIG. 3.

Different experimental constraints on Yukawa coupling of a scalar to an electron for the case of Dirac neutrinos. The shaded

regions are excluded. Some representative values of scalar NSI in Earth, Sun, and supernova are also shown.

provide the numerical models for the density profiles of
Earth and supernovae that we adopt to constrain the model
parameters.

The results for different cases with a scalar coupling to
an electron/nucleon and in case of either Dirac or Majorana

neutrinos have been presented in Figs. 3—6. Here we have
fixed the value of y, at its maximum allowed value in each
case, as discussed in Sec. IV B, whereas the other Yukawa
coupling (either y, or yy) is varied, along with the scalar
mass mg. These results are also summarized in Table II.

10~

AmMeann = 10722 eV

108

Z

10—12

7 Nt <
Pz ] 7 OINTYO /A
/f{G/HB St

10—16

10—20
Torsional Balances

YN

107

10—28

10—32

10—36

y,=26x107"°
Dirac v

10718 1071 10710

10 102 102 108

iy (eV)

FIG. 4. Same as in Fig. 3, but for scalar coupling to nucleons.
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10—32
y,=2x1077
Majorana v
10—36
10-18 10714 10-10 106 1072 102 108
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FIG. 5. Same as in Fig. 3, but for Majorana neutrinos.
107* I Ko 4 ¢
Amgann = 10_18 eV /
10-8 A BBN
,,8N/wu//}( 4
Lo-12| | RG/}@ Star;/ j/
1016 ~
—20
> 10 Torsional Balances
B
10—24
10-28
10_32 | Anzﬁ,:‘ > 5 MeV
y,=2x1077
10-36 Majorana v
10718 10714 10°10 106 102 10% 108
my (eV)
FIG. 6. Same as in Fig. 4, but for Majorana neutrinos.
A. Earth and Sun 1Yap
) Am,/‘a/j = FNJC
In case of Earth and Sun, the background medium of @

electrons and nucleons are nonrelativistic. Therefore, the

(81)

expression used for scalar NSI in these media is given by ~ From the discussion in Sec. VI, when the mediator mass
Eq. (15) with N}- =0: becomes lower than the quantum mechanical cutoff of
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TABLE II.

The maximum allowed value of scalar NSI in different cases and domains with corresponding ranges for the scalar mass ¢

and the coupling strength y,, for a fixed y, as shown in Figs. 3-6.

Case Max. NSI (eV)

Scalar mass range (eV) Range for y,

Dirac v, ¢p — e

Earth 3.0 x 10777

Sun 7.4 x 1073

supernova 5.0 x 10°
Dirac v, ¢ — N

Earth 10724

Sun 7.4 %1073

supernova 5.0 x 10°
Majorana v, ¢ — e

Earth 10°'4

Sun 7.4 %1073

supernova 5.0 x 10°
Majorana v, ¢ — N

Earth 1072

Sun 7.4 %1073

supernova 5.0 x 10°

0.04-14 ~7.0 x 10710
<101 3.3 x 10734-10720
10-1-107° 10720-1.8 x 10725

~2.4 % 10710
2.4 % 10734-7.5 x 1030
75%x 10730 -49 x 10722

53 x10°=2.1x 107
<33x%x 10713
33x 107183 -1.8x 1077

0.04-14 ~6.0 x 10716
< 107! 4.4 107387 x 1073
1071 —7 % 1078 8.7x 10730 -9.3 x 1023

~2.1 x 10710
31x107%7 -84 x 1073
84 x 1073 =2.0x 1072

53 x10° =2.1 x 107
<35x1078
3.5x 1078 - 1.3x 1073

my~ 14 eV, m3 should be used in the denominator of
Eq. (81) in lieu of my for Earth. This leads to the turning
of the scalar NSI line in the plots for Earth. We have
used NEM = 54N, cm™ [1] and NE* = 373 gcem™?
[42], where the nucleon mass my = 931.5 MeV and the
Avogadro number N, = 6.022 x 10?3, As can be seen from
the plots, there are no prospects for observable scalar NSI to
be detected on Earth in any of the four cases (Dirac/
Majorana and coupling to electrons/nucleons). It can be
seen from Table. II that the highest allowed value of scalar
NSI in case of Earth is around 10~'# eV for the case of a ¢
coupling to Majorana neutrinos and electrons.

For the case of Sun, there will also be a correction to the
scalar NSI from finite size of the medium in the case of
light mediator masses m, ~ Rg,, as discussed in Sec. III
and Ref. [15]. We calculate the form factor for Sun using
Eq. (46) and the number density of electrons/nucleons,
which is obtained by fitting the known solar density profile
given in Refs. [43—45]. We have used the following best fit
to the number density profile for Sun:

N(r),=111.61N e~ #817+10217) ¢;y=3 (for electron),

(82)

157.13

my

6.1r+5.217) 3

N(r)y = e gem™  (for nucleon).

(83)

As can be seen from the plots, the existing laboratory and
astrophysical constraints do allow for a non-negligible
scalar NSI in Sun, especially for my <1 ueV where the
NSI can be as large as 10° eV for the case of ¢ coupling to

Dirac/Majorana neutrinos and electrons. However, this
will lead to a large correction term to the solar neutrino
mass, which is severely constrained by solar neutrino data.
Using the y*-analysis of the Borexino data from Ref. [9],
we find a 36 upper bound on the scalar NSI in Sun:
Amgy, <7.4x 1073 eV, as shown by the yellow shaded
region in Figs. 3-6. This still leaves some room for
observable scalar NSI effects in future solar neutrino data,
especially for ultralight scalar mediators. Note that very
small coupling values for which y2 < Gm2 = (m,/Mp)* ~
10739 are disfavored by the weak gravity conjecture [46]
which suggests gravity as the weakest force in nature.

B. Supernovae

In the case of supernovae with a typical core temperature
T ~ 30 MeV, the electron background is relativistic while
the nucleon background can be essentially treated to be at
rest. Thus, there are two different expressions to be used
[cf. Egs. (15) and (16)]:

Am, 5 = yfy;ﬁ N3N (for nucleon) (84)
My
p 3NSN\ 3
Amy, 4p = yrflg‘f %( ﬂe )3 (for electron).  (85)

Similar to the case in Sun, there will be correction to the
scalar NSI in the supernova from the finite size of the
medium. Therefore, we numerically integrate Eq. (46) to
obtain the form factor for a realistic supernova density
profile. We use the fiducial model parameters from
Ref. [47] given below:
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p(r) = pe <1 + k(1 - r/RC)> (r<R,) (86)

pr) = pe

where p. =3 x 10" gem™ is the density at core
radius R, = 10 km, k, = 0.2, and 7 =5. Assuming the
medium to be electrically neutral and using a proton
fraction Y, = 0.3, we can obtain the number density for
electrons from p(r).

An interesting feature emerges for scalar NSI in a
supernova. Due to the high temperature, a light scalar might
develop a considerable thermal mass if it has strong enough
coupling to the background as discussed in Sec. V. This leads
to Eq. (71) whichis independent of m,;. Trapping leads to the
thermalization of the scalar in the medium. Thus, we have
only plotted the scalar NSI expression for the supernova as
long as it is not trapped inside.

Scalar NSI produced in a supernova cannot be arbitrarily
high. If it becomes too large, then neutrino production
would be affected in direct conflict with observations from
SN1987A. For a typical supernova core temperature around
T ~ 30 MeV, we constrain the scalar NSI to be less than
5 MeV [15], so that neutrinos around 10 MeV could be
detected on Earth from SN1987A. In the plots, this bound
is shown as a dashed line marked Amgy > 5 MeV. In
any case, we find that sizable scalar NSI can still be
observed in supernovae, while being consistent with all
other constraints.

(r/R)™ (rzR.) (87)

VIII. UV-COMPLETE MODEL
FOR SCALAR NSI

In this section, we sketch possible ultraviolet comple-
tions that would induce interactions of neutrinos with a
light scalar. This discussion is intended only as a proof of
principle. We focus on the case of Dirac neutrinos, with a
light scalar ¢ coupling to the neutrinos and the electron.

First we construct two effective operators that are
invariant under the SM gauge symmetry. One induces
couplings of the scalar ¢ to neutrinos and the other to the
electron. These operators are

2

o 69

() oL (i) ey

12
Here ¢ is a real scalar field, which is a singlet under
SM symmetry, H = (%) is the SM Higgs doublet, and
wr = (4), is the left-handed lepton doublet. These effective
operators exhibit a Z, symmetry (apart from lepton
number) under which v; and ¢ are odd, with other fields
being even. ¢ develops a vacuum expectation value,
(¢) = vy ~ 10 eV, which breaks the Z, symmetry. The
neutrino Yukawa coupling y, and the electron Yukawa

coupling y, with the ¢ field are respectively given by

€R
Nn Ny Er EL ER E;

. . H ¢

’, N

AN

N

FIG. 7. Explicit models generating operators of Eq. (88).

2vv¢
AZ

V= Ve = (89)

v
A’
where v = 174 GeV is the VEV of the SM Higgs doublet.

Once ¢ acquires a VEV, the operator (i) generates a mass
term for the neutrino given by

U¢U

m, =——.
A
12

(90)

While this may be the leading contribution, it is not
required to be so, as there could be other contributions
as well. In any case, this would imply an upper limit on y,
given by

ml/

v, < v (91)
The cutoff scale A, is expected to be at least a hundred
GeV, while A, may be lower. Choosing A, ~ v, we would
have y, ~ v,/ v. For y, ~ 107!, as our analysis requires for
observable scalar NSI, vy ~ 10 eV is preferable. This in
turn implies from Eq. (91) that y, <5x 1073, using
=\/Am2,, ~0.05¢eV. y, of course can be smaller
than this value, which would be in the interesting range for

observable scalar NSI.

The operators in Eq. (88) can be generated by adding
new vectorlike fermions to the SM. For example, operator
(i) can arise by the addition of SM singlet fermions N;
with a lepton number preserving Dirac mass. The relevant
Lagrangian is given by

LD yyp HNg +MyNgNy + y4N g +He.  (92)

These interactions also preserve the Z, symmetry with N,
being even under it. The diagram generating operator (i) is
shown in Fig. 7, left panel.

Operator (ii) is induced by integrating out a pair of
vectorlike leptons, E, E’, both being singlets of SU(2),; and
carrying hypercharge Y = —2. Their interaction Lagrangian
is given by

LD ypp HEg + ppEREL + YSE Exp + Mp EREL
+y5E erd 4+ Hee. (93)
Here E; g are even and E j, are odd under Z,. The effective

operator involving the electron and ¢ is generated by Fig. 7,
right panel.
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Integrating out the heavy degrees of freedom we obtain
the following effective Lagrangian terms:

YEV§YY

Y Hegrd?. (94)
MMy Yptierp-.

My

(i) W Hug, (ii)

These expressions can be mapped to Eq. (88) to identify the
cutoff scales A, and A,, and the constraints discussed in
terms of the cutoff scales will apply to them. We thus see
broad consistency of the model. In particular, the induced
neutrino mass from these interactions is not excessive and
the vectorlike leptons having mass of order few hundred
GeV is consistent with collider data. Note that breaking the
Z, at a scale of order 10 eV does not cause a cosmological
domain wall problem, since the energy density carried by
the walls is quite small. We have ignored here possible
mixing between the ¢ and H fields since such mixing is
small, of order v,/v, and is controlled by a new quartic
coupling which may also be small.

IX. CONCLUSION

We have performed a systematic study of scalar NSI of
neutrinos with matter due to a light scalar mediator. First, a
general field-theoretic derivation of the scalar NSI formula
is given, which is valid at arbitrary temperature and density,
and hence, applicable in widely different environments,
such as the Earth, Sun, supernovae and early Universe. We
have also extended the analysis of long-range force effects
for all background media, including both relativistic and
nonrelativistic limits. Using these results and applying
various experimental and astrophysical constraints, we find
that observable scalar NSI has been precluded in terrestrial
experiments, primarily due to atomic form factor effects,
which can also be understood from a simple quantum-
mechanical uncertainty principle. Nevertheless, sizable
scalar NSI effects are still possible in the Sun, supernovae,

|

_ MyYap)y [ 2 2 2
Amy7aﬁ—m<[ﬂ M —mf+mfln<
oo p .
+) (-1 U dE e" /T, [E2 — i + /ﬂ dE e E-/T, [E? — mﬂ ) .
myg

As T — 0, the first term in the series dominates the result.
We know that the sum over all momentum states weighted
by occupation number yields the number density. Inverting

the relation to obtain y, we get
p* = (3a®Ny)i + m? =~ 32Ny )i, (A2)

where in the second relation we assumed p* > m7. Thus,
for yu > m; we have

and early Universe environments, which could be detected
in future solar and supernova neutrino data, as well as in the
form of extra relativistic species (AN.) and neutrino self-
interactions in cosmological observations. We have also
presented examples of UV-complete models that could give
rise to such scalar NSI effects.
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APPENDIX A: LIMITING CASES FOR SCALAR
NSI EXPRESSION

In this Appendix we evaluate the self-energy given in
Eq. (14) corresponding to the tadpole diagram of Fig. 1. We
shall evaluate only the fermionic contribution to Eq. (14),
from which it is easy to read of the antifermionic back-
ground contribution as well. We also provide an exact
expression for the medium-dependent neutrino mass,
which can be evaluated numerically.

1. Case 1: p > m;>T

Breaking the integration limits and expanding the
occupation number as an infinite series, we can write
Eq. (14) as follows:

2 2
WAt —my

(A1)
yaﬂyf mf 3Nf %
Amu,a/}’ ~ mé 7 (T P (A3)

as given in Eq. (16).

2.Case 2: T < p <my

When p < my, the expression for X of Eq. (14) can be
written as a weighted series of modified Bessel function of
the second kind:
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MmgYapYr =
Am,/,a/;— ﬂzmé

( 1)n+1 n

"L itk <”’;1f > (A4)

n=1

For z — oo, we can use the asymptotic form for K,(z):

P 42— 1
K (z)~e %, /—(1 ce ).
S(Z)~e 2Z<+ 5 + )

(A5)

Due to the exponential suppression, the n = 1 term in the
sum will be dominant in Eq. (A4). This yields

A6
m> 2 (A6)

2 mT
Ay o = Waﬂ( s ) /T,
¢

To relate the above function to the number density N,
we use

&k 1
Ny :2/(2ﬂ)3 eE-m/T 41
L[>, E\/ — mj

my
io:/ /E _m e n(E— ﬂ/T n+1
— lzz n+1 n[l/TK <n’;‘f>

(A7)

Using Eq. (A5) in the expression above and retaining only
the dominant n» = 1 term, we have

T2
N,~2 _(mf_/‘)/T'
=25

Thus, the medium-induced neutrino mass in the limit
T < p < my evaluates to

(A8)

Am yfyaﬂ

Ny, (A9)

ua/} -
as given in Eq. (15).

3. Case 3: p <my <T
For z — 0, the asymptotic form for K,(z) is

K,(2) =~ @ @ -

Using the above in Eq. (A4), we can write the mass
correction as

(A10)

2

MyYapY s o T
Amv.aﬂ ~ ”2’;3) (_l)n-H ?enll/T (All)
n=1
mpyopyT? .
= —%Lh(—e"ﬁ), (A12)

¢

where Li,(z) is the polylogarithm. In the case |z| — 0,
Li,(—e%) =~ —(1 = 2!=")¢(n). Using this one obtains

yf)’aﬂme

Al3
12m¢ ( )

Amu ap =
Again using Eq. (A10) in Eq. (A7) and retaining only the
n =1 term we get

277 37°
520

Vw2l =3 0em). A

Thus, the scalar NSI expression for u <m;<T evaluates to

o YapY sy ( #Ny >%
3m3, \12¢(3)

Aoy = (A15)

as given in Eq. (17).

APPENDIX B: CALCULATION OF NEUTRINO
SELF-ENERGY IN NEUTRINO BACKGROUND

Here we evaluate the neutrino self-energy arising from a
neutrino background as given in Eq. (31). We can rewrite
the delta function in Eq. (31) as follows:

6{<k+p>2 2} ! 6(cos @
Y g2l = — —
2 ] Ikllp]

where

cos6y), (Bl1)

|k|2 +_ - m¢ + k()p()
k|[p|

Using kinematical arguments and | cos 6| < 1, we find the
range for ky and |k |*:

ko: {%—i—mwoo}

where

cosfy = (B2)

[k[>: {

i (B3

2
= 5 (101 I0D7 + 4k =4 4465+ 7).

(B4)

1
4

Changing the integration variables to spherical coordinates
and integrating over cos § we obtain
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/4
o kg Ik[3 +5+m
LR |k|2 U Dk +22). (BS)
ap 16ﬂ2\p| min 2 p mi+m; 2
kg — k> + 5
This contribution can be decomposed as given in Eq. (22). By defining
2 2
0 k _ p2 + m¢—mb + k2 _ mz
:Zzi/ dkyn, (ko) In lOpO P z Pl (B6)
" kopo — = [plVk —
the quantities J,, J,,,J, in Eq. (24) can be written succinctly as
I =-2m,T, (B7)
Jp = =(p* + m; —my)T —2|p| / dkon, (ko) / kg — m3. (B8)
2 2
o kopo — p* + i + pl\/kg — m?
J, =2 / dko ko n, (ko) lnl PP T Plvky . (BY)
y kopo — p* + 5=~ [P/ kg — m}
These integrals (J,,,/,.J,) cannot be evaluated analyti- J = —2m, 19, (B14)

cally in general. However, they may be evaluated in the
high temperature limit. For this purpose we set m, to
zero and assume the chemical potential u is small. This
condition should be realized when the results are applied to
the early Universe. The integrals in this limit are evaluated
to be

(B10)

2V2|p|T
J,,~ — 2m, Tn2In < \ﬂp' )

d)

22T 2/2|p|T
J, =~ 2Rl T \/_|2p| ., (B11)
3 my,

272
7, i <12C'(—1) +In <w)>
6 m

[

(B12)

These results have been applied to derive the energy
shift for neutrinos and antineutrinos in Sec. IIB, see
Eq. (33).

A similar calculation can be performed for the case of
thermalized scalar field ¢. By defining

w kopo + p* + ply/ kg — mj
I¢ = / dko n¢(k0) In .
My kopo + p* = [ply/kg — m}

(B13)

the contribution from thermal ¢ to Eq. (24) can be labeled
as J%,Jf,’,]f and given by

J5 = —p*T¢ +2|p|

" dky (ko) /K3 —m3,  (BIS)

m )

Jh = —2/ dky (ko + po)ny (ko)
mgy

kopo + p* + [ply/k5 — mj,
x In . (BI6)

kopo + p* = pl\/K§ — mj,

These terms should be added to the terms J,,J,,J,, of

Eq. (24) so that they become J, + J'/’,J +Ju,Jm + Jm.
The results of the matter—dependent neutrino mass will go
through with these replacements.

APPENDIX C: EXAMPLES FOR FINITE MEDIUM
EFFECTS IN RELATIVISTIC CASES

Here we work out Eq. (46) in the relativistic limit for two
different density profile distributions.

1. Constant density distribution

For a relativistic medium like electron background in
supernovae, the quantity (ff) in Eq. (46) takes the form

s =2 (2. 1

2 b3

Consider a constant density distribution such that
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Ny(r) =N (0)®(R—r), (C2)
where R is the radius of the constant-density spherical
body. Plugging the {(ff) in Eq. (46) yields a general form
for scalar NSI in relativistic media with g > m; > T

apY s (33 r .
Amu,aﬁ“):%?f (;) <e"”¢’A xsz/3 sinh(m,x)dx

+Sinh(m{/,r)/mej%Be—m/pxdx) . (C3)

For the number density profile in consideration, the above
equation yields

Yapyrmy (3N(0)\3
() =0 (LY (<) (o
YapYsmy (3N (0) i
Am,, o5(r) = T < - xF. (r>R), (C5)
where
R+1
Fo=1-"02"" p-mik sinh (myr).  (C6)
m¢r
—m¢r
F. = ¢ [my R cosh(m,, R) — sinh(m, R)].  (C7)

m¢r

Note that the prefactor in Eq. (C3) matches the scalar NSI
contribution calculated in Eq. (16) assuming point contact
interaction.

For the nonrelativistic case our formalism gives the same
result derived in Ref. [15] and given below:

YapY N7 (0)
Amu,a/}(r) = %

xF. (r<R) (C8)

yaﬁnyf(O)

Amy, q5(r) = — xF. (r>R) (C9)

where the functions (F_, F.) are identical to the ones in
Egs. (C6) and (C7).

2. Exponential density distribution

Given a relativistic medium (4 > my > T) with the
following number density profile:
Ny(r) = Nf(O)e"“@(R —r) (C10)

where R is the radius of the spherical body in consideration,
Eq. (C3) yields

_ Vapyy (3N;(0)\F
Amy, 45(r) = 2myr <ﬂ xG. (r<R), (CI1)
YapYy (3N;(0)\3
Ay, qp5(7) 2m¢r< . xG. (r>R), (Cl12)
where

2 myr Smir 2r _ 9 2 24

_ 2y (6 (27—274; 2) +2e7 ) orEimy)
3 (mg —=5°)

B (sinh(m¢r)(m¢R +HE 4 1)

(l’)’l¢ + %)2

>e—R<%+mw>, (C13)

VR _ 1Y _ 42 (%R
5 -D=% G +1)>e—<m¢r+%

232
2 _ 4k

. my(
G. = sinh(myR)
(m(/) 9

2 4222
m3R _ 4/12Rm¢, _ 4hmy
x ¢ 9 3 ) g (myr+3E)
(m ~ )2 /
¢ 9

e™"#" 4- cosh(myR)

(C14)

Similar analyses can be done for other relativistic cases
such as for early Universe cosmology (¢ < my < T) albeit
with a different prefactor.

For an exponential density distribution with a cutoff in
the nonrelativistic case we obtain

(r) = YapYrN7(0)

<R),
mgr (r_ )

Am, g xK_ (C15)

YapY N £(0) o

K. (r>R),
m¢r

Am, q5(r) = (C16)

where we can obtain the functions K_ and K. by replac-
ing 21— 3} in G_ and G. respectively, i.e., Kz =

G(34/2).(). This expression is in full agreement with the
result of Ref. [15].

APPENDIX D: CALCULATION OF THERMAL
MASS FOR THE SCALAR FIELD

Here we carry out the evaluation of the self-energy
diagram of ¢ to calculate its thermal mass. As shown in
Sec. V, ¢ can develop a medium-dependent mass, which is
given by Eq. (66). This contribution can be written as

M :Ml +M2, (Dl)

where
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4 2 T(k+p/2
M1:4y}/ d’p (kz_p_+mjzf)<f($/)

(2m)* 4 k—p/2)? - m? '
(D2)
_ d*p p? Tp(k—p/2)
M2—4y?/w<"27+m2>m
(D3)

Since M; - M, with the replacement p - —p, we will
focus only on simplifying the expression for M,

p2
4yf/ dko/( <k2—7+m}>

k+p/2) —mf) f(k0+%)

(k=p/2)* -
The delta function can be written as

P\? 1
B k+—) —mz} =—5(cos@ —cosb,), (D5
(6+3) =) = o) (B3

M]Z

2 Jmax ‘IZ
IS s /
4z°|p| min

where

2
— |k|2 +%— m% + kopo

O, =
oo Ik |Ip|

(Do)

Using kinematical arguments and | cos 6| < 1, we find the
range for ky and |k |*:

P .
o {0 o KR (L) ()

where

1
K12 = 5 (10| % /I(pI)? + 4kopo — 4m3 + 403 + p2)*.
(DS)

Thus, changing the integration variables to spherical
coordinates and integrating over cos 6 we get:

2
— kP =2 w2

Po
ko +—= 1. D9
-|k|2+% §f<° 2) (D)

Integrating the above integral with respect to |k|?> and adding the contribution from both M; and M, yields:

2 2
yf ) y yf 2 m¢ /oo <|p|
= — _ " 1
M = [nf dkony(ko)y/kg — mF — 22 0p] (m 2 )] dkons(ko)In

2 2
2 2 _ My 2.2
ko —my = =) —kgpg

(D10)

k2_ 2 ﬁz_kZ 2
4 (Iply/ k5 my + ) 0Po

In the limit m, — O, the mass correction for scalar reduces to Eq. (67).
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