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Impact of the cosmic neutrino background on black hole superradiance
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We assess the effect of the cosmic neutrino background (CvB) on superradiant instabilities caused by an
ultralight scalar field around spinning black holes (BHs). When the scalar couples to neutrinos via a
Yukawa interaction, thermal corrections from the CvB induce a quartic self-interaction and an effective

mass term for the scalar. We show that, for Yukawa couplings as small as yg, ~ 10~'® (for astrophysical

BHs) or 1072 (for supermassive BHs), the quartic term can quench the instability and set observable
bounds, even if the scalar does not constitute dark matter. We assess the robustness of these constraints
against several sources of uncertainty, including gravitational focusing of relic neutrinos, galactic
clustering, and nonlinear backreaction. An enhanced local neutrino density weakens the bounds by up
to an order of magnitude compared to a uniform background, yet the induced self-interaction remains
strong enough to significantly affect the superradiant dynamics. Our results open a new observational
window on neutrino-coupled scalars via BH superradiance.
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I. INTRODUCTION

Rotating black holes (BHs) provide an excellent labo-
ratory for exploring ultralight particles through the process
of particle superradiance [1-6]. In this phenomenon, a
bosonic field of mass m forms a bound state around a BH
of mass Mgy, with its occupation number amplified when
the BH’s angular frequency Qy exceeds the wave’s angular
frequency @ as mQy > o, where m is the magnetic
quantum number. Energy extraction occurs in the ergo-
region, leading to a superradiant instability that drains the
BH’s energy and angular momentum. This instability
becomes significant at Bohr’s radius, r~ (amy)~" [7].

The system’s dynamics are characterized by the fine
structure constant « = rymy, such that a Bose-
Einstein condensate can form around the BH. For astro-
physical BHs (ApBHs), with masses Mgy ~ (1-100)M 4,
the instability becomes relevant for boson masses
my~ (10711-1071%) eV. In the case of supermassive

BHs (SMBHs), with masses Mgy ~ (10% — 10°)M,, the
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corresponding boson mass is m, ~ (107'7-1072%) eV [8].
These mass ranges are not predicted in the Standard
Model (SM), making superradiance a valuable tool for
probing the BH surroundings [9] and physics beyond the
SM, including the axiverse scenario [7,10,11] and theories
of modified gravity [12—14]. The observation of highly
spinning BHs excludes boson fields within the mass range
~r;1. The bosonic fields involved can have spin 0 [15,16],
spin 1 [17,18], or spin 2 [19], with each spin exhibiting
distinct instability timescales. As long as the superra-
diance condition holds, energy and angular momentum
are extracted from the BH. Once this condition ceases, the
bosonic cloud corotates with the BH. Self-interactions
within the bosonic cloud, dominated by quartic terms,
significantly alter the superradiant instability by enabling
efficient energy transfer to radiative modes. This energy
redistribution drives the system toward a quasiequilibrium
configuration at reduced occupation numbers, suppressing
further cloud growth [20-23]. As a result, constraints
based on maximal cloud amplitudes are relaxed.
Monochromatic gravitational waves generated by tran-
sitions between energy levels or bosonic annihilations [15-
19,24-29] could still be observable with next-generation
gravitational wave observatories [30-33], provided the
suppression is not complete. Superradiant evolution could
also be constrained by near-future observations with the
Event Horizon Telescope [34—-37]. However, these predic-
tions rely on a relatively clean BH environment.
Astrophysical surroundings, such as a dense plasma, can
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further modify the instability, either enhancing or quench-
ing it depending on the coupling strength and modeling
accuracy [38,39]. Plasma effects may induce new insta-
bilities [40,41], although competing suppression mecha-
nisms exist [39,42].

Besides the cosmic microwave background (CMB), the
hot big bang model predicts the existence of a cosmic
neutrino background (CvB), which decoupled around one
second after the big bang. Relic CvB neutrinos have energies
in the range (107°-~10~*) eV, making them difficult to
detect. These neutrinos decoupled from the primordial
plasma at a temperature of about 1 MeV, long before
CMB photons, which decoupled when zcyp =~ 1100 at
Tcemp = 0.26 eV. Today, the temperature of relic neutrinos
is T, = (4/11)"3Teyp /(1 + zemp) ~ 0.168 meV, with a
corresponding number density per species 1,y ~ 56 cm~>
and the total density across the three active species n, o ~
336 cm™ [43-45]. For Dirac neutrinos, n, = n; ~ 1,0,
whereas for Majorana neutrinos, n, = 2n, . Anisotropies
in the CvB may emerge due to finite neutrino masses [46].

Relic neutrinos carry information on the cosmology prior
CMB. Although their direct detection is challenging, the
Princeton Tritium Observatory for Light, Early-Universe,
Massive-Neutrino Yield (PTOLEMY) experiment [47-49]
aims to observe these relic neutrinos through the inverse
beta decay of tritium [46,50-55]. Additionally, indirect
methods, such as inelastic scattering with spin-polarized
matter [56] or screening of long-range forces [57,58], may
also be used to explore the CvB. Interactions between light
bosonic dark matter (DM) and solar neutrinos could modify
neutrino flavor oscillations [59-66], although experiments
like the Sudbury Neutrino Observatory (SNO) [67] and
Super-Kamiokande (SuperK) [68] have not yet observed
such effects. Upcoming experiments, including the Deep
Underground Neutrino Experiment (DUNE) [69] and the
Jiangmen Underground Neutrino Observatory (JUNO) [70],
will probe these interactions further [60,64]. Boson-mediated
neutrino interactions may also lead to astrophysical and
cosmological consequences, such as influencing neutrino
oscillations in supernovae [71,72], delaying neutrino free-
streaming in the early Universe [73—78], and increasing the
effective number of relativistic species [79—-82].

In this paper, we investigate the impact of neutrinos on
boson superradiance around spinning BHs, assuming a
generation-independent Yukawa interaction between the
scalar field and active neutrinos. The corrections to the
scalar field’s quartic self-interaction induced by both
virtual and thermal neutrinos in the CvB impose con-
straints on the Yukawa coupling, based on superradiance
conditions. These results are independent of whether the
bosonic field is the DM, making them more robust than
current constraints from cosmology, astrophysics, and
laboratory experiments. Our findings complement
existing searches by placing upper bounds on the
boson-neutrino Yukawa coupling for the particular values

of my where superradiance is triggered. We use natural
units with 2= ¢ = 1.

II. SUPERRADIANCE DRIVEN BY SCALAR
FIELDS

A superradiant scalar field around a BH rotating with
spin a is described by a solution to the Klein-Gordon
equation on the Kerr metric, with the boundary conditions
specifying the incoming waves at the event horizon [83].
For each eigenmode, the real component of the angular
frequency is w; ~®my, where 7 >0 is the principal
quantum number, while the imaginary part characterizing
the instability mode is expressed in terms of the azimuthal
quantum number / < 71 and the positive integer n = i —
[—12>0 as [5,84,85]

Iﬂnlm = Zm(/)r+ (mQH - m4))a41+4¢4nlxnlv
2452(2] + n 4 1)! I! 2
T U+ D) \ Q@)1+ 1))

i

Xy = [P0 = a?) + 43 (mQy —my )], (1)
j=1

where a, = a/r, is the spin parameter and r, = r (1 +

\/1—a?) is the outer physical BH event horizon, with
angular velocity

1 a
Qy=-——9
e 1-a2

The superradiance condition is determined by the sign of
Ly As long as mQy > my, the amplitude of the wave
solution exhibits an exponential growth with the occupa-
tion number of particles in the bosonic cloud increasing as
Noim = TN - The bosons need not be initially present
around the BH or be part of the DM. It can arise from
quantum fluctuations and grow exponentially via super-
radiance, continuing as long as the superradiant timescale is
shorter than the characteristic timescale over which the
angular momentum of the BH changes due to other
physical processes. ApBHs cannot accrete faster than the
Eddington mass accretion rate, where the outward radiation
pressure balances the inward pull of gravity. This limitation
leads to the Salpeter timescale, 7g, ~ 4.5 x 107 yr [86,87].
For supermassive BHs, we set gy = 10° yr following
Ref. [88]. These considerations define an exclusion region
on the Regge plane (Mgy,a,), which is compared to
measurements of BH spin and mass. When the super-
radiance condition no longer applies, the maximum number
of bosons in a given level is [15]

Nmax _ GMZBHACI* ~ 1076 MBH 2 Aa* , (3)
m m \10M 0.1

(2)
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where Aa, represents the change in BH spin from its initial
to final state. The imaginary component of the frequency,
I,,;» decreases with increasing /, so the / = 1 mode grows
most rapidly; I',,;,, peaks at m = [ and diminishes signifi-
cantly for m < I. Additionally, as [ increases, the quantum
number 7 also rises for the fastest-growing mode [24].
Superradiant amplification can be suppressed by self-
interactions within the scalar field [21,89,90], and level
mixing of different bosonic states can even preclude
superradiance altogether [10,89,91]. Even a small quartic
self-coupling A can significantly alter the dynamics by
enabling energy transfer between bound states and the
escape of scalar radiation to infinity [21,23]. This effec-
tively suppresses the superradiant instability and, in some
regimes, can preclude the formation of a dominant cloud or
delay its growth on astrophysically relevant timescales.

III. COSMIC NEUTRINOS AND LIGHT SCALARS

The Lagrangian for a light scalar field ¢ coupled to a
relic active Dirac neutrino species v,, is

1 1 _ _
LD Eaﬂ¢aﬂ¢ - 5 mqu’)z — Myplalp — y(lﬁd)l/al/ﬁ’ (4)

where the last term represents the scalar-relic neutrino
interaction and mgg is the neutrino mass matrix. The
species-dependent Yukawa coupling y,s, which parametr-
izes the nonstandard neutrino interaction, can be induced in
low-energy observables via an effective four-fermion inter-
action [92-96]. Here, we assume it reduces to a universal
coupling y,, between any neutrino generation and the
scalar field.

In a nonsupersymmetric (SUSY) theory, radiative cor-
rections to the scalar potential from fermion loops generate
an effective quartic term even in the absence of a tree-level
quartic coupling. The Coleman-Weinberg mechanism
yields an effective potential Vcw o yj,¢* Ing?, with an

associated coupling [97]
m2
In (—‘ﬁ) . (5)
ml/

In SUSY, by contrast, quartic terms cancel at zero temper-
ature, and radiative corrections to the scalar potential are
suppressed. However, thermal effects break SUSY,
allowing the scalar field to acquire both a thermal mass
and a self-interaction through its Yukawa coupling to
fermions [98-100].

We focus on thermal corrections from the CvB when
my < T,,m,. The mass correction reads’

4
20 L Yo
1672

'See Eq. (D10) in Ref. [101] for the general expression if

yng)v +oo
amd, =28 / der /e — m2f, (e), (6)
7 Jm,

where f,(¢) is the Fermi-Dirac distribution at energy e,
assuming vanishing chemical potential. The inverted hier-
archy with m; = m, = 50 meV, m; = 10 meV yields

Amy =1.2x 10710 eV? y3 , (7)

leading to an effective scalar mass mj o = my + Amy.
Results would not change appreciably when other scenarios
such as normal mass ordering or a massless neutrino
eigenstate are taken into account.”

A quartic Lagrangian term is induced through a loop that
involves the Yukawa coupling in Eq. (4), as

1
L:int = 47!/14549 (8)

where the quartic coupling 2 = A(*) + AA(T) is the sum of
the vacuum contribution %) and the thermal correction
which, in the limit m, > T,, reads

4 nv,tot . (9)

Nyl/W m3 b
12

AT

see Appendix for details. Here, n,  is the CvB number
density which has the cosmological value 7, o ~ 336 cm™.
The self-interaction term triggers non-linear dissipation
effects at values of y,, where the mass correction in
Eq. (7) can be safely neglected. The efficiency of energy
extraction is then limited by the nonlinear dynamics
of Eq. (8).

IV. METHODS

The Yukawa interactions in Egs. (4) and (8) lead to
trajectories on the Regge plane (Mgy,a.). These are
compared with data for the mass and spin of known
BHs available in the literature. For the analysis, we
separately consider two observed ApBHs—GRS 1716-
249 [103,104] and Cygnus X-1 [105,106]—along with five
SMBHs—Mrk 79 [107,108], NGC 4051 [107,109,110],
MCG-6-30-15 [111,112], Ark 120 [107,113], and M87*
[114,115]. The properties of these BHs are summarized in
Table 1. These BHs are chosen due to their high observed
spin, which makes them ideal targets for exploring a larger
portion of the Regge plane. For M87*, we adopt the spin
value a = (0.9 +0.05) [115], which constrains the exist-
ence of boson fields with masses around ~1072! eV [88].
Although M87* is believed to be highly spinning, mea-
surements of its spin have not yet reached a consensus.

The neutrino mass would also receive corrections from boson
interactions [101,102].
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TABLE I. Mass and dimensionless spin parameters measure-
ments used in the analysis. Mass uncertainties are quoted at lo.
See text for references.

ApBH Mgy [Mg] a, Spin CL
GRS 1716-249 6.45 + 1.55 >0.92 90%
Cygnus X-1 212422 0,92j8_-(%5 99.7%
SMBH Mgy [10°M ) a, Spin CL
NGC 4051 1.91+£0.78 >0.99 90%
MCG-6-30-15 2.901 % 0.9891 0005 90%
Mrk 79 52.40 + 14.40 0.70101 90%
Ark 120 150.0 +19.0 0.64707 90%
M87+* 6500.0 & 700.0 0.91002 95%

The constraints for NGC 4051 are affected by modeling
issues, resulting in poorly constrained or extreme disk
parameters [110], such as high emissivity and the near-
maximal spin in Table 1. In contrast, while unmodeled
emissions could lower the spin inferred for MCG-6-30-15,
all models consistently suggest a near-maximal spin,
strongly indicating that the data favor a rapidly spinning
BH [112]. We perform a least-squares fit based on a
maximum likelihood estimator that incorporates the mea-
sured spin and mass of each BH. In our analysis, we vary
the scalar field mass and Yukawa coupling while assuming
Gaussian errors, following the methodology outlined in
Refs. [116,117]. Given that BH spin measurements often
have asymmetric uncertainties around their central values,
we model the likelihood using a split normal distribution,
which reduces to a normal distribution when the errors are
symmetric [118]. The black hole spin is evolved along with
the occupation numbers of two bound states, |n,Z, m) =
|211) and |322), following the framework developed in
Refs. [21,23].

V. RESULTS

Figure 1 shows the constraints on the Yukawa coupling y,
including all superradiant unstable modes within the BH
accretion timescale. We present results assuming either
(i) vacuum-induced quartic coupling A*) (dashed contours,
shaded regions) or (ii) suppressed A(?) due to SUSY
cancellations and dominant thermal corrections as in
Eq. (8) (solid contours, light shaded regions). In both cases,
nonlinear effects quench the instability, yielding upper
bounds on y,,. Because superradiance limits 4, thermal-
induced constraints are generally stronger. Table Il summa-
rizes the 1o confidence level (CL) bounds on the boson mass
(my/eV) for the BHs in Table I.

Constraints on scalar-neutrino interactions arise from
astrophysical, cosmological, and laboratory observations,
often assuming the scalar field constitutes DM. Ultralight
scalar DM suppresses small-scale cosmic structures via
quantum pressure, with Lyman-a observations setting m, 2

10713 —
CMB
107141 UFD
10—15_ S rK+SNO
107164 el
L 1077 FIOLEMY |
S gl
~ 10-18LE) B GRS 1716
— K [ Cygnus X-1
]0—19_ ’ EINGC4051
[ MCG 6-30-15
10—20 R . [IMRK79
g [ Ark 120
10721 |‘ [IM87* J
10—22 T 1 1 1 1 1 1
10-2210-2010-'%10-110-"410-1210-1° 10-% 107
mg (eV)
FIG. 1. Constraints on the scalar-neutrino Yukawa coupling y,,

as a function of the boson mass m,. The shaded regions are
excluded by the superradiant instability triggered by the self-
coupling 4 in Eq. (8), computed either from vacuum fluctuations
(dashed contours, shaded regions) or including CvB thermal
corrections (solid contours, light shaded regions), assuming
inverted neutrino mass ordering. Also shown are constraints
from astrophysical, cosmological, and laboratory observations;
see the text for details.

10721 eV [119] (yellow vertical band). Additional con-
straints follow from neutrino mass corrections at recombi-
nation, predicted by the Lagrangian in Eq. (4), as om;~
Yo (l#l), with (|@[) ~ /2ppm/m,. Comparing this with
CMB limits on the sum of neutrino masses in ACDM —+
m, model [120-122] yields the bound (red line in Fig. 1)

my

<15x103( 20
Yo~ 50 % (10—22 eV

) (CMB).  (10)

This is comparable to constraints from neutrinoless double
beta decay at recombination [123]. In astrophysics,

TABLE II. Results for the least-square method with the
maximum likelihood estimator described in the text and the
BHs in Table I. Bounds are quoted at lo.

BH Bound on m/eV
GRS 1716-249 [0.03,1.4] x 107!
Cygnus X-1 [0.1,4.1] x 10712
NGC 4051 [0.4,6.1] x 10717
MCG-6-30-15 [0.3,4.0] x 10717
Mrk 79 [0.2,1.0] x 10718
Ark 120 [0.9,3.3] x 1071
M87* [0.3,1.3] x 10720
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dynamical heating of stellar orbits in ultrafaint dwarf galaxies
sets a stringent limit on the DM particle mass, m, 2 3 X
107" eV at 99% CL [124]. Moreover, scalar-neutrino
interactions can alter neutrino oscillation parameters, affect-
ing mass splittings and mixing angles by changing oscillation
amplitudes and frequencies due to the time-varying scalar
DM field. The absence of periodic fluctuations in solar
neutrino data from SNO and SuperK constrains the scalar-
neutrino coupling to y,, ~4 x 107!(m,/107'% eV) [59]
(green line in Fig. 1). Observational durations ¢4, = 1 min
imply a mass cutoff my ~ 27/155s <7 x 107'7 eV. Future
experiments could further tighten these constraints or detect
scalar-neutrino coupling through time-modulated neutrino
oscillations [60,64], with sensitivity to periods down to tens
of milliseconds for DUNE (orange) and shorter for JUNO
(pink). The PTOLEMY sensitivity (magenta) is estimated
from Ref. [49]. This approach highlights connections
between scalar fields, neutrinos, and cosmic phenomena,
calling for further investigation in future experiments.

VI. DISCUSSIONS AND CONCLUSIONS

The results in Fig. 1 derived from thermal effects assume
a relic neutrino density of 7, ~ 336 cm™>, consistent
with standard CuvB expectations [43—-45]. Several scenarios
can modify this assumption and shift the excluded region in
Y4y~ For instance, our analysis assumes a homogeneous
CuvB when computing the scalar effective mass. However,
gravitational clustering can enhance the local neutrino
density near BHs. Massive neutrinos accumulate within
the gravitational influence radius ri,q = 2r,/ v2, where v,
is the neutrino thermal velocity. For relic neutrinos of mass
m, = 50 meV, the thermal velocity is v, ~ 1073, with the
corresponding rj,q ~ 10° r,- Inside this region, the neutrino
number density is enhanced and follows the radial profile
[125]

nspike(r) = nv.tot<rinﬂ/r)3/2' (ll)

If superradiance is driven by the effective mass term in
Eq. (6), then spatial variations in the neutrino density
induce a radial dependence in the scalar effective mass.
This effect can suppress the instability by removing bound
state solutions [39,126,127]. A neutrino spike increases
the local density and weakens the superradiance
bounds by about one order of magnitude, since y,, —
Yo (M ot/ Nspike) /* ~ ¥ (T, /am,)¥/8. Another nonlinear
effect is ¢-v scatterings, which remains subdominant to
mode-mode depletion across the relevant parameter space
and does not quench the superradiant instability. While the
growing cloud backreacts on the neutrino background, the
resulting dissipation remains inefficient due to the sup-
pressed cross section from heavy fermion exchange.
Similar nonlinear backreaction effects have been shown
to limit plasma-driven instabilities [42,128,129].

An additional galactic enhancement in n,,, due to
gravitational clustering, is also expected, the exact value
depending on the neutrino mass [130-132]. Interactions
with cosmic rays also modify the energy distribution of the
CuB [133]. The late decay of hidden particles into neutrinos
[134] or primordial BHs [135] could alter the relation
between the CMB and CvB temperatures, affecting the
estimate of n, . Other effects that could change the current
background include neutrino clustering [131,136], decay
[137,138], and screening [78]. Although the diffuse super-
nova neutrino background constitutes a very bright source,
its number density ~10~!" cm™ [139-141] is too low to
significantly alter our results.

In addition to neutrinos, other SM fermions, such as
electrons, can modify the effective mass of the boson field
through thermal corrections. This effect depends on the
electron number density, 7., in the background medium,
such as the BH’s accretion disk, contributing to the boson
mass as

2 _ 10 ay2 12 ne
Am¢—3x10 1 eV y¢e<1()”)crn‘3>’ (12)

where y,, is the scalar-electron Yukawa coupling. Electron
densities near BH horizons in thin or thick accretion disks are
orders of magnitude higher than in the interstellar medium
n, <1072 cm=? [39], reaching n, ~ 10" cm™3(My/Myy)
in advection-dominated accretion flows [142]. This could
significantly affect the boson mass, even for small y,,. This
potential effect may require a dedicated study of individual
BHs, where spectral and timing analyses of x-ray observa-
tions allow for the investigation of the accretion disk. A
detailed study of BHs observed as a soft x-ray transients like
GRS 1124-683 [143] could explore these effects via spectral
and timing analyses. BH superradiance constraints leave the
boson mass range (10717-107%) eV unexplored due to the
absence of evidence for spinning intermediate-mass BHs.
Novel detection strategies, such as those involving quasi-
periodic eruptions [144,145], may address this gap in the
near future.

In this paper, we have examined superradiant interaction
rates for a light scalar field around highly spinning BHs,
incorporating interactions with the CvB via a Yukawa
coupling, y,, that lead to thermal corrections of the scalar
quartic coupling and induce superradiant instability. A
least-square analysis that includes astrophysical and super-
massive BHs leads to novel constraints on the Yukawa
coupling as a function of the scalar field mass my.
Assuming two degenerate neutrino masses with inverted
ordering, we find that superradiance excludes couplings as
large as y,, ~ 1071 (y,4, ~ 1072%) for ApBHs (SMBHjs),
the exact value depending on my. Our results are inde-
pendent of whether the scalar field constitutes DM and
complement existing and perspective bounds on the scalar-
neutrino couplings.
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APPENDIX: INDUCED QUARTIC COUPLING
FROM FERMION BOX DIAGRAM

1. Vacuum contribution

Consider a real scalar field ¢ coupled to a Dirac neutrino
v via a Yukawa interaction:

Ling = Yphiv. (A1)

At one-loop level, a quartic self-interaction for ¢ is induced
via a fermion box diagram.” This diagram consists of four
external scalar legs and a loop of neutrinos, as sketched
in Fig. 2.

Here, the quartic self-interaction mediates between two

bosons undergoing momentum exchange as p; + p, —
p3 + ps. The corresponding amplitude is

Moy / d*k Tr{k+my k—py+m,
pv (

20) |2 = my (k= py)* —m
% k_p3+ﬁ4+mu k_p3+mv ) (AZ)
(k—p3—p4)2—m,% (k—p3)2—m,%

In the low-energy limit, where the external momenta satisfy
|pi| < m,, the integral is dominated by k ~ m,, and one can
expand in powers of p;/m,. At leading order, the box
diagram reduces to the induced quartic coupling

4 2
NN E)
167z mg

(A3)

*For the computation, see e.g. Chapter 6 of Peskin and
Schroeder’s book [146].

/;?2 D4 .

FIG. 2. Thermal contribution to the quartic coupling.

2. Thermal corrections to the boson mass and the
quartic coupling term

The thermal correction can be computed using the
Matsubara formalism. The correction is given schemati-
cally by

&'k
T) 4 . 4
NG "’”Tzn: / G TG0, ). (A0

where the fermion propagator is

P00
. iw,y’—y-kK+m
G(lwn’k): s > +E2 -
n k

R Ek:\/kz—i—mlz,.

(AS)

We first perform the Dirac trace to find a numerator of the
order of (w3 + E7)?. The amplitude simplifies to

Pk o} +20% (K> —m2) + (k> +m2)?
(T xyd T L 1 L v
(/5( )0<)’¢u Zn:/(z”)s (a)ﬁ—}-Ei)“

(A6)

The Matsubara-sum techniques allow us to convert

1 1 (_l)m—l
T 55— — 5|1 = 2f,(E
; (7 + E)" T 2B, 2B, 1 =2/u(E)
x (polynomial in Ey). (A7)
After performing the Matsubara sum, one finds
Ag(T) =20 + AXD), (A8)

where the vacuum piece reproduces the quartic coupling in
Eq. (A3) and the thermal correction comes from the
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—2f,(Ey) terms. Extracting the finite-temperature piece,
the leading contribution is

d3k f (Ek) n
A/I(T) ~ 4 / v ~ 4 v,tot ,
) e B T m

(A9)

where f,(E}) is the Fermi-Dirac distribution and in the last
step we have assumed 7, < m,,. The sum of Eqgs. (A3) and
(A9) accounts for both the virtual contribution from the
fermion box and the thermal effects from the ambient
neutrino background.

3. Implications of supersymmetry
on scalar self-interactions

SUSY imposes stringent constraints on the structure of
scalar potentials, with important implications for both the
tree-level quartic couplings and their radiative corrections.
In this subsection, we summarize how SUSY affects the
emergence of scalar self-interactions and clarify why
thermal contributions can remain sizable even when vac-
uum effects are suppressed. In supersymmetric models,
scalar potentials are determined by F terms that arise from
the superpotential W(®) and D terms associated with
gauge interactions and generating quartic couplings only
if the scalar is charged under a gauge group. As a result, in
models where the scalar is a gauge singlet and the super-
potential is minimal, there is no tree-level quartic inter-
action. Quartic terms from F terms are constrained by the
holomorphic structure of W(®), while D terms vanish for
uncharged fields. Therefore, scalar quartic couplings ~A¢g*
are often absent or nongeneric in minimal SUSY setups.

Radiative corrections to the scalar potential in SUSY are
also constrained. In the limit of exact SUSY, bosonic and
fermionic loop contributions cancel due to equal masses
and opposite statistics:

5V1—100p x Z(_I)F[nim? IOg (mzz/ﬂ2)v (AIO)

where F; =0 for bosons and F; =1 for fermions, n;
counts the degrees of freedom, and m; are the field-
dependent masses. This cancellation ensures that radiative
quartic corrections vanish in the vacuum while flat direc-
tions in the scalar potential are preserved. In realistic
models, SUSY must be broken. Soft SUSY-breaking terms
introduce mass splittings between superpartners, reintro-
ducing loop corrections. However, these corrections are
still softened compared to generic non-SUSY theories. For
instance, in the minimal supersymmetric standard model,
the Higgs quartic coupling is determined at tree level by
gauge couplings (via D terms) and only receives logarith-
mic corrections from top and top squark loops, which are
essential to accommodate the observed Higgs mass.

At finite temperature, supersymmetry is explicitly bro-
ken by the thermal environment. The bosonic and fer-
mionic thermal distribution differ, breaking the degeneracy
and leading to incomplete cancellations in loop diagrams.
For this, thermal loop corrections to scalar self-interactions
remain nonzero, even in supersymmetric theories. These
corrections can induce effective quartic couplings (e.g.,
from fermion box diagrams), despite vanishing vacuum
contributions. This mechanism is particularly relevant in
the present work, since a neutrino background at finite
temperature can generate a thermal quartic term for a scalar
field through neutrino box diagrams, even in models where
vacuum contributions would cancel due to SUSY. This
behavior is consistent with results from early-Universe
cosmology, where finite-temperature effects induce scalar
thermal masses and interactions even in supersymmetric
models.
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