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Dark clouds to silver linings over the hyperchargeless scalar triplets
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A real scalar triplet with zero hypercharge offers a minimal nontrivial extension of the Standard Model
(SM) with a charged Higgs and a possible dark matter or custodial symmetry breaking signature. The
Z,-o0dd inert triplet model (ITM) provides a dark matter, while the noninert Higgs triplet model (HTM)
breaks the custodial symmetry, enabling rich collider signatures. Both these models also promise the
viability of a first-order phase transition (FOPT). This article revisits both models under various theoretical
and current experimental constraints, revealing a trade-off between DM and FOPT viability, and explores
the resulting gravitational wave signals and collider prospects.
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I. INTRODUCTION

The monumental discovery of the Higgs boson at the
LHC [1,2] establishes the presence of at least one scalar
multiplet necessary for the Standard Model (SM), but keeps
the doors open for further scalar extensions. A real scalar
triplet with hypercharge ¥ = 0 is a well-motivated, non-
trivial extension with a minimal set of dimensionless
couplings—one self-coupling and one Higgs portal—also
providing the sought-after charged scalar. The Z,-odd
version of the extension, called the inert triplet model
(ITM), is extensively studied, with motivations such as the
weakly interacting massive particle (WIMP) dark matter
(DM) and its detectability [3-9], stabilizing the current
electroweak (EW) vacuum [10-12], and achieving a first-
order electroweak phase transition (EWPT) necessary for
the EW baryogenesis [13—16]. The noninert version of the
scalar triplet, which we will simply refer to as the Higgs
triplet model (HTM), participates in the electroweak
symmetry breaking (EWSB), with a small vacuum expect-
ation value (VEV) of the triplet that violates the approxi-
mate custodial symmetry of the SM at tree level, which
makes it a fascinating scenario to study at colliders [17-24],
also keeping the first-order phase transition (FOPT) in
conversation [25,26]. The abundance of contemporary
research on these models naturally calls for a detailed
perusal into their parameter space, considering the con-
straints from the ever-evolving experimental bounds, as
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well as theoretical limitations. In this paper, we intend to
present a comprehensive assessment of both ITM and
HTM, combining their multitude of motivations, and
provide conclusive remarks on their viability for a complete
theory of DM, achieving an FOPT, and collider probes of
the peculiar triplet nature.

II. THE MODELS

The scalar sector of both ITM and HTM involves the
SU(2) Higgs doublet ® and the triplet 7 with ¥ =0,
defined as:
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with the tree-level scalar potentials being written as
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In V 7y, a discrete Z, symmetry is assigned on 7 under
which it transforms as odd. The presence of the A;,-term
in Vyry breaks any discrete symmetry on 7, allowing
T° to obtain a nonzero VEV v, <3 GeV that respects the
p-parameter [27]. In case of ITM, only ¢° obtains a VEV v,
and triggers EWSB, leading to the pure doublet SM Higgs
hey, and degenerate triplet scalars 7°, T+, as the scalar
mass eigenstates [9]. The tree-level degeneracy between
My: and Mo is lifted at one-loop level, with AM ~
166 GeV [3], rendering 70 as a DM candidate. In contrast,
both v, v, contribute to the EWSB in HTM, leading to
mixing between the scalar gauge eigenstates. This yields
the mass eigenstates that include a mostly doublet, SM-like

Published by the American Physical Society


https://orcid.org/0000-0003-0464-5116
https://orcid.org/0000-0002-0731-4569
https://ror.org/01j4v3x97
https://crossmark.crossref.org/dialog/?doi=10.1103/2tp2-hwh2&domain=pdf&date_stamp=2025-09-23
https://doi.org/10.1103/2tp2-hwh2
https://doi.org/10.1103/2tp2-hwh2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BANDYOPADHYAY and PARASHAR

PHYS. REV. D 112, 055032 (2025)

Higgs h, and mostly triplet scalars H°, H*, with the
charged and neutral mixing angles given by [20,23,24]

4 Ay — 24
tan 2o, = U”U’Z . tan 2ap = — (A nVr) .
v} -k v (A — 82,0,) + 84,03

(3)

An important prerequisite for the potential demands that
[v4,0] ([vy, v,]) is the global minima for ITM (HTM),
ensured by the conditions

4 4
(@u2 >0, or (b)ux <0 and ’% < ’;—2’ (4)
t

The condition (b) from Eq. (4) is necessary for the 2-step
FOPT [13,15,28], which we will discuss later. The pertur-
bativity of the tree-level theory imposes |4; < 47|, while the
bounded-from-below conditions for the potential requires
Aps >0, and 4, + 24/4,4, > 0. [10]. The demand for a
~125 GeV Higgs boson expects 4, ~ 0.13, confining 4, to
the region 2.5 < Aj,; < 4x, where our further calculations
will dwell.

III. THE DARK CLOUDS

Apart from the aforementioned theoretical limits, addi-
tional constraints on 4,,, and subsequently other model
parameters, emerge from the precision measurements of the
SM Higgs boson decays into vector bosons. The most
recent and precise ATLAS measurement of the hgy — yy
signal strength reads p,, = 1.047049 [29]. A somewhat less
precise, combined measurement from CMS and ATLAS
exists for hgy — Zy signal strength p, = 2.2 + 0.7, which
stays 1.90 away from the SM prediction [30]. In scalar
triplet models, the deviation from SM primarily involves
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FIG. 1.

the charged scalar and 4, with 4;,, <0 implying u,,,
Mz, > 1 and vice-versa [31], the details of which can be
found in the decay width expressions in Appendix A. The
drastically different 1o regions of these two measurements
make it impossible to satisfy both them simultaneously, but
their 2¢ limits have a good overlap. Subsequently, we can
assess the viability of the models in the My 7+ — 4y, plane,
overlaying the p,,, piz, exclusions at 26, and other relevant
bounds from various direct and indirect searches.
Exclusions from the false vacuum condition in Eq. (4)
are also imposed.

In Fig. 1(a) we present the applicable bounds on the ITM,
with M7= <5 TeV. The u,, and uy, measurements at
20 excludes the spaces covered in the red (diagonal hatch)
and dark blue (horizontal hatch) regions respectively,
below M- <500 GeV. A thin, funnellike region within
M= €[70,110] GeV with 4;, > 3 remains allowed, due to
cancellations between the SM and the new scalar contribu-
tions, which eventually gets excluded by the false vacuum
limits (black shaded). The near-degeneracy of M+ and M ;o
allows the DM bounds to be overlaid here, following the
evaluation approach in Ref. [9]. First, the bright yellow
points satisfy the observed relic Qg,, = 0.1198 4+ 0.0012
[32], starting from M+ ~2.5 TeV for 4, =0, and this
mass bound increases further with higher |4,,|. The black
opaque region represents DM overabundance. Most of the
remaining underabundant space however gets excluded by
the LUX-ZEPLIN (LLZ) limits (turquoise shaded) on direct
detection of DM [33]. The Sommerfeld-enhanced annihila-
tion rates of the DM also strengthens indirect detection
signals [8], with Fermi-LAT [34] data excluding M+ ~
2-3.5 TeV (purple shaded), and HESS (Einasto-2 profile)
[35] ruling out anything above M;:+ ~ 1.6 TeV (orange
shaded), from the LZ-allowed space. Additionally, the
compressed mass spectrum of this model leads to disappear-
ing track (DT) signatures of T+ at colliders, which excludes
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Exclusion plots in the M7+ = — 45, plane in case of (a) ITM, (b) HTM, for points that satisfy the u,,, sz, measurements at 2o,

with further bounds from other experiments and the false vacuum conditions. For panel (a) the DM bounds are applicable for M o, but
the small AM=_;0 ~ 166 MeV allows interchangeability of the x-axis variable.
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M e <275 GeV (yellow shaded), from a recast study [7] of
the ATLAS limits [36]. Disheartening results emerge from
these bounds, as the available parameter space is squeezed
into an alley of M- €[275 GeV, 1.6 TeV], with 0.02 <
|A5,|™* < 0.2 corresponding to it, yielding at most ~50% of
the observed DM relic, conclusively establishing ITM as
insufficient for WIMP DM. This parameter space can be
probed using DT [9], or soft pion tracks [37] for lower triplet
masses, arising from the T+ — T%z% decay, favorably at a
future muon collider.

The absence of DM bounds yield a cleaner plot for
HTM, as seen in Fig. 1(b). The false vacuum, y,,, and piz,
exclusion regions remain similar to ITM, except for a dip
around M+ ~ 125 GeV, caused by larger o affecting the
My, value. The tiny v, has negligible effect on both these
measurements. Additional collider bounds, from the 272v
final state search at LEP [38] (yellow shaded) and CMS
[39] (cyan shaded) emanating from the H™ — 7v, decay,
ruling out M = < 110 GeV, as pointed out in Ref. [24]. In
both Figs. 1(a) and 1(b), the navy blue dashed line shows
Ap = 3.5, allowed for a perturbativity scale A = 10° GeV
in the ¥ =0 scalar triplet models [12], which is our
preferred upper limit.

IV. VIABILITY OF FOPT

This ominous confinement of the Y = 0 triplets have
consequences in their possible contribution towards achiev-
ing a first order EWPT. For ITM, the convenience of a
2-step FOPT is lost with the demand of lower triplet masses
and reasonably higher 4,, = 1 [13,15], inevitably excluded
by p,,. iz, and LZ limits. With O(1)4, values, Ref. [16]
establishes an upper bound of p7 <310 GeV, i.e., My <
450 GeV to have 4;, < 3.5, that can still provide a 1-step
FOPT considering only the doublet background field
direction. The LZ bounds exclude this space as well,
comprehensively incapacitating ITM for FOPT.

Sacrificing the requirement for a WIMP DM and moving
to HTM, a narrow band of the parameter space with FOPT
possibilities exist within the 2o allowed region of yu,, and
Hzy» shown in the inset of Fig. 1(b)." Here, the purple region
can facilitate a 2-step FOPT with the correct choice of 4,
and 4, combinations, while the orange region is only good
enough for a 1-step FOPT. The calculations for the viability
of the FOPT is performed with the thermal effective
potential in terms of the background fields ¢ = {¢;, ¢,}
and temperature 7'

Vet (0. T) =Vo(¢) +Vew(d) +Ver(d) + V(@ T).  (5)

Here, V,, is the tree-level potential, V -y, is the one-loop
Coleman-Weinberg potential, V -7 contains counterterms to

"The region aligns well with existing nonperturbative results
for ITM [15], and for a complex scalar triplet [40].

enforce the tree-level EW VEV and mass values at one-loop,
and Vp is the thermal correction, with additional daisy
resummations, written in terms of field-dependent masses
m?(¢) wherever applicable, further details of which can be
found in Appendix B. We implement this potential in
CosmoTransitions [41] to study the EWPT behavior. Notably,
the Vo depends on the renormalization scale Q via a

logarithmic term log ™ (2 >, which influences our choice of

benchmarks to 111ustrate the consequences of the 2-step
FOPT. In the inset of Fig. 1(b) we show the location of four
benchmark points BP1-4, with [M =, 4,,] coordinates of
[150 GeV, 1.00], [175 GeV, 1.38], [200 GeV, 1.7], and
[250 GeV, 2.8], respectively. To avoid divergences in V -y,
we choose Q = 246 (340) GeV for BP1-3 (BP4).

In Fig. 2(a) we show the schematics of a 2-step PT in
context of HTM. It is noteworthy that, the presence of the
Aj,~term in V; means that [0, 0] is not the minima of Vg in
the early universe, and hence we designate [0, ~0] as the
high-temperature minima. [v;, v,] is the current EW min-
ima at T = 0, which can be reached by two ways. A direct
transition from [0, ~0] — [vy,, v;] (blue solid arrow) is the
1-step PT, which can be second- or first-order. Otherwise,
if condition (b) of Eq. (4) is met, then at some finite
temperature, the [0, ~0] phase can transit to an intermediate
[0, v}] phase (red dashed arrow), which can then tunnel to
the [vy,, v,] phase via an FOPT (green dashed arrow). The
FOPT is signalled at a critical temperature 7. where two
degenerate minima appear in the potential. Figure 2(b)
shows the transitions between the phases obtained in BP3,

in terms of temperature vs the VEV v = \/¢7 + ¢7 of
the phase. A smooth second-order transition takes place
between phase 2 ([0,~0]) and phase 1 ([0,v]]) at
T ~ 180 GeV, while FOPT happens between phase 1
and phase 0 ([v),, v,]) at T, = 125.6 GeV, which becomes
the true EW minima at 7 = 0 GeV. The [0, v;| phase is
remnant as a shallow local minima [13]. For a 2-step PT, the
strength of the transition is defined in terms of the differ-
ence in VEV between the two phases at 7 = T, with a

Al; o) > 1. This criteria

can lead to EW baryogenesis with appropriate sources of
CP violation.

strong FOPT implied by the criteria

Myp= =200 GeV, 4 = 0.8, 4y, = 1.70, v, = 3.0 GeV
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FIG. 2. (a) Schematics of a 1-step and 2-step PT. (b) 2-step

FOPT phase diagram in BP3.
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TABLE 1. Benchmark points and corresponding FOPT parameters, evaluated with CosmoTransitions.
BP {M:(GeV), Ay A} T. (GeV) sl T, (GeV) a B/H, vy
BP1 {150, 1.00, 0.383} 134.7 1.22 118.3 0.019 882.3 0.68
BP2 {175, 1.38, 0.751} 126.4 1.45 104.2 0.035 508.4 0.71
BP3 {200, 1.70, 0.800} 125.6 1.46 99.6 0.042 266.1 0.72
BP4 {250, 2.80, 1.780} 118.7 1.64 73.6 0.118 88.5 0.79
V. GRAVITATIONAL WAVES 107 ; ™ 7 7
—— BPI (Q= 246 GeV) S / i

The GW production from multistep FOPT are well 0 N e e oM A
studied in literature for scalar extensions [26,42—44]. For 10712 | T PRAQ=30GVI B /7
the aforementioned FOPT, the system tunnels across the w10 | ‘
potential barrier from the high-7 false vacuum decays into & 10
the true EW vacuum. The tunneling begins at some

10718 -

temperature 7, < T, called the nucleation temperature
of critical bubbles that determine the rate of the transitions.
A criteria for successful FOPT demands S/T, ~ 140,
where S is the 3D Euclidean action for the critical bubble
[45]. The strength of the PT is then represented by the

parameter a = p’: Ty where p,,. 1s the vacuum energy
ra n

density liberated during the PT, and p,,q(T,,) = g, 7>T3/30
is the total radiation energy density at 7 = T,,. The inverse
time duration of the PT is estimated with the quantity
B/H, =T,%|; , where H, is the Hubble rate at T = T,

[46]. These bubbles expand through the plasma with a
/3P +2a/3

bubble wall velocity estimated as v,, = e

derived from the relativistic fluid model of bubble growth
in Refs. [47,48]. The collisions between these expanding
bubbles lead to the stochastic production of GW at T,
which can be detected at future space-based interferome-
ters. The produced GW can be quantified in terms of the
energy spectrum Qgwh?*(f) with f being the frequency and
h ~ 0.7, which can receive the following contributions [49]

’

ngWh2 = gzcolh2 + sthz + Qlurbhz' (6)

Here, Q. sources from the collision of the bubble walls,
encoding the contribution from the scalar fields themselves.
Q. comes from the sound waves in the plasma after the
collisions. 4, usually subdominant, arises from the
magnetohydrodynamic turbulence in the plasma. Para-
metrizing the GW production via FOPT in the set of
parameters {T,,a,f/H,} computed with CosmoTransitions,
we follow the prescription of Ref. [49] to evaluate the
components of the GW spectrum.

In Table I we display the FOPT parameters for BP1-4,
keeping v; =3 GeV for all, as it has minimal impact on
the parameters. Noticeably, an increase in 4;,, enhances a
(and consequently v,,), and reduces both f/H, and T,
which ideally results into better detectability at the GW
interferometers. The subsequent GW spectra for the BPs
are presented in Fig. 3, with overlays of the power

1
1073
Frequency [Hz]

1071

FIG. 3. The GW spectra from the four BPs, overlaid with the
PLISCs from various future interferometers.

law-integrated sensitivity curves (PLISC) [50] of five
future space-based GW interferometers: LISA [51],
ALIA [52], BBO [53], DECIGO [54], and Ultimate-
DECIGO (U-DECIGO) [55]. The majority contribution
in all BPs come from Q;, with an extra bump at the peak
from Q. Evidently, BP1 (blue line) with the weakest «
yields the lowest peak Qgwh?* at ~1071, detectable only at
ALIA and U-DECIGO. Both BP2 (red line) and BP3 (green
line) lie within the sensitivity range of ALIA, BBO, and
U-DECIGO, with BP3 barely touching the DECIGO limit.
The large a and small #/H, and T, enables a peak of
~107'2 for BP4 (purple line), which can be sensed at LISA,
alongside all the other detectors presented. The curves
clearly showcase the impact of the three parameters in
shifting the peaks, which we show with representative
brown arrows in the plot.

VI. HINTS AT COLLIDERS

The telltale sign of HTM is the presence of v, that
violates the custodial symmetry at the tree level, leading
to the HEZWT vertex gy+zw- = (v,95 cos Oy cos a,—
2G> sin Oy sin @, ), which obviously vanishes as
v; — 0. In the mass range relevant for a 2-step FOPT, this
vertex can be directly probed at a lepton collider via the
production channel #*#~ — Z — H*WT, followed by the
H* — ZW¥ decay, for which an e* e~ collider like FCC-ee
with maximum collision energy +/s = 350 GeV seems
ideal. The primary irreducible background for this is from
£ > VVV (Ve{W=*,Z}). A fully visible hadronic
final state can enable the reconstruction of the triplet charged
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TABLE II. Signal and background production rates at a
280 GeV leptonic collider for BP1-3.

Gews X BR(HE > ZWTF) (fb)
BPI BP2 BP3
280 0.153 0.110 0.011

Vs (GeV) oyyy (fb)

0.979

Higgs, but the large #7 backgrounds at /s = 350 GeV
implies the requirement of larger luminosities. Hence, for
illustrative purposes, we resort to /s = 280 GeV, beneficial
for masses up to BP3, owing to expectedly larger production
rates and suppressed backgrounds.

Table II presents the scaled signal rates opyzy+ X
BR(H* — ZWT) for BP1-3 at a lepton collider with
/s =280, with the primary background rate
oyyy ~ 1 fb. The signal rates tend to be O(10~! — 1072)
times less than the background, which remain promising
for BP1 and BP2. While a detailed final-state analysis is
beyond the scope of this article, assuming a 60% signal and
20% background efficiency—via cuts and/or boosted deci-
sion trees (BDT) [23]-in the fully visible hadronic final
state, the projected S/+/B significances are shown as a
function of My-=, v,, and the scaled signal rate, in Fig. 4.
Here, the cell colors represent the o x BR, while the cell
borders represent S/+/B, at a target luminosity of 5 ab™!.
We see that, =30 sensitivity of v, ~3 GeV is possible for
My <190 GeV, and 256 discovery of the triplet nature is
viable for v; = 2 GeV, when M+ ~ 150 GeV. For BP1-3,
the significances are be ~7.80, ~5.60, ~10 respectively.

At the 13.6 TeV LHC, the pp — H*W¥ production
rates are ~5 times more than at the lepton collider, but the
dominant subprocess gg — h — H*WT is insensitive to v,.
pp = W* = H*Z is an alternative with similar cross
sections, but is likely to suffer from the overwhelming
~1 pb rates of pp — VVV [56]. The single production of
H* from ZW= fusion has similar rates at the LHC, let down
once again by large backgrounds of @(0.1-1) pb, reported
in a CMS search [57]. Reference [24] also elaborates on the
viability of the allowed mass range up to 200 GeV in LHC

Grro-pewe XBREH=>ZW*), /s = 280 GeV
0.15

-6 = —_
il.:
s Mol g
‘3 g
= =
0.05 &
2 % o

%]

“150 175 200
My [GeV]

FIG. 4. The cell values show 64+, g+y+ X BR(HE - ZWT)
at /S = 280 GeV, as a function of M y= and v,. The cell borders

represent the S/+/B values assuming 60% signal and 20%
background efficiencies.

searches from pp — H*HO, while 200-500 GeV charged
triplet mass is explored in Ref. [23] at a muon collider, for a
singlet DM-extended HTM. LHC phenomenology of
supersymmetric triplet [58—61] and muon collider phe-
nomenology of complex triplet [62] also explore similar
production modes.

VII. CONCLUSIONS

Our perusal into the broad phenomenological appeal of
hyperchargeless scalar triplets have thus revealed the dis-
heartening requirement of a trade-off between having a DM
candidate and the viability of an FOPT. In reality, the most
recent DM limits render the Z,-odd ITM to be insufficient
for the observed DM relic, and discards any chance of
achieving the FOPT, confining the parameter space to
M- €[275 GeV, 1.6 TeV], with 0.02 < |4;,|™* <0.2.
Dropping the Z, symmetry and the DM hope altogether,
the noninert HTM presents a narrow space between
My €[150 GeV, 275 GeV] corresponding to 1.0 < A <
3.5, where the sought-after 2-step FOPT remains feasible,
leading to stochastic GW detectable at future interferome-
ters. Avenues for probing the custodial-symmetry breaking
nature of this triplet by looking for v,-dependent charged
scalar production, in the same region, are within reach of a
high-luminosity lepton collider. The trade-off can be amelio-
rated by extending HTM with an inert singlet DM such as in
[23], a detailed investigation of FOPT patterns and EW
baryogenesis of which is deferred to a future work.
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APPENDIX A: FUNCTIONS FOR
h—yy AND h - Zy

For h — yy in HTM, only the fermion loop, W-boson
loop, and the charged scalar loop in Figs. 5(a)-5(c)
contribute to the decay. The expression for the partial
decay width reads [63,64]

r _ GragyM;,
"= 08203

2 NFQIAT G anss

ChHYH- 2
+ A (Xa, ) gnww + At AY (X,

Al
Ty (A1)
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(a) (b) (©)

FIG. 5. Feynman diagrams contributing to the h — Zy/yy
decay in HTM: (a) fermion loop, (b) W-boson loop, (c) charged
scalar loop, (d) VSS loop, (e) VVS loop.

Here, G is the Fermi constant, agy = €>/4x is the EW
coupling constant, N% and Q represent the color factor and

. M2
EM charge of the fermions, X,, = o Ghpr = COsag,
Gnww =cosay+4(v,/v)sinay, and ¢y p- R cos aply v,
The loop functions A!" are given by

AT (x) = 2[x + (x = 1) f(x)]x 2,
A (x) = =[20% + 3x 4 3(2x = 1) f(x)]x 72,

AY (x) = =[x = f(x)]x2, (A2)
where we have
sin~!y/x x<1
— I 2 A3
f) -1 [log 7?: —:_:jx - iﬂ'} x>1 (A3)

The partial decay width expression for i — Zy obtains
contributions not only from the fermion, W-boson and
charged scalar loops, but also the vector-scalar-scalar
(VSS) and vector-vector-scalar (VVS) loops shown in
Fig. 5, given as follows [65,66]:

ﬂ 1_M_% ’| —aew
32 M% 2nv

I_‘h —Zy —

N3OV
* (Z ! A;y(TMf”le)ghff

~ cos Ow
Z
+ AWZ (TMw’ /1MW)911WW

ChHYH- 4 Zy
A A (om0 )

2

+2(Aygs + Ayys) (A4)

2 2
Here, V; = 2(T{ - 20sin® Oy). 7y, = St . Ay, =

and the various loop functions are given by "

-1
Zy _ _
AP () = g (T (09) = Do),
Zr _ —cos Oy 2

+ (1 4+2x Htan? Oy — (5 + 2x7H))Z,(x,)),
-A?(x, )’> =2czp+u-1y (x,y),

—aéw ! b Tyss
Avss = CrzwrCspwe M dx [ dz
w JO 0

Aygs’
—a 1 1T
-AVVS = Cyxzw+CHEhw= %A dxA dzﬁ,
2.2
L) = 507+ 3=y V) = 0D
x%y
+ (x _y)2 (g(X) - g(y))’
To(3) = =325y U0 = ).
Vx = Isin™!W/xT x> 1
90x) = %\/1 —x[lqg%—inf x <1 (A35)

In the above expressions, the couplings c;j are

_ 1-2sin’0y 1 sin? Oy .:
CZH H™ = §in0ycos Oy CHTZWF = 2sin%0y, ( Uh cos 0y sin ay+

I .
= non (3608 apsin a, +

2v,cos Oy cos a ), and ¢y« py+

sin aycos a; ). The additional functions Zyggyys and
Ayyg yss for the VSS and VVS loops are the same ones in
Egs. (20) and (23) of Ref. [65]. Notably, the contributions
from the VVS and VSS loops are negligible for a model
like HTM where v, < v;,. For ITM, only Figs. 5(a)-5(c)
contribute for both h — yy/Zy, the expressions for
which can be obtained by putting oy = o, = 0 wherever
applicable, and cyp+7- = cos@y/sinfy in A?(x, ).
The definition of the signal strengths for a model
M € {ITM, HTM} can be simplified into

M
Fh—»ij X Dy ot

M bl
Dhgu—ij X Thitor

1) = (cos® ag)™ x (A6)

where for ITM we have (cos® ay)™ = 1, and h — hgy.

APPENDIX B: THERMAL EFFECTIVE
POTENTIAL FOR HTM

In Eq. (5), first component of Vg (¢, T) is the tree-level
potential, in terms of the background fields ¢, ¢,

055032-6



DARK CLOUDS TO SILVER LININGS OVER THE ...

PHYS. REV. D 112, 055032 (2025)

R A Y Y

- Aht¢%l¢t
2 4 '

VOZ

(B1)

The Coleman-Weinberg term involves the field-depen-
dent masses m;(¢) and the renormalization scale Q, as
follows:

2
Vew = # Znim?(d)) (logmiQ—(f) - Ci) ) (B2)

Here, we have i € {W, Z, h, H’, H*, G"*, t}, n; are the
corresponding degrees of freedom (dof), c¢; are predefined
constants for the CW potential, and Q is the renormaliza-
tion scale. The dof values are ny = 6,n, =3,n, = —12,
oo = 1,ny+ g+ =2. For transverse vector bosons,
¢; = 1/2, while for scalars, fermions, and longitudinal
vector bosons, ¢; = 3/2. To negate the shifts in the EW
VEYV and zero-temperature masses caused by V -y, we add
the counterterm potential

Ver = Subdy + Subd? + Sy + 54,07 + A did?.
(B3)

the terms of which can be evaluated by solving the on-shell
renormalization conditions

OVew+Ver)
a¢l [vp,v]

(Vew+Ver)

= O’
0bi0g; v,

—0. (B4)

In this approach, the Goldstone masses need to be
regularized as mg; (¢p) — mg, (¢) + ufz, Where we keep
ur = 1 GeV [67]. Next, the finite temperature corrections
are given by the thermal potential component

mz <¢>

(BS)

T4
Z / a’log| 1 Fe

In V;, the F correspond to bosons and fermions,
respectively. The consistency of thermal contributions
require the resummation of daisy diagrams in the effective
potential. Two primary methods, known as the Parwani
[68] and Arnold-Espinosa [69] methods, exist for the daisy

resummation. We follow the Parwani prescription, where
the field-dependent masses are shifted to the thermal Debye
masses by m?(¢p) — m?(¢) +I1(T?), with TI being the
daisy coefficients, evaluated as

PVr
6(15 a¢] T?>>m?

Only the scalars and the longitudinal components of the
gauge bosons receive the thermal corrections [16]. For the
doublet and triplet scalars, the daisy coefficients are of
interest

I=C,T* = (B6)

1

C, = 6 (3g3+ ¢ +4Y? + 84, +24,), (B7)
1 2

C, = 5 (693 + 5, + 2. (BS)

These are useful when one wants to study a minimal
version of the FOPT behavior using the high-temperature
approximation [13].

The field-dependent masses of the neutral CP-even
scalars are given by the eigenvalues of the mass matrix

M(%+wmﬁ%# ~% mwmr%>>
= .
O (et =) Hy + 30,97 + 4 4

(BY)

The same for the charged triplet scalar H* and the
Goldstone bosons G* are given by the eigenvalues of

(%+@ﬁ+%#+%¢ Ex2 )
L=
R SOV R
(B10)
The rest of the field-dependent masses are as follows:

A
mgy = ug + Ay + ¢2 > ¢

iy = %wu4w>

=2, (B11)
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