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The supersymmetric custodial triplet model (SCTM), which is a fully supersymmetric generalization of
the Georgi-Machacek (GM) model, is constructed by extending the Higgs sector of the minimal
supersymmetric standard model by three triplet chiral superfields with hypercharge ¥ = 0, £1, in order
to maintain the holomorphy of the superpotential and satisfy the requirements of anomaly cancellation. The
global SU(2); ® SU(2), symmetry has to be respected for the superpotential and soft supersymmetry
breaking sector, where the former will only be broken by the Yukawa couplings and the latter one will be
broken spontaneously to the custodial SU(2),, symmetry after electroweak symmetry breaking similar to
the GM model. The ensuing complicated spectrum not only gives rich collider phenomenology but also
provides more available weakly interacting massive particle (WIMP) dark matter (DM) candidates. In this
paper, we explore the viability of WIMP solutions for DM in the SCTM, by considering the increasingly
stringent constraints from direct detection DM experiments. Our numerical simulations show that a
significant portion of the SCTM parameter space remains viable despite these constraints and will be fully
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tested in future experiments.
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I. INTRODUCTION

The discovery in 2012 of a 125 GeV Higgs boson [1,2]
was a big leap for particle physics. In fact, following the
precise measurements of its properties, it was soon clear
that such a new state of nature was very compatible with
the predictions of the Standard Model (SM). However,
the leftover theoretical and experimental uncertainties
mean that the specific process triggering electroweak
symmetry breaking (EWSB) is still an open question, so
searching for extra Higgs fields beyond the SM remains
one of the most important tasks of the Large Hadron
Collider (LHC). Additionally, unresolved experimental
and theoretical issues, such as dark matter (DM), whose
existence has been widely accepted through numerous
evidence confirmed by astronomy, and the gauge hier-
archy problem, which is essentially unwanted fine-tuning
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of parameters, suggest that there should be new physics
beyond the SM.

The Georgi-Machacek (GM) model [3-75] extends the
SM by adding a complex SU(2), triplet scalar y (hyper-
charge 1) and areal SU(2), triplet scalar £ (hypercharge 0).
The GM model can nontrivially allow custodial symmetry
preservation at tree level after EWSB, provided that the
vacuum expectation values (VEVs) of these triplets align
precisely. This alignment enables the triplet state VEV to
reach tens of GeV, higher than in other triplet-extended SM
scenarios. The GM model also predicts larger couplings of
the SM-like Higgs boson to W and Z gauge bosons as well
as the existence of nine more physical (pseudo)scalars,
including a doubly charged one, which is the unique
interesting feature of the GM.

Supersymmetry (SUSY) [76-79] is one of the most
fashionable extensions to the SM, postulating a symmetry
linking fermions and bosons. It essentially doubles the
particle spectrum, which can then elegantly solve the
aforementioned fine-tuning problem. In the minimal super-
symmetric standard model (MSSM), one should also
double the doublet Higgs field to maintain the holomorphy
of the superpotential and satisfy the requirements of
anomaly cancellations. These two doublet Higgs fields
exactly give mass to up- and down-type quarks separately.
Additionally, the lightest supersymmetric particle (LSP) is
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a natural DM candidate if we assume that R parity is
conserved and that the LSP is uncharged and colorless.
It is well known that the GM model faces a more serious
hierarchy problem than the SM for its complex (pseudo)
scalar fields. The MSSM also runs into trouble, though,
because a 125 GeV Higgs mass requires too heavy top
squark and/or a significant trilinear coupling A, (the so-
called little hierarchy problem), plus the only available DM
candidate suffers from increasingly stringent constraints
from DM direct detection experiments. To remedy these
problems, the supersymmetric custodial triplet model
(SCTM) [80-90], a general fully supersymmetric extension
of the GM model,' is constructed by adding three triplet
chiral superfields with hypercharge Y = 0, +1 to the Higgs
sector of the MSSM. The global SU(2); ® SU(2), sym-
metry must be maintained for both the superpotential and
soft SUSY breaking sector. The former is broken only by
Yukawa couplings, while the latter spontaneously breaks to
the custodial SU(2), symmetry after EWSB, similar to the
GM model. The emerging scenario not only offers rich
collider phenomenology but also provides more viable
weakly interacting massive particle (WIMP) DM candidates.
In fact, the SCTM has a more complex mass spectrum
and richer particle content by adding not only triplets with
hypercharge ¥ = 0, +1 from the GM model compared to
MSSM, but also an additional triplet with hypercharge
Y = —1 for the same reason as doubling the doublet scalar
in the MSSM. Thanks to the new F-term contributions to
the Higgs mass at tree level from the introduced triplets, the
SCTM successfully accommodates the observed 125 GeV
Higgs mass without generating the aforementioned little
hierarchy problem, thus making the theory more natural.
In the MSSM, WIMP-type DM faces significant chal-
lenges from direct detection constraints. The lightest
neutralino, the leading DM candidate, must have a very
small interaction cross section with nucleons to evade direct
detection by experiments like LZ [91], PandaX-4T [92],
and XENONnT [93]. However, the Majorana fermion
components of the additional triplet superfields in the
SCTM allow for additional DM candidates, through the
tripletino field. For example, in a realistic SCTM [82],
the lightest neutralino, dominantly binolike but mixed with
Higgsinos or tripletinos, serves as a viable DM candidate.
Key mechanisms for achieving the observed relic density
include resonant s-channel annihilations via tripletlike
(pseudo)scalars and well tempering through bino-tripletino
coannihilations. Direct detection prospects are suppressed
due to custodial symmetry (minimizing Z-mediated spin-

lCompared to the SCTM, the supersymmetric Georgi-Macha-
cek (SGM) model [87,88] is derived from the SCTM by taking a
specific limit of the model parameters. In this limit, the SGM model
exhibits the same (pseudo)scalar particle spectrum as the conven-
tional GM model at low energies, while retaining the super-
symmetric properties of the SCTM. Here, we only discuss the fully
supersymmetric realization of the GM model, i.e., the SCTM.

dependent interactions) and small Higgsino components
(reducing Higgs-mediated spin-independent cross sec-
tions), with most viable points lying below current bounds
from direct detection.

In this work, we would like to investigate the situation of
the SCTM in which the WIMP candidate, the LSP, is the
lightest tripletinolike neutralino. We explore whether there
is any parameter space that can fulfill the most stringent
direct detection experimental constraints, when considering
the effect of the suppression of the coupling between the
neutralino and the Z boson by the custodial symmetry.
Furthermore, we are also committed to finding parameter
space to provide the correct relic abundance of DM via s-
channel funnel annihilation or coannihilation mechanisms
for tripletinolike DM.

The rest of this paper is organized as follows. In Sec. 11,
we briefly review the GM model and the SCTM. The
spectrum of Higgs and neutralino states is given in Sec. IIL.
In Sec. IV, we present the experimental constraints applied,
the specific numerical calculations performed, and our
numerical results. Finally, we show our conclusion in Sec. V.

II. GEORGI-MACHACEK MODEL AND ITS
SUPERSYMMETRIC VERSION

A. A brief review of the Georgi-Machacek model

The Higgs sector of the GM model contains not only the
SM-like SU(2); complex doublet Higgs field (¢, ¢°)
carrying a 1/2 hypercharge but also a SU(2), complex
triplet Higgs field (y*+, 5", ") with a unit hypercharge
and a SU(2), real triplet Higgs field (£, £°, £7) possessing
a zero hypercharge. The most general scalar potential of the
GM model being invariant under the global SU(2), x
SU(2)x symmetry and SM gauge symmetry can be given as

V(D,A) = %m%pTr[dﬂ(I)] + %miTr[ATA}
+ 21 (Tr[@T®])? + 2, (Tr[ATA])?
+ AATr[(ATA)?] + 2, Tr[@T @] Tr[AT A

a b
+ JsTr [cpT % @ ”2] Tr[ATT*AT?]

a b
4+ Tr {qﬂ %cp‘%] (PTAP),,

+ u, Tr[ATTCAT?)(PTAP),,, (2.1)

where the @ and A are the matrix form of doublet and
triplet fields to tell whether the custodial symmetry is
preserved or not more easily, and the specific representation
can be shown as
¢0* ¢+ ZO* §+ )(++
o= , A=\ y & 4 1. (22

o= 9° e 0

& X
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The 6“(a = 1,2, 3) (the Pauli matrices) in the potential are
the generators of the (2,2) representation of the SU(2)
group, while the 7%(a = 1,2, 3) are the generators for the
(3,3) representation,

X 010 | 0 —i 0
'=—1[1 0 1], T2 = — 0 —il,
2 2
V2 010 V2 0 i 0
1 0 0
=10 0 0 (2.3)
0 0 -1

Additionally, P is a matrix to rotate the triplet into its
Cartesian basis

. -1 i 0
P=— 0 0 V2 2.4
7 b0 (2.4)

l

The neutral real scalar field can be parametrized as &% —
ve + he and the neutral components of complex scalar
fields are decomposed into real and imaginary parts as

¢° = (vy+hy +ia¢)/\/§, P-v,+ (hx+ia}{)/\/§.

(2.5)

The parameters Vg, Vghs and v, are VEVs of the correspond-
ing neutral scalar fields that trigger the breaking of the
SU(2);, x SU(2)r symmetry. Especially, the custodial
SU(2), symmetry would be preserved at tree level if the
triplet VEVs are aligned as v, = v; = v,. In other words,
the VEVs of the scalar fields take the identity form

VA O 0
() <”¢ 0) w=|0 w0
= — R = UA
2\ 0 v
V2 / 0 0 v,
(2.6)
Henceforth, the EWSB condition becomes
v? = vé+4v§+4v§ = UéJrszA
1
= ~ (246 GeV)?. (2.7)

V26

Finally, the electroweak (EW) parameter p in the GM
model at tree level can be calculated as

V%
p=1+Ap, =—5". (2.8)

It is easy to tell that the scalar part of the GM model is

indeed invariant under the custodial symmetry at tree level
after EWSB. This alignment allows the triplet state VEV to
reach tens of GeV, which is higher than in other triplet-
extended SM models. Moreover, the GM model predicts
enhanced couplings between the SM-like Higgs boson and
the W and Z gauge bosons, along with the presence of nine
additional physical (pseudo)scalars, including a doubly
charged scalar particle—an intriguing and distinctive fea-
ture of the GM model, as previously mentioned.

B. A brief review of the supersymmetric
Georgi-Machacek model

The supersymmetric Georgi-Machacek model was pro-
posed to address the hierarchy problem of the GM model
and embeds the useful custodial symmetry for the Higgs
sector at tree level, in short, giving the SCTM. The SCTM
has the same Higgs doublet superfields as the MSSM with
hypercharge Y = (—1/2,1/2),

Hy HY
= (H‘J)’ = <H;

and additional three SU(2), triplets with hypercharge
Y =(-1,0,1),

(2.9)

v 0 2t
o a9
DR S D I
X - ¢ -5
v ++
sy
s = “i ) (2.10)
v
LA

For the Higgs sector of SCTM to be invariant under the
SU(2)g x SU(2), symmetry, the Higgs scalar fields can be
reorganized into the formation of bidoublet and bitriplet

H _ % _3
H—( d), A= 2 o). (@)
. X %

The superpotential of the SCTM Wgcty is made up by a
Yukawa part Wyssmy, and a SU(2), x SU(2), invariant
Higgs part W,

2Considering the holomorphic principle, which states that the
superpotential can only depend on chiral superfields, not their
complex conjugates [94], the MSSM doubles the Higgs doublet
scalar fields H of the SM as H,,, H,; with opposite hypercharge
for giving masses to up- and down-type fermions separately. For
the same reason, the SCTM has to double the Higgs triplet scalar
fields with nonzero hypercharge of the GM model, which results
in three Higgs triplet superfields in the SCTM.

115006-3
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where the antisymmetric dot products are defined by

A-B= eabe,-in,Bi, €? =—€, = 1. (2.13)
The total scalar potential is then
Vserm = Vi + Vp + Viorr, (2.14)

where the F-term potential can be given as

The D-term potential is

9
Vp=—(=
D <2+

where ¢; and g, are the gauge coupling constants asso-
ciated with the U(1), and SU(2), gauge groups, respec-
tively. The soft SUSY breaking potential is invariant under
SU(2)g x SU(2), and can be written as

%>{HWHH+Tr[AYAA1}, (2.15)

Voot = myH'H + m3 Tr[ATA] +
1 _ o

+%AATr[AAA] +H.c.}. (2.16)

After the neutral components of complex scalar fields
develop VEVs to trigger the EWSB, the SU(2), x SU(2)g
symmetry will be broken into the custodial SU(2),
symmetry. The neutral components of complex scalar
fields are decomposed into real and imaginary parts as

@0 == (U(D() + hq)() + iad)())/\/i,

@° = HY, HY, ¢°, 40, v (2.17)
For simplicity, we denote these VEVs as
B=idy im0k, =1k
v = )2{0, vg = vio. (2.18)
Then the EW vacuum can be parametrized as
v? = 02 +1)d—|—v¢—|—v + v = (246 GeV)>  (2.19)

and the EW parameter p in the SCTM at tree level can be
given as

Y
i + 07+ 2205 + vy +vy)

2202 — 2 — 22
Ap— (2vy )

(2.20)

So, if we take the alignment limits vé =v2 = v} =3, the
custodial symmetry will be preserved automatically for the
Higgs sector at tree level.”

III. MASS SPECTRUM OF HIGGS AND
NEUTRALINO STATES

A. Mass spectrum of Higgs states
The tadpole equations of the SCTM are

ov. oV 9V oV 9V
Jdv, 6Ud 61j¢ 61} 01}

—0. (3.1

Then the minimization conditions can be derived as

It is easy to see that the custodlal symmetry will also be
preserved at tree level when 212 = v + vv,, although this is not
the typical GM model. We w11(f 1nvest1gate this scenario in our
future work.
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2
M3, = V20 G = 4y =) = Qhsd + 52) - anp | B, + % (4= A, = )

Vi 2 G+, 2 2 2
—(/1 A+ 42%) —TUHCOSZﬁ—vH/l (cosp*+1) —
1
M3 = 20s(dpu— Ay — dpa) - (Z/IA/1+5/12)+—{B + 8 (4 — A, — ua)

v
2 2
”—A(AAHMZ)} 7 1‘92 V3 cos 28 — o322 (sin B2 + 1) — i,

\/_A
Ly

2

o2,
{BA +ux + (AA + 3apn) + " (2A,c082B + 2Appsin’B — 4 cos f3sin fiu)
7 —(g} + g5) cos 23 + 2 cos B sin B(ApA + 24%) + 2sin’BAxA + 8cos? %] + vR A3 }

Méo {BA +p3 + —(AA + 34apn)

§\~

>

2 2
U—H [2cos Bsin B(A; + Ain) — 22u) + %H [8 cos Bsin fA% + (2444 + 24%)] + v3I4 }

v 1 v?
M2 = —{By+ 43 +-2 (A, +31 + — L (2A,sin?p + 2Aupcos?f — 4 cos f sin S
s { A ﬂA \/5( A AMA) \/EUA( 2 p HA p p ﬂﬂ)
2
+U7H [—(g3 + g3) cos 23 + 2 cos B sin B(AaA + 24%) + 2cos?fAxA + 8sin?BA%] + vili}, (3.2)

where the mixing angle of the Higgs doublets is defined as

tan f = &, (3.3)
Va
and we have vy = /(v + v2)/2.

The bidoublets and the bitriplets (2.11) can be decomposed as (2,2) =1 @ 3 and (3,3) =1 @ 3 @ 5 to provide the
eigenstates of the SU(2), custodial symmetry for the Higgs fields after EWSB, which can then be rotated to the mass
eigenstates with mixing matrices.

(i) SU(2), singlets: There are two neutral scalar singlets

=y, 6 =LY

V2 V3o

which can be rotated to mass eigenstates of two CP-even singlets (s, s,) and two CP-odd singlets (a;, a,),

M?l 0 81 roer 2 h? Mgl 0 ap P ) ]’lll
(Slasz)< 0 M§2><s2>:(hl’6l)MS<5f>’ (al,a2)< 0 M32>(a2):(h1’51)MA<5’i>' (3.5)

The matrix elements are

(3.4)

(M), = 64207,

> 0p[AQRu = pa) = A)] + v3[—Ax + An (42404 — 3u4)]
(MS)22 - 5

VA
(Ms)%z = (M2)21 = va[AA + /1(6/1% —2Ap0p = 2p ‘HlA)]; (MA)%I = 2(3;4 —3v, [Aﬂ + /1(—/1AUA +MA)])a
(MA)Z ’UH(A - 2/1/1!) + UA( 3AAUA + 2BA - 4/1J“AU%]) + (].U%_I - iAva)ﬂA
2= )

UA

(M)}, = (M3)y = V6uu[A(=2450a + pa) = Aj). (3.6)
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(i) SU(2), triplets: There are two CP-even scalar

L (hi+h3 L (57 +63
triplets and also two CP-odd scalar triplets V2 (5 +157) V2 (65 +657)
1 TH — hO,r , TA — 50,"
t—HT, 0_ _~ (g0 _pgo -_ - 1 +x (s o
hy =H, h3_\/§(Hd Hy),  hy =Hg, 5 (h3 +h37) (05 +6357)
P Al AN el A ey & (3.8)
3 ’ 3 5 3 = .
V2 V2 V2
(3.7)
The CP-even scalar triplets are mixed by a squared mass matrix M2,
Mz 0 T Mg M; T
a0 e () = mera (e L) () 39)
0 Mz, T, MT»[ /\/lT22 Ta

The matrix elements are

MT“ =g? v} +2A(—4A03 + A0} +4uva)+2B,—2v, [A,1+/1(ﬂA—/1AvA)} ,

1
MG =4 va— [2By—32A 07+ 204 (A va—Ay)] R (2203 (Ava—p) — (A0} =220 0% )ua—v3 A,

MG =M} =20y (A +va(F—422=A00)+a] . (3.10)
where g = g, for charged fields and g = /g7 + g5 for S ytt put oyt
neutral fields. L ST 2
For two CP-odd pseudoscalar triplets, 240 01 .0 o
52_—¢+l// v 5§:¢ tr
GY = cosarhy' + sina;8y", V6 V2
e LT tr  oF o5~ =), (3.14)
G:F — CosaTb_l_ Sina,l,(;j:;—_é3
’ V2 V2
A9 = —sinarhl" 4 cos azdy’,
. W ’ P being decomposed as one CP-even scalar quintuplet
AT = —sina;p—2——3 1 cosap 23 311 Q and its mirror CP-odd pseudoscalar Q,,,
3 T \/5 T \/§ ( )

where the parameter a; is defined as the mixing angle of
custodial triplets

561t +657) 037 =57
242 2 .-
sinay = \/-UA, cosay = va. (3.12) %<5++5 “) %(5;_55 )
v v
0= 89" L 0,= 55
The pseudoscalars Gg‘i are the massless Goldstone bosons L (854627 L (55-857)
absorbed by W and Z. The mass of the pseudoscalar A5 can V2 3 V2
be written as \/i—(é“ 55 %(55“ —551)
v} +403 3.15
mf,:%(z[zﬂ—m—(zz—m%]—Ai). (3.13) (3.15)
(iii) SU(2)y quintuplet: The quintuplets are composed of
ditriplets only The masses are

115006-6
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vi[A2u—pa) = Al

M2 =
o V20,
3
+§/lv%{(iA —20)V 20, (3Aaus +Ay) =133,
M2 — Vi A2+ pa) +A)]
0. V210

1
—E’U%_I(6/1+/1A> +2\/§/1A’UA/1A —ZBA.
(3.16)

In the light of the above, the SCTM has five CP-even
Higgs states H; 345, four CP-odd Higgs states A;, 34,
|

M, 0

five charged Higgs states Hf2,3.4,5, and two doubly
charged Higgs states Hi5 states.

B. Mass spectrum of neutralino states

The lightest neutralino, as the LSP, is an ideal WIMP DM
candidate. Neutralinos of SCTM are formed by two gaugi-
nos (bino B and wino W) and two Higgsinos (HY and HY)
and three more tripletinos (¢°, 7° and °). In this basis

YN = (B’ WS’H(;’FI27$O7)?O’U70)7 (317)

the mass matrix of neutralinos M can be given by

0

- \/LEQICOS/}UH \/Lingin/ﬂ)H —910a g10a
0 M, \/iigzcosﬁvl_, —%gzsinﬁvH 0 [N —Ggalp
—\/%glcosﬂvH \/%gzcosﬂvH —V2Av, my —Asingvy 0 —2Acoszvy
\/iiglsinﬂvH —%gﬁinﬁvﬂy mpy —V2Av, —Acoszvy  —2singvy 0 . (3.18)
0 0 —/IsinﬂUH —/ICOS/}’UH HA _\/LEAAUA _\/LEAA/UA
—3g10a [9PX 2N 0 —2),Sin/jUH _%XAUA 0 mgx
gi1va —grUA —2ACOSﬂ7_)H 0 _%/IAUA mgx 0
|
where mix separately with the custodial singlet Higgsinos (711 ) 1)
1 1 and custodial triplet Higgsinos (73, 89), respectively. Then
mpg = _ﬁ vad + . my = _75%)% +HaAS the content of the neutralino will be changed into three

(3.19)

in addition, M, and M, are the masses of the gauginos B
and W, respectively.

It is quite difficult to obtain the mass eigenstates of
neutralinos because their mass matrix in the SCTM is

(approximately) custodial singlets (72, 5,, B), three triplets
(W3, h9,89), and one fiveplet (5) if we consider the
neutralino mass matrix in the custodial basis. Then the
basis of neutralinos will be changed into

(73 B R0 0%
nontrivial. The same multiplets under the SU(2),, custodial Wy = (b1, 61, B, W3, 15,83, 65), (3.20)
symmetry can be rotated into the custodial basis. Since B is
a custodial singlet and W5 is a custodial triplet, they can  the corresponding mass matrix being
|
%MA —u V3ivy 0 0 0 0 0
V3l —V2Asva +pux 0O 0 0 0 0
0 0 My naMy 0 0 0
g g
0 0 ngle M V2gvy V2gua 0 . (321
0 0 0 V2guy T5AvA +H —2Avy 0
0 0 0  V2gvy —V2vy T5Aava — Ha 0
0 0 0 0 0 0 %AA VA + Ha
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where the parameters My, M3, and g are defined as

My =M, —M,,

9=1\/s+a

Considering that pure Higgsino-like and pure winolike
DM are very severely restricted by DM direct detection, we
should take large values for 4 and M, to prevent them from
being the dominant components of the light neutralino.
Additionally, the binolike DM indeed can escape the direct
detection constraints but will spoil the meaning of triplets
introduced by SCTM since this situation can be achieved in
the simplest supersymmetric model, i.e., the MSSM. To
realize tripletinolike DM, we need look only at parameter
space for which u, < u,M,,M,. These tripletinolike
neutrinos may be degenerate in the case of vy < vy.

My, = giM, + g3M,,

(3.22)

IV. NUMERICAL RESULTS

A. Scan strategy and constraints

This work focuses on investigating the phenomenology
of tripletinolike DM within the SCTM, which is free from
heavy squark behavior. To achieve this, we set the soft
breaking mass for squarks (except the top squark) to be
larger than 2 TeV. Thanks to the F-term contribution
provided by triplets, the SM-like 125 GeV Higgs boson
can rely less on heavy top squarks and their large trilinear
coupling. Considering that the EW parameter p remains
unity at tree level even when the VEVs of the Higgs
doublets are misaligned, we treat tan § as a free parameter
in this work, rather than adopting the fixed values used in
[82]. Moreover, in light of the significantly more stringent
collider bounds compared to those in [82], we relax the soft
trilinear and bilinear couplings as well as the mass terms of
the colored supersymmetric particles. This relaxation also
enables a more thorough exploration of the ensuing
phenomenology. This allows the following parameter
ranges to evade constraints from collider experiments:

My>2200, 1500<Mp, 5 <5000, [A,,.|<5000GeV.
(4.1)

Additionally, the soft breaking masses for sleptons are
chosen as follows:

200 < Mj, < Mj , <1000 GeV. (4.2)
The gaugino masses M, and M,, mass dimension param-
eters 4 and p,, as well as the corresponding bilinear
parameters are selected to satisfy

My>M,,

p>pp>100GeV, B, By > (50 GeV)?,

(4.3)

so as to ensure the realization of tripletinolike DM. Finally,
the remaining free parameters 4, 1,, and tan 8 are chosen as
4|, [4a] < V4z, 2 <tanp < 60. (4.4)

We use the package SPheno4.0.5 [95,96], with the model
file for the SCTM* generated by SARAH 4.15.2 [97-101], to
calculate the realistic particle spectrum, branching ratios
(BRs), total widths, and other relevant quantities, as well as
to incorporate some experimental constraints. Given the
rich phenomenology associated with so many superpar-
ticles and additional Higgs bosons in the SCTM, we not
only utilize the HiggsBounds5.10.0 package [102-106] to
ensure that our parameter choices comply with the bounds
on additional Higgs bosons at colliders, but also apply the
HiggsSignals2.6.2 package [106—109] to verify that the lightest
CP-even Higgs boson mimics the behavior of the SM-like
Higgs boson.

For the first goal of investigating the tripletinolike DM
candidate, we also calculate the DM relic density, in both its
spin-dependent and spin-independent cross sections against
nucleons, with the package micrOMEGAs[110-113], after
checking that the LSP is the tripletinolike neutralino.

During the numerical scan, we impose the following
constraints:

(1) To guarantee the appearance of a minimum for the
scalar potential, we ask the determinant of the
Hessian at the origin be negative. This condition
for the leading order in small v, in the custodial case
can be expressed as [82]

3
A2u —pp)—A, >0 and 50%1/12—2m§<0.

(4.5)

(2) The lower bounds on the mass of sparticles are

[114-120]

(a) stau mass: m; 2 0.48 TeV;

(b) gluino mass: my 2 2.4 TeV;

(c) light stop and sbottom mass: m; 2 1.25,
mg, > 1.25 TeV; and

(d) degenerate masses of the first two generations of
squarks: m; 2 1.0-1.4 TeV.

(3) Thelight CP-even Higgs state should be the SM-like
Higgs boson with mass around 125 GeV. In addition,
the component of this SM-like Higgs boson has to be
dominated by the H, and H ;, while the contribution
of the triplet scalar also should be sizable,

122 GeV < M, < 128 GeV,
|ZH\ y,|* + |ZH, y,|* > 0.9,

4Actually, its actual implementation in SARAH has been
provided by Xie [87,89].

115006-8



TRIPLET FERMION WIMP DARK MATTER IN THE GENERAL ...

PHYS. REV. D 111, 115006 (2025)

where ZH | ; represents the contributions of different
components to the light CP-even Higgs boson.
(4) The DM relic density should satisfy Planck data
[121]
Qpym = 0.1199 + 0.0027. (4.7)
As the mass matrix (3.21) shows, the masses of
tripletinolike neutralinos are degenerate so that the
contribution of coannihilation among the tripletino-
like neutralinos can suppress the relic density of
tripletinolike DM. Thus, we set an upper limit for the
relic density in our scan based on the above equation.
(5) The masses of electroweakinos (ewinos) are usually
not so large, they have to satisfy the lower bounds

from the large electron positron unquestionably
(122],

my= > 103.5 GeV. (4.8)
Although the lower mass bound of ewinos have
reached hundreds GeV from LHC, these constraints
are not suitable for our model, because the masses of
tripletinolike neutralinos and charginos are too de-
generate to be identified. We also consider the mass
bound of sleptons from LHC. We apply the package
SModelS2.3 [123,124] to determine whether a sample is
excluded or not by decomposing the model spectrum

and converting it into simplified model topologies so
as to compare it with results from the LHC. We
consider these typical processes pp — ;??,2 }(:I:,

;”(T;”(l‘,m’f (I, stands for the lightest slepton) and
use the package MadGraph5_aMC@NLO [125] to gen-
erate the cross sections of these processes as inputs
for sModels. (The UFO model file of the SCTM for
MadGraphS_aMC@NLO is generated by SARAH.)
Finally, due to the constraints from the oblique param-
eters S, 7, and U as well as those on the couplings of
triplets to quarks, the BRs of B-meson rare decays are
naturally consistent with experimental values.

B. Viable parameter space

It is not trivial to find the surviving parameter space that
can provide a proper tripletinolike DM candidate. Here, all
the samples shown in this section satisfy the constraints
presented in the previous subsection. Almost all of them
successfully offer tripletinolike DM candidates, while a few
provide only binolike DM candidates. Therefore, we
present the results of the binolike DM scenario in the
upper rows and the results of the tripletinolike DM scenario
in the lower rows for Figs. 1-3 in the following discussion.

The SM-like Higgs mass for both scenarios is well
around 125 GeV as shown in the left columns of Fig. 1. The
different colors correspond to the value of A and it is
obvious that there exist two different parameter spaces in
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Related information about Higgs boson of survived parameters. Left column: shows the relationship between the VEVs of
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and the trilinear coupling A, can be found in the middle columns. Right column: specific values of each component in the SM-like

Higgs boson.

115006-9



SHANG, WANG, DU, YANG, and MORETTI

PHYS. REV. D 111, 115006 (2025)

these samples. The relationship of the masses of light stops
and trilinear coupling A, with the SM-like Higgs boson
mass can be found in the middle columns of Fig. 1. We can
see that both of these are quite large, which guarantees a
considerable contribution to the SM-like Higgs boson
mass. In the right columns of Fig. 1, we can tell the
specific values of each component (H 97 inred, H" in blue,
the triplets y%", ¢%", and w"" in green, purple, and orange,
respectively) in the SM-like Higgs boson wave function. It
is easy to see that H 3" is dominant, which ensures one can
fulfill the behavior of the 125 GeV Higgs boson as SM-like.
The contribution of triplets can reach several percent,
significantly impacting the mass of the SM-like Higgs
boson and potentially contributing up to several GeV.

It is interesting to note that, in the tripletinolike DM
scenario, the mass of the SM-like Higgs boson indeed
increases slightly with the increase of the triplet VEVs.
Moreover, it is evident that a larger trilinear coupling results
in a heavier SM-like Higgs boson, as expected. However,
what makes this situation more intriguing is the seemingly
counterintuitive observation that a heavier stop squark
corresponds to a lighter SM-like Higgs boson. This unex-
pected behavior can be attributed to the significant role played
by the triplets as shown in the lower left panel of Fig. 1.

The masses of colored sparticles in our work are quite
heavy, as shown in the left columns of Fig. 2: the light stop
and light sbottom are both around 3.3 TeV and the
corresponding gluino is as heavy as 3.8 TeV. This spectrum

is free from current constraints from the LHC on sparticles,
while it is unfortunate that these sparticles with color still
cannot be tested at the High-Luminosity LHC (HL-LHC)
[126], so one has to wait for the next generation hadron
colliders (such as the SPPC [127] and FCC-hh [128]) to
investigate this parameter space. The next-to-lightest CP-
even Higgs boson, the lightest charged Higgs boson, and
the lightest doubly charged Higgs boson primarily originate
from a CP-even quintuplet Higgs boson, with similar
masses around 200 GeV for both scenarios, as shown in
the middle columns of Fig. 2. Because the quintuplet has no
interaction with fermions, it can only be produced mainly
by vector boson fusion and vector boson associated
production processes, which are significantly suppressed
with respect to gluon fusion. The production cross section
is only around 200 fb for quintuplet states with mass of
200-300 GeV [90]. The mass of the next-to-lightest
quintuplet state is about 500-600 GeV, whose production
cross section is lower to 50 fb [90]. The lightest triplet in
our work is also as heavy as 500-600 GeV, where the
production cross section can reach 200 fb as it can be
produced via gluon fusion [90]. All of the cross sections
are generally too low to produce significant signals,
hence, our samples satisfy the constraints from
HiggsBounds [102-106], with the exception of the lightest
Higgs states. We also consider charged-current Drell-Yan
pair production of the custodial Higgs bosons at the lower
end of the mass range we target. As discussed in [129], the
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FIG. 2. The masses of typical particles in the SCTM. Left column: masses of the gluino and light stop squark, where the color bar
represents the mass of the light sbottom squark. Middle column: we present the masses of the next-to-lightest CP-even Higgs boson and
the lightest charged Higgs boson, with different colors corresponding to the mass of the lightest doubly charged Higgs boson. The
masses of the lightest neutralino, the lightest chargino, and the lightest doubly charged chargino can be found in the right column.
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The constraints from DM direct detection and the components of the DM candidate. The left two columns present the

constraints of DM direct detection based on the spin-independent and spin-dependent interactions, respectively. The contribution of
specific components for DM candidate can be found in the middle right column. In the right two columns, we show the typical mass term

of the Higgsino, tripletino, and bino.

95% exclusion limits from WTW~ and ZZ searches by
CMS [130] indicate that the cross section time BR rate of
this process in the H® decay first channel, o(pp —
HH*) x BR(H? - W*W~), is less than approximately
500 b when the mass of the heavy neutral Higgs boson is
250 GeV. For the second decay channel, with
BR(H® — ZZ) used instead, the rate is less than approx-
imately 100 fb. We have checked one of our benchmark
points with m;,, = 229.58 and Mys = 235.83 GeV, where

h, (playing the role of the H® above) is the second-lightest
CP-even Higgs boson and Hi (playing the role of H*
above) is the lightest charged Higgs state, while the
masses of the other Higgs bosons are above 600 GeV.
We find o(pp — hyHY) =3.416 fb, which is much
smaller than the corresponding CMS limit.

The masses of the lightest ewinos, as shown in the right
columns of Fig. 2, are highly degenerate around 300 GeV.
Moreover, the masses of other tripletinolike and binolike
ewinos are also clustered around 300 GeV, as both typical
mass terms, yu, and M, are approximately 300 GeV, as
shown in the right columns of Fig. 3. This highly
degenerate spectrum ewinos is the key to survive the
current stringent bounds from the LHC.

It is known that the most stringent constraints for WIMP
DM are from direct detection experiments, such as LZ [91],
PandaX-4T [92], and XENONNT [93], especially, the most
recently reported results by LZ [91] on the search for
WIMP-like DM, which have pushed the spin-independent
cross section of WIMP to nucleon to O(107!2) pb for
masses of O(50) GeV and lowered the spin-dependent
cross section to O(1077) pb in the same mass region. In
this work, all the samples of the binolike WIMP DM
candidate scenario can satisfy the spin-dependent cross

section constraints and most of these can also fulfill the spin-
independent cross section constraints as shown in the upper
rows of Fig. 3. Generally speaking, the binolike DM always
provides too large relic density, though it can survive the
stringent direct detection limits. We can thus tell that there is
quite a large tripletino component increasing the DM cou-
plings to nucleons. Considering the suppressed interaction
between the tripletino and Z boson because of the custodial
symmetry at tree level, the most important reason why we can
get small relic density is the combination of two mechanisms
of the quintuplet Higgs funnel, which has been investigated
thoroughly in [82], and the coannihilation with tripletinolike
ewinos. The typical mass terms of both tripletinos and bino
are around 300 GeV as shown in the upper right panel of
Fig. 3, which ensures a highly degenerate mass spectrum,
thereby significantly reducing the relic density.

One key goal of this work is to find the parameter space
providing tripletinolike WIMP DM candidates success-
fully. Indeed, we identify a part of parameter space that can
fulfill these stringent DM direct detection constraints
shown in the lower rows of Fig. 3. Here, it can clearly
be seen from the lower right two panels that the typical
mass term of tripletinos is smaller than the bino one and
that the lightest neutralino is truly dominated by the
tripletino. The spin-dependent DM direct detection con-
straints can easily be satisfied for this scenario thanks to the
suppressed interaction between the tripletino and Z boson
because of the custodial symmetry at tree level, as already
mentioned, while significant parameter space is excluded
by the spin-independent DM direct detection constraints.
Furthermore, similar to the binolike DM scenario, the key
mechanisms why the relic density can be so small are the
quintuplet Higgs funnel and the coannihilation with other
tripletinolike ewinos plus binolike neutralinos.

115006-11



SHANG, WANG, DU, YANG, and MORETTI

PHYS. REV. D 111, 115006 (2025)

In summary, although both of the highlighted scenarios
cannot be checked in the current DM direct detection
experiments, all the surviving data samples provided herein
will be testable at the forthcoming next generation of DM
direct detection experiments, especially PandaX-nT.
Furthermore, it might be possible to investigate the whole
parameter space if these are combined with the results from
next generation hadron colliders.

V. CONCLUSIONS

The SCTM, a supersymmetric generalization of the
Georgi-Machacek model, predicts a complex mass spec-
trum and rich phenomenology, with sparticles like gluinos
and top squarks having masses in the multi-TeV range,
which are then not constrained by current LHC results (and
only partially by the upcoming HL-LHC) but can only be
so by the next generation of hadron colliders (like the SPPC
and FCC-hh). In contrast, the rather degenerate Higgs
spectrum that we have found can well be checked already at
the planned HL-LHC.

Specifically, our work successfully identified viable
parameter space regions for tripletinolike WIMP-type
DM, a novel candidate with respect to traditional SUSY
scenarios, both minimal and nonminimal [131], despite the
increasingly stringent constraints coming from DM direct
detection experiments such as LZ, PandaX-4T, and

XENONNT. The suppressed gauge interactions of such a
DM due to a built-in custodial symmetry and the significant
coannihilation between tripletinolike ewinos and binolike
neutralinos allow much SCTM parameter space to remain
viable. Although some large portions of it are excluded by
DM direct detection constraints, others are still promising
and will be tested in a variety of future DM experiments.
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