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Abstract: We explore the diphoton and bb excesses at 95.4 GeV, as well as nano-Hertz gravitational waves origin-
ating from domain walls, within the framework of the next-to-two-Higgs-doublet model (N2HDM), which extends
the two-Higgs-doublet model by introducing a real singlet scalar subject to a discrete Z, symmetry. The Z, sym-
metry is spontaneously broken by the non-zero vacuum expectation value of the singlet scalar, vy, which leads to the
formation of domain walls. We discuss two different scenarios: in scenario A, the 95.4 GeV Higgs boson predomin-
antly originates from the singlet field, while in scenario B, it arises mainly from the CP-even components of the
Higgs doublets. Taking into account relevant theoretical and experimental constraints, we find that scenario A can
fully account for both the diphoton and bb excesses at 95.4 GeV within the 1o range. In the parameter space accom-
modating both excesses, scenario A fails to provide a valid explanation for the NANOGrav data up to vy = 1000
TeV, and the predicted gravitational wave spectrum can exceed the SKA sensitivity curve in the low frequency re-
gion. Scenario B only marginally accounts for the diphoton and bb. excesses at the 1o~ level, but it can simultan-

eously explain the NANOGrav data well.
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I. INTRODUCTION

The possibility of additional Higgs states beyond the
Standard Model (SM) is an open question. The emer-
gence of experimental anomalies hinting at a scalar res-
onance around 95.4 GeV has generated significant in-
terest within the high-energy physics community. Hints
of a light scalar near 95.4 GeV first appeared in searches
at LEP collider, where a 2.30 excess in the e*e” — Z¢
process with ¢ — bb was reported [1]. Recently, the CMS
collaboration has observed a local significance of 2.9¢ in
the diphoton invariant mass spectrum around 95.4 GeV
using full Run 2 data set of LHC [2]. The ATLAS experi-
ment has also observed an excess in the diphoton chan-
nel, albeit with a lower significance [3]. Neglecting pos-
sible correlations, the combined signal strength of AT-
LAS and CMS has a 3.10 local excess in the diphoton
channel around 95.4 GeV [4]. There are numerous ex-
planations on the excesses in the new physics models, for
example Refs. [4-62].

On the other hand, current observations from several
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pulsar timing array (PTA) collaborations have yielded
strong statistical evidence for a stochastic gravitational
wave background (SGWB) in the nano-Hertz regime, in-
cluding NANOGrav [63,64], the European Pulsar Tim-
ing Array (EPTA) [65,66], the Parkes Pulsar Timing Ar-
ray (PPTA) [67], and the Chinese Pulsar Timing Array
(CPTA) [68]. In addition to the supermassive black hole
binaries interpretation [69], there are various cosmologic-
al sources of the gravitational waves (GWs), such as cos-
mic strings [70—80], domain walls [81—93], primordial
first-order phase transitions [94—115], and inflation
[116—127].

In this paper, we explore the possibility of simultan-
eously explaining the observed excess of 95.4 GeV Higgs
boson and the nano-Hertz SGWB within the framework
of the two-Higgs-doublet model extended by a real sing-
let scalar, commonly referred to as the N2HDM
[6—8,128—130]. In this model, the 95.4 GeV Higgs boson
arises from the mixing among three CP-even scalar fields,
including the singlet field. In addition, the N2HDM re-
spects a discrete Z, symmetry, which is spontaneously
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broken by the non-zero vacuum expectation value (VEV)
of the singlet scalar. The spontaneous breaking of this
discrete Z, symmetry in the early Universe leads to the
formation of domain walls that separate regions of dis-
tinct vacua. The authors of [131] studied the possibility of
restoring the electroweak symmetry in the N2HDM via
the domain walls. To ensure that the domain walls are un-
stable and eventually annihilate, the discrete symmetry is
explicitly broken by introducing a very small bias term.
The peak frequency of GWs produced by the domain
walls is set by the time of annihilation, while the amp-
litude depends on the energy density of domain wall. This
model has the potential to generate domain walls whose
dynamics may produce GWs in the nano-Hertz fre-
quency band, offering a possible explanation for the
NANOGrav data.

The remainder of this paper is organized as follows.
In Section II we present the key features of the N2HDM.
In Sections III and IV, we examine the relevant theoretic-
al and experimental constraints, and discuss the explana-
tion of the diphoton and bb excesses at 95.4 GeV. In Sec-
tion V we explore the domain walls and the associated
GW spectra. Finally, we summarize our conclusions in
Section VI.

II. THE MODEL

The two-Higgs-doublet model is extented by-introdu-
cing a real singlet scalar,
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After spontaneous symmetry breaking, the fields @, ®,
and ®g acquire their VEVs v;, v, and v,, with
v=4/vi+v3 =246 GeV. The ratio of the two-Higgs-
doublet VEVs is defined as tanB = v, /v,.

The Higgs potential is written as
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We assume that the model conserves CP-symmetry,

meaning all coupling constants and mass parameters to be
real. The Higgs potential in Eq. (2) respects a discrete Z,

symmetry,
D - D, D, - Dy, Py - —Ds, 3)

which is spontaneously broken by the VEV of @y, giv-
ing rise to domain walls in the early Universe. The condi-
tions for minimizing the scalar potential lead to

1
Voml, —vimi, = E(vf/ll + V3V dss V2V A7), 4)
1
v]m%Z = Vzmgz = E(V%Vz/lms + V%/lz + V?Vz/lg) y (5)
1
— v_qmg = ivs(v%/b + vg/lg + vf/h,) s (6)

where /1345 =3+ A4+ 4As.

It is necessary to introduce an energy bias in the po-
tential, which lifts the degenerate minima connected by
the discrete Z, symmetry. This bias destabilizes the do-
main walls, thereby evading the associated cosmological
constraints [132—134]. Here we introduce the Z, sym-
metry-breaking potential term by hand,

Vlz = —CIIV?(DS + %(Dzv . (7)

The total potential still has minima at (vi,v,,+v;,), but
there is an energy difference between them

4
Voias = V(V1,V2, =) = V(vi,v2,V,) = galvi- (8)

In fact, since the required values of «a; is extremely small,
we only consider it in the discussions of domain walls,
and neglect it in other calculations.

Once spontaneous symmetry breaking occurs, the
mass eigenstates are derived from the original fields
through the application of rotation matrices

( hy,ha, hs )= ( P1,P25Ps )RT, )
G" \ [ cosp sing M (10)
A N —sin8 cosfB m ’
G* _ cosfB  sinf o7 (11)
H* —sinf cosf b3 '
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with
Ci1C2 $1C2 52
R= —81C3 = C15283 C1C3 — 815283 €283 (12)
$183 — 15203 —818203 —C183  C2C3
The shorthand notations are sy,3=sina;,3 and

123 =cosa;as. The G° and G* correspond to the Gold-
stone bosons, which are absorbed by the Z and W*. The
remaining physical states consist of three CP-even scal-
ars hy,3, one pseudoscalars 4, and a pair of charged scal-
ar H*.

The coupling constants in the Higgs potential can be
expressed in terms of the scalar masses and mixing angles
as
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with shorthand notation #; = tanp.

In order to avoid the flavor changing neutral current
at the tree-level, one imposes a Z’, symmetry (see, e.g.,
the recent review [135]),

(14)

Ugr — —Ug, dp = —dgr, eg > —ep, Dy > —D,,

while the other fields remain unchanged. This results in
the well-known type-I Yukawa interactions,

-L = Yo @L &)2 ur+ Yp QL o0, dR +Yp ZL D, e+ h.c..

(15)

Where QE = (ug,dp), L{ =(ve,lp), &)2 =it, D, and Y,

Y and Y, are 3x3 matrices in family space. However,
the Z’, symmetry is explicitly broken in the scalar poten-
tial of Eq. (2).

The neutral Higgs boson couplings, normalized to the
SM values, are given by

h /
W= eacp ¥y =2 (e = spiky)
hy _
Yy = C38p1 — $283C31,
h
yf2 =c3 (sﬁl +C/;1Kf> — 553 (c,;l - Sﬁle) .
h
W= —838p1 — $203Cp1,
3 —

y? =—933 (Sﬁl "rCﬂle) — 852C3 (Cﬁl — S,Blkf) N
V=0, ¥4 = —ix; (for w), y* = ik, (ford, £).  (16)

Here «; =1/tanB and V stands for Z or W. The shorthand
notations ; are- defined as ¢z =cos(B—-a;) and

Sp1 = Sin(ﬂ—al).
The charged Higgs Yukawa couplings are given by

V2

v

Ly = H* {12,- [Kf(VCKM)ij mg;Pr

— Ky My (VCKM)ij PL:|dj+Kf1_/mgPR[} +h.C., (17)

where i, j = 1,2,3 are the index of generation.

III. RELEVANT THEORETICAL AND EXPERI-
MENTAL CONSTRAINTS

In our discussions, we take into account the follow-
ing theoretical and experimental constraints:

(1) Vacuum stability. The following conditions are
required by the vacuum stability [129],

Q| or Qg (18)

with
Q= {/l],ﬂz,/lé >0; /A dg+ A7 > 0; /Ay + Ag > 0;
— A
/11/12+/l3+D>0;/l7+ /l—/ngO ,
2

Qz = {/1],/12,).6 > O; \/ /12/16 > /18 > — 4/ /12/16; \//11/16 >

A

—A7> — g
7 2,0

VB = 26) (G = d6) > A2 - (D+/l3)/16} .
(19)
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Here D = min(14 — |45/, 0).

(2) Tree-level perturbative unitarity. The eigenval-
ues of the 2 — 2 scalar-scalar scattering matrix are below
8r, which are [129]

|/1'; - /l4| <8

[A3 +244 £345| < 87

(/11 +h+ 1/ —42)2+413)
(/11 +h+ /(A = L) +4,1§)

471, || < 8,

<87

N — N =

<87

1
5|01,2,3| <8, (20)

where a, 53 are the real roots of the cubic equation,

0=4( =270 4225 + 124306 + 12430446 + 325 46
+ 60002 — 8430745 — 4dsdy s + 6, 13)
+ (36410, — 163 — 1630, — 425 + 182, 44
+ 181,16 — 445 - 4.43)

+ 22 (=6(A; + A3) = 32) + X . (21)

(3) The 125 GeV Higgs signal data. We identify h,
as the observed 125 GeV Higgs boson and use
HiggsTools [136] to compute the total x7,; based on the
latest LHC measurements of signal strength of the 125
GeV Higgs boson. HiggsTools integrates both
HiggsSignals [136,137] and HiggsBounds [138,139]. In
particular, we focus on the parameter points that satisfy
Xhs — X3y < 6.18, where x3,, stands for the SM predic-
tion value. These points are preferred over the SM at the
20 confidence level, assuming a two-parameter fit.

(4) Searches for additional Higgs boson at the col-
lider and flavor observables. We utilize Higgstools to
retain only those parameter points that are consistent with
the 95% confidence level exclusion limits from collider
searches for additional Higgs bosons. We employ
Superlso-v4.1 [140] to assess the bound of B — X,y de-
cay.

(5) The oblique parameters. The oblique paramet-
ers provide important constraints on the Higgs mass spec-
trum within the model. To ensure consistency with exper-
imental data, parameter points are required to lie within
the 20~ confidence region for both the S and T parameters.
This corresponds to y* < 6.18 for two degrees of freedom.
The corresponding fit results can be found in Ref. [141],

S =0.00£0.07, T =0.05+0.06, (22)

with a correlation coefficient pg; = 0.92.
In the model, the approximate calculations of the S
and T parameters are [142,143]

1
S=—5 { Z (FS (m%,mi_,mi)(—sﬁRi] +cﬁRi2)2
mz L2
+Fs (mé»mé, mﬁ,-)(cﬂRil + SBRi2)2
- m%Fso(mé,m; mii)(CﬁRil + S,BRi2)2)
— Fy(my, my.,my.) - Fs(my,my,m},,)
+ mﬁFso(mi,mi,mfef)} .
1 2 2 2
T= m {i;%(_FT(mhiamA)(_sﬁRil +csRpn)
2 2 2
+ Fr(mis,m;, )(cpRin — sgRin)
+3F(mz,m;, )(csRit + sgR)
- 3FT(m%V,m}2”)(C,8Ri1 + S,BRiz)z)
+ Fr(my.,my) — 3FT(m§,mfef) + 3FT(m€V,mfef) , (23)
with
1 ab a
Fr(a,b) = E(a +b) - i b IOg(g),
Fs(a,b,c) = By(a,b,c) — B»(0,b,¢),
FSO(a7 b,C) = BO(a’ b’ C)_BO(()’ b7 C) (24)
where
B(b)l[b+ ! 1/lXm(X')
s Uy == Y — A o - 5
»n(a,b,c 1 c 3 a 2/, X g i€
1
By(a,b,c) = —/ dx log(X —ie),
0
X=bx+c(l-x)—ax(1-x). (25)

IV. THE DIPHOTON AND b»b EXCESSES
AT 954 GEV

The combined analysis of ATLAS and CMS di-
photon data at 95.4 GeV reveals a 3.10 local excess [4].

exp —  ATLAS+CMS
ﬂ)/?/ ﬂ)/)/

=0.24709, (26)
Intriguingly, a persistent local excess with a significance
of 2.30- was also observed in the ete” — Z(¢ — bb) chan-

nel at LEP in the same mass region [1],
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exp

=0.117 £0.057. 27)

The observed excesses in the diphoton and bb chan-
nels at 95.4 GeV are attributed to resonant production of
the lightest CP-even Higgs boson, 4;. Under the narrow

width approximation, the corresponding signal strengths
can be formulated as follows:

BRyompm(hy — bl—’)
BRSM(h§244 — bl_?)

onoupm(ete” = Zhy)

SM
h95 4

MHop =
osmlete - Z

_ |y/‘,/1 |2 BRyonpm(h — b_l;) ’
BRSM(h95 4 — bb)
(28)
_ onoupm(88 — 1)  BRyowpm(h — yy)
v osm(gg — hg%) BRSM(hgs 4 =7Y)
~ | hi |z BRyoupm(h1 — vy) (29)

BRsm(h55y = ¥y)

To assess the capability to simultaneously account for the
observed excesses in the yy and bb channels, we conduct
a x3s analysis,

(ipp —0.117)?
0.0572

s (=024
X055 = 7700852

(30)

and explain the diphoton and bb excesses within the 20
ranges, namely y2s < 6.18.

In the model, the decay i; — yy is induced at the one-
loop level, whose width is calculated as

= 79) = a8 )+ P

25632

2
+ Y VNG Q3F ()| (31)
f

2

m- .
where 7i= —-, and N, and Q; are electric charge and

hy
the number of color degrees of freedom of the fermion in
the loop. The factor yy- is

R A 32
YH 2m,21tg111‘1 H (32)
with
1 mlz R11 R12 2 Rllsé RIZClzi
8hHH- = — | tm, +—
v SgCp L Cp Sp Cp Sg
+2m%_11[R1|C'3 +R125ﬁ]>
(33)

The functions F g/, are defined as [144]

Fi(r)=2+37+312-1)f(1),

Fip(m)=-2t[1+(1-1)f(1)],
Fo(r)=1[1-7f(1)], (34)
with
[sin'(1/ vO)I%, T>1
f@)= (35)

UGy ) —inP, T <]

where . = 1+ VI—1.
In ourcalculations, we take two different scenarios:
Scenario A: By choosing a small value of ¢,, the
95.4 GeV Higgs boson (h;) is predominantly singlet-like,
originating mainly from the singlet field ®5. Under the
approximation of s2 = sgn(s2)(1- 2) the couplings h,
and i3 normalized to the SM are given by

2
I © h
W= [$2]5513 + EC3Sﬁ1, yfz = 55| (Sﬁ13 +C/313Kf)
2
G
+ EC_@, (Sﬁ] +Cﬁ|Kf) N
h C% [
1
W= |s2lcpis — EQS,BI’ y‘fS = |5, (CﬁIS - S[mK/)
2

— 526'3 (S/;] +CB|Kf) , (36)

where cp13 = cos(B—a; — sgn(sy)as) and sg3 = sin(8—a—
sgn(sy)a;). The mixing parameters are chosen as follows:

0<¢, 204, s53=10, 0<¢ <10, 1 <tanB < 15.

(37

When s53 = 1.0 and ¢, approaches zero, the couplings of
h, to the SM particles converge to those of the SM Higgs
boson, which is favored by the observed signal data for
the 125 GeV Higgs.

Scenario B: The mixing parameters are scanned over
the following ranges:

0<c5 <04, -04<53<04, 0<c, <1, 1<tanB <15,
(38)

In the limits of ¢z — 0 and |s3] — 0, the couplings of &,
to the SM particles approach those of the SM, which is
favored by the signal measurements of the 125 GeV
Higgs. In addition, when ¢, — 1, the 95.4 GeV Higgs bo-
son (k) predominantly originates from the mixing of the



Haotian Xu, Yufei Wang, Xiao-Fang Han ef al.

Chin. Phys. C 50, (2026)

two CP-even components of the Higgs doublets.

After imposing the relevant theoretical constraints,
the oblique parameters, the Higgs signal data at 125 GeV,
searches for additional Higgs bosons at the collider, and
flavor observables, we identify the parameter space in
scenario A that accounts for the observed excesses in the
bb and diphoton channels at 95.4 GeV in Fig. 1. As indic-
ated by Eq. (36), within the selected parameter space of
scenario A, the coupling of &, to vector bosons, y!2, tends
to be smaller than its coupling to fermions, y}}z, as illus-
trated in the left panel. The Higgs signal data at 125 GeV
impose a lower bound on y!?, requiring y? > 0.93. In the
parameter space consistent with the 125 GeV Higgs
measurements, collider limits on additional Higgs bosons,
and constraints from flavor physics, the coupling yi' is
restricted to values below 0.38. Furthermore, the condi-
tion y3 < 6.18 is satisfied in the region of 0.2 < y!! <0.38,
with }’?l bounded from below. In addition, the Higgs sig-

nal data at 125 GeV exclude a small corner of the para-
meter space characterized by ¢z — 1 and ¢, —» 04. In
such region both y? and }’?2 can exhibit significant devi-
ations from unity.

As shown in the left panel of Fig. 2, the value of y3s
is sensitive to y}' and yffl, and decreases as they increase.
The condition 3 <2.3 is satisfied in partial region of
parameter space, with the minimum value attaining 1.2,
which indicates that the model can explain the diphoton
and bb excesses within the 1o ranges. The signal strength
Wy is proportional to |y} |>. Meanwhile, the W-loop can
play an important contribution to the width of A; — yy,
and therefore the signal strength u,, is also affected by
yy'. The interpretation of the bb excess imposes a lower
bound on_ly}'l::Because of ! = c,cp, the value of y2
tends to decrease as ¢, and ¢ increase, as shown in the
middle panel of Fig. 2. When cg, or tanf is large, the Y}’
will has a mild dependence on tang (See Eq. (16)). From

1.02

0.98}
<L
= 0.96}
0.94}
_0.2 L
0.92}
L L L L L _03 L L
0.92 094 096 098 1.00 0.0 0.1
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Yv
Fig. 1.
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h
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(color online) In scenario A, the parameter space is progressively constrained by sequentially imposing the following: theoret-

ical requirements and the oblique parameters; the signal data of the 125 GeV Higgs boson; searches for additional Higgs bosons at the
collider and flavor observables; and finally the condition y3; < 6.18. The surviving parameter points at each stage are represented by

green bullets, cyan squares, blue-edged squares, and red pluses, respectively.
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(color online) In scenario A, the surviving parameter points satisfy x5 < 6.18 and simultancously meet the theoretical con-

straints, the oblique parameters, the Higgs signal data at 125 GeV, searches for additional Higgs bosons at the collider, and flavor ob-

servables.
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the right panel of Fig. 2, it is observed that the value of
X35 shows limited sensitivity to tang.

Similar to Fig. 1, we display the parameter points for
scenario B that accounts for the observed excesses in the
bb and diphoton channels at 95.4 GeV in Fig. 3. Unlike
scenario A, the allowed region in scenario B includes not
only the positive yl}l region but also a narrow band where
yf«' takes negative values. The signal data of the 125 GeV
Higgs boson requires a small ¢y, allowing for a negative
Y}, see Eq. (16). The condition y2 < 6.18 is satisfied in
the region of 0.18 < ¢5 < 0.35 and 0.88 < ¢, < 1. For such
large c,, the 95.4 GeV Higgs boson mainly originates
from the mixing of the two CP-even components of the
Higgs doublets.

As in scenario A, the value of y3 in scenario B de-
creases as y'! and |} | (c, and cg ) increase, as illus-
trated in the upper-left panel and upper-right panel of Fig.
4. However, different from scenario A, the minimal value
of x25 in scenario B only reaches to 2, suggesting that the
model can only marginally explain the diphoton and bb
excesses at the 1o level. Furthermore, the condition
X35 <6.18 disfavors a narrow region around tanp ~ 4,
where the value of |Y}' | is significantly suppressed. The
parameter s; is favored to vary from -0.3 to 0.25, and is
not sensitive to c,. Its absolute value decreases with in-
creasing ¢z in order to maintain a sufficiently large y}? to
accommodate the signal data of the 125 GeV Higgs bo-
son.

V. DOMAIN WALLS AND GRAVITATIONAL
WAVES

The classical scalar fields are parameterized as

where z is a coordinate perpendicular to domain walls
[145]. The expression for the energy density of the do-
main walls is given by

1 1 1
Ewall = 5(3z¢1)2 + 5(6#1)2)2 + §(5z¢s )

+V(p1.¢2,¢5) = V(vi,v2,vy), (40)
with the scalar potential
m? A m3
Vgrdabs) = S b+ b+ 203
A A
g O midi b+ =003
ml A A
+ O+ T
A a
HLBS a5 (4D
The equations of motion for domain walls are
d2 i aV s >
OO NOLT0S) (4= gybnte). (@)

de (9¢,

with the boundary conditions

1imz—>ioo ¢1(Z) =V, 1imz—>ioo ¢2(Z) =V, 1imz—>ioo ¢S (Z) = tv;.
(43)

We modify CosmoTransitions [146] to approximately
solve Egs. (42) and (43), and relevant computational de-
tails are provided in [146,147]. The domain wall tension
Owar 18 computed through an integration of the energy
density &y, over the z axis,

(44)

T wall = f dz .

0 0
D, = $1(2) , @ = $2(2) , Og = ¢y(2),
V2 vz
(39)
13
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(color online) Same as the Fig. 1, but for scenario B.
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Domain walls must collapse before they can over-
close the Universe. The volume pressure induced by en-
ergy bias (Vy,s) exerts a force on the domain walls, and
drives the contraction of regions occupied by the false va-
cuum. The collapse of domain wall occurs when the
volume pressure force becomes comparable to the ten-
sion force. The characteristic temperature at which the
domain walls annihilate can be estimated by [148,149]

* Tann —1/4 A— >
Ty = 3.41 x 102 GeV C;I}I{ZA‘”Z(‘%) G Vele
(45)
with
Owall Vbias
Awa E ey jias = 46
O wall T6V3 bi M6V4 ( )

In this analysis, we adopt a constant C,,, =5 [149] and
set the area parameter A ~ 0.8 for the Z, symmetric mod-
el [148]. The energetic particles released from the col-
lapse of domain walls have the potential to disrupt the
synthesis of light nuclei formed during Big Bang Nucle-
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(color online) Same as the Fig. 2, but for scenario B.

osynthesis (BBN) [150]. To preserve the successful pre-
dictions of BBN, it is therefore imperative that the do-
main walls annihilate before the BBN epoch,
Tumn > Ten = 8.6 % 1073 GeV. In addition, in order to en-
sure that domain walls annihilate before their energy
density dominates the Universe, a lower bound must be
imposed on Vi, [149]

1/4 5 i LAt
VIS 218%107° Cha A262,.

bias

(47

Following the annihilation of domain walls, a SGWB
is produced, and the peak frequency is given by [148]

_ *(Tann) *S(Tann) - Tann
foeae ~11x 107 Hz (& o )8 o) 1/3(1GeV)
~3.75% 10~ Hz (g*(lz;;mn))1/4(g*s(17(;ann))_1/3
<CAPA PR,
(48)

Here, g.(Ta) and g.,(T.) count the relativistic degrees
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of freedom contributing to the energy density and the en-
tropy density. Within the temperature range
1MeV < Ta S 100MeV, both quantities take the value
10.75 [151].

The peak amplitude of the GW spectrum at the
present time is [148,149]

(g*s(Tann) )-4/3

Qg I* =53 10 &awA*C, (555

ann

g*(Tann) ¢
x 0 )& (49)
with &w =~ 0.7 0.4 [148]. Given an arbitrary frequency f,
we use [148,152]

3
Qewhz(fqgmk):fzges&hz( f ) ,

50
fi)eak ( )
QGth(f > fpeak) = QpGe\‘Jl\}(h2 (fi’;‘ak> . (51)

In our discussions, we take 10 Hz < fio < 107 Hz,

and get T,,, from the first line of Eq. (48). Vi is Ob-
tained from the second line of Eq. (48) with fh.« and
O0war calculated in the parameter points accommodating
the diphoton and bb excesses at 95.4 GeV. In Fig. 5 and
Fig. 6, we display the parameter points that satisfy
x2s < 6.18 and Qv h? > 1075 for fy.q = 10~ Hz while re-
maining consistent with relevant theoretical and experi-
mental constraints mentioned above, for scenario A and
scenario B, respectively.

The peak amplitude Qs increases with decreasing
fpear and increasing & wa, as indicated by the second line
of Eq. (48) and Eq. (49), and as illustrated in the upper-
left and upper-right panels of Fig. 5. In scenario A, al-
though the 95.4 GeV Higgs boson (k) predominantly
originates from the real singlet field, it must include non-
negligible components of the Higgs doublets to acquire
the necessary couplings to gauge bosons and fermions,
thereby accounting for the observed diphoton and and bb
excesses at 95.4 GeV. Thus, both R;; and R;, can not ap-
proach to zero, theoretical constraints on A;,,3 will im-
pose a lower bound on my,, my, <1.5 TeV (see the first
three lines of Eq. (13)). As a result, according to the sixth

10—7 : : : loglo(fpeak) 10—7 : 10210((31,“11)
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Fig. 5. (color online) In scenario A, the parameter points satisfy Q"GC\?}‘hZ > 10715 and yZ < 6.18, while also complying with the theoret-

ical and experimental constraints discussed above.
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Fig. 6. (color online) Same as the Fig. 5, but for scenario B.

line of Eq. (13), A¢ decreases with increasing v,, yielding
a range of 1078 < s < 107 for 14 TeV < v, < 1000 TeV.
Although A¢ decreases as v, increases, the domain wall
tension G,y still grows rapidly.

In scenario B, the 95.4 GeV Higgs boson predomin-
antly originates from the CP-even components of the
Higgs doublets. Even though the mixing between the
singlet and doublet components vanishes (i.e., R3; — 0
and R;, — 0), the 95.4 GeV Higgs boson still can interact
with gauge bosons and fermions to explain the diphoton
and bb excesses at 95.4 GeV. Therefore, theoretical con-
straints on 4,3 allow m, to have a large value, reaching
up to 20 TeV for sufficiently small s, and s;. Con-
sequently, A is sensitive to s, 53, and v,, and can attain
larger value as s,, s3, and v, decrease, as illustrated in the
lower-middle and lower-right panels of Fig. 6. Since the
domain wall tension G, mainly depends on v, and A,
as shown in the lower-left panel of Fig. 6, the value of
G wan 1n scenario B can be much larger than that in scen-
arioA, thereby significantly enhancing Q.

We pick out four benchmark points: BPA1 and BPA2
for scenario A, and BPB1 and BPB2 for scenario B, and
display the key input parameters and results in Table 1.
We take BPA2 as an example, and show the domain wall
profiles of ¢, ¢,, and ¢, for the BPA2 in Fig. 7. From

Fig. 7, one can deduce that the domain wall tension o
is predominantly determined by the singlet field ¢,(z)
when v, is very large.

We examine the GW spectra for the four benchmark
points, which are shown along with the result of the
NANOGrav dataset and the sensitivity curve of SKA in
Fig. 8. For the BPB1 with v, ~ 980 TeV, the predicted
GW spectrum can account for the entire frequency range
of the NANOGrav data, from low to high frequencies.
For the BPB2 with v, = 730 TeV, the predicted GW spec-
trum explains the NANOGrav data in the low frequency
region (f < 4x 1078 Hz) but fails to extend into the high-
er frequency range. From the parameter points shown in
Fig. 5, we select the one with the largest domain wall ten-
sion as BPA1. However, the peak amplitude of its GW
spectrum only fits the edges of several low-frequency re-
gions of the NANOGrav data. As illustrated in Fig. 8, the
GW spectra corresponding to BPA1 and BPA2 exceed
the SKA sensitivity curve in several low frequency re-
gions.

We perform a Bayesian analysis of our model using
PTArcade [154] and the NANOGrav 15 year data. We
employ the Ceffyl mode [155] to derive the posterior dis-
tributions of the model parameters. The Enterprise mode
[156] is used to evaluate the Bayes factor of our model
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Table 1. Input parameters and results for the BPA1, BPA2, BPB1 and BPB2. Here my,, =95.4 GeV and mj, = 125.5 GeV are fixed.
my, (GeV) my(GeV) mys(GeV) m2, (GeV)> tan  si 5 53 vs(GeV) As Gall Speak ngv‘;"hZ X35
BPAl 91225  887.14 91225  208668.96 3.51 0.9569 0.9362 —0.9998 999021 101x10~8 6.69x10* 7.0x10~° 2.00x10-8 1.89
BPA2 312.53 46511  465.11 1577826  5.13 0.8331 0.9580 —0.9235 101267 1.05%10~5 7.10x102 15x10~° 2.26x10-12 4.61
BPBl 18418.07 414.86  414.86 553.96  12.53 0.1575 0.0046 0.0350 982846 351x10~* 1.19%107 1.1x10-8 722x10-8 5.77
BPB2 13474.82 476.88  476.88 1161.65 530 0.1081 0.0047 0.0313 728781 342x 104 4.78x10° 14x10=° 1.03x10-8 3.01
100000 106 . _
107 :
-8 :
10 SKA'}
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S ‘:',: 10-11
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e 0 c
> 1013
w
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— s f(Hz)
—100000 . . 5 .
010 —005 0.00 0.05 0.10 Fig. 8. (color online) The GW spectra Qgwh* as a function
z (Gev™) of the frequency f. The result of the NANOGrav dataset
Fig. 7.  (color online) The domain wall profiles of ¢1, ¢, [63,64] and the sensitivity of SKA [153] are also displayed.

and ¢ for the BPA2.

relative to the supermassive black hole binaries (SMB-
HB). The GW background signal from -SMBHB is
modeled as a power law of the form,

f

27T2A%3HB (
Jyr

5=y,
3H0 ) BHB

Qaw(f)n* = fo (52)

wheres f,, =year' =3.17x10"® Hz and H, is the
present-day value of the Hubble rate. We adopt a two-di-
mensional Gaussian prior for ypyp and Apyp, derived
from a power-law fit to the simulated SMBHB popula-
tions [69], as implemented in PTArcade.

In Table 2, we provide the priors for parameters of
scenario B in our model and the Bayes factor. For very
large v, in the range of 500 TeV and 1000 TeV, the do-
main wall tension o, is almost entirely determined by
As, while being insensitive to other parameters. Con-
sequently, we fix all parameters except v, and A4 for sim-
plicity. We assume that the singlet scalar field exhibits
mild mixings with the two Higgs doublets, leading to
non-zero values of s, and s;. As a result, the couplings of
the 125 GeV Higgs boson deviate slightly from the SM
predictions, which might be tested at the future CEPC. A
detailed study of this aspect will be performed in future
work. For the chosen values of s, and s3;, as well as
vy ~1000 TeV, theoretical constraints require

As < 0.0004. Simultaneously, we impose that the di-
photon and bb excesses at 95.4 GeV are accommodated
within the 20~ ranges. The Bayes factor is estimated to be
approximately 22. The posterior distributions of paramet-
ers are shown in Fig. 9. The maximum posterior value of
fpeak 18 1.2%x 1078 Hz, while 15 <2.4x10™* and v, <870
TeV respectively lie outside the 68% credible interval.
For scenario A, even within the optimistic prior ranges,
the Bayes factor is found to be nearly zero, consistent
with the results shown in Fig. 8.

VI. CONCLUSION

After imposing relevant theoretical and experimental
constraints, we studied the diphoton and bb excesses at
95.4 GeV, along with the nano-Hertz GW signatures ori-
ginating from domain walls, within the framework of the
N2HDM. We consider two scenarios: in scenario A, the
95.4 GeV Higgs boson is primarily singlet-like, whereas
in scenario B, it mainly originates from the CP-even com-
ponents of the Higgs doublets. We find that scenario A is
able to fully reproduce both the diphoton and bb ex-
cesses at 95.4 GeV within the 1o range. However, in the
parameter space that accommodates both excesses, scen-
ario A does not offer a valid explanation for the NANO-
Grav data up to v, =1000 TeV, and the resulting GW
spectrum can surpass the SKA sensitivity curve at low
frequencies. Scenario B provides a marginal explanation
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Table 2. Summary of model parameters and prior ranges. Bayesian factors, BFyx, with Y representing scenario B and X denoting
SMBHB.
my, (GeV) my, (GeV) my =my=(GeV) mi, (GeV)* tanf s1 5 53 vy(100 TeV) A 10g10(fpear) BFyx
. Uniform Uniform Uniform
scenario B 95.4 125.5 410 550 12 0.16 0.004 0.035 22.41+6.75
[5,10]  [0.0001,0.0004] [-9, 7]

v5(100 TeV)

—7.9F

—-8.0

log10(fpear)

Fig.

Il NANOGrav 15yr

—8.1F

e A B
—8.1 —8.0 —7.9
logio(fpeak)

e S "
A6 x1074 v5(100 TeV)

9. (color online) Corner plot of the posterior distribu-

tions of the parameters with the 1o (dark)and 20 (light) cred-

ible regions. The diagonal plots are the marginalized 1D dis-
tributions with the vertical lines indicating the 68% and 95%
confidence level intervals.

of the diphoton and bb excesses at 95.4 GeV at the 1o
level, but it can simultaneously offer a good explanation
for the NANOGrav data.

Our work highlights the complementary roles of col-
lider signals and GW observables in probing the nature of
the extended Higgs sector. Although the 95.4 GeV ex-
cess reported by CMS, ATLAS, and LEP has not yet
reached the discovery level of statistical significance, its
consistent appearance across multiple experiments has in-
spired extensive theoretical interest, making it a well-mo-
tivated phenomenon to investigate. To our knowledge,
our work is the first to simultaneously explain both the
NANOGrav data and the 95.4 GeV Higgs boson excess,
realized here within a coherent N2HDM framework. We
explicitly identify specific scenario within the N2HDM in
which this dual explanation can be realized. Our work ex-
tends previous studies of the N2HDM by connecting col-
lider and cosmological phenomena.
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