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95 GeV excess in the Georgi-Machacek model:
Single or twin peak resonance
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In this work, we investigate the possibility to address the excess observed around 95 GeV in the yy, 77,
and bb channels as a scalar resonance(s) within the Georgi-Machacek model. In our analysis, we find that

the excess can be easily accommodated in the channels (yy and bb) simultaneously, where the 95 GeV
candidate is a single peak resonance (SPR) due to a light CP-even scalar. We found that the excess in the 77

channel can be addressed simultaneously with yy and bb only if the 95 GeV candidate is a twin peak
resonance (TPR), i.e., another CP-odd scalar in addition to the CP-even scalar. We demonstrate that
the nature of the 95 GeV scalar resonance candidate (SPR or TPR) can be probed via the properties of its

di-z decay.

DOI: 10.1103/PhysRevD.110.035010

I. INTRODUCTION

Since the Higgs boson discovery with a mass around
125 GeV [1], the question about how the electroweak
symmetry breaking (EWSB) proceeded remains open. It is
not clear yet whether the EWSB proceeded via a single
Higgs as in the standard model (SM) or via many scalars
as in many SM extensions. Therefore, the LHC physics
program is devoting many searches and analyses to the
search for a di-Higgs signal and the search for additional
scalar resonances, whether they are heavier or lighter than
the 125 GeV Higgs, for example, see Refs. [2,3].

Although many searches for light scalar () have been
performed at LEP and the LHC (8 + 13 TeV), where
an excess around 95 GeV has been reported in the
channels [4-7]
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with local significance values 3.20 [8], 2.2¢ [4], and
2.30 [9], respectively.

Regarding the significant difference between the
observed values in (1), addressing the excess in the three
channels simultaneously via a single particle is a very
difficult; see, for example, [10—-43]. From a model building
point of view, in order to explain the excess in the different
channels (1) as a scalar resonance, the 95 GeV scalar
candidate should have SM-like couplings. In many new
physics (NP) models, the 95 GeV scalar resonance candi-
date exhibits couplings to both gauge bosons and fermions

that scale similarly with respect to the SM values, i.e.,
NP SM

!]“—f,! ~ gé’% A NP model can successfully address the excess

v hvv

in these channels simultaneously if the couplings of the
95 GeV scalar resonance candidate to the SM fermions

. @r g™ .
and gauge bosons are uncorrelated, i.e., qN"—’,J # gs”% This
Ipvv hvVV

feature does exist in the so-called Georgi-Machacek (GM)
model [44], where it has been shown that a viable para-
meter space exists for the light CP-even scalar case (1)
with SM-like couplings [45]. Many phenomenological
aspects of this model have been extensively studied in
the literature [46-72].

The GM scalar sector has a residual global custodial
SU(2), symmetry after the EWSB, where its spectrum
consists of two CP-even singlets (h and #), a triplet
(HY,H%), and a quintuplet (HY,HZ,HE*). In this study,
we explore whether the 95 GeV scalar resonance candidate
could be the CP-even scalar single peak resonance (SPR) 5
(with a mass around 95 GeV), or a twin peak resonance
(TPR) consisting of both the CP-even # and CP-odd HY,
each with a degenerate mass around m, =~ m HO ™ 95 GeV.
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A viable parameter space can be defined by confronting
these two possibilities with the relevant theoretical and
experimental constraints.

This work is organized as follows: in Sec. II we review
the GM model where we define the mass spectrum and the
relevant scalar couplings. Then, in Sec. III, we discuss the
different theoretical and experimental constraints relevant
to our study. We discuss the 95 GeV signal excess in the yy,
7, and bb channels within the GM model in Sec. IV, where
the relevant parameter space is identified. In Sec. V we
discuss the possibility of distinguishing the SPR and TPR
scenarios using the di-z channel. In Sec. VI we give our
conclusion.

II. MODEL, MASS SPECTRUM & COUPLINGS

In the GM model, the scalar sector consists of a doublet

(", 9", a complex triplet (y**, ", x%)7, and a real
triplet (£+,£°, —&7)" with the hypercharge ¥ =1, 2, 0,
respectively,
hy=iay e+
hy—iay ¢+ V2 é X
V2 - +
o= b A= = he x" |. (2
_4)_ d)\/i 2 __ _ h,+ia
S Sl o

where the tree-level custodial symmetry is ensured by
the scalar vacuum expectation values (VEVs) choice
|

{(hg). (hy). (he)} = {v4 V20¢,0:} with 0] + 807 = vdy;.
The GM scalar potential is invariant under the global
symmetry SU(2), x SU(2)p x U(1), and given by

V(d,A) = mi Tr[qﬂ@] + ’%%Tr[N'A] + 2, (Tr[®Td])?

+ ,12Tr (@ @] Tr[ATA] + 45 Tr{(ATA)?]

a b
+ A4(Tr[ATA])? = AsTr {cpT %@%]
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b
 Tr[ATTeAT?] — i, Tr {qﬂ %CD%] (UAUY),,

— i T[ATTCAT?(UAUT) . (3)

where ¢!'23 are the Pauli matrices and T'->3 correspond to

the generators of the SU(2) triplet representation and the
matrix U is given in [44]. The GM scalar potential (3) is
invariant under the global symmetry SU(2), x SU(2)g %
U(1), that is broken to a residual SU(2), during the
EWSB. The scalar spectrum includes three CP-even
eigenstates {hy,h,.h:} — {h,n,Hg}, a neutral Goldstone
and CP-odd eigenstate {a4,a,} — {G° H3}, a charged
Goldstone and two singly charged scalars {¢*, y*, ££} —
{G*,H5, HE}, and one doubly charged scalar y** = H¥*
that are defined as [44]

h=cyhy— \/_(\/_h + he), n_shq;—&—\/_(\/_h + he), \/hé \ﬁx,
1
Hy=—spay +epay, Hy =—spp™ 4500+, H3 :ﬁwi -8, HyE =7 (4)

with s, =sinx, ¢, =cosx (x =a, f), and g = tanf =
V80:/vy and tan2a = 2M?3,/(M%, — M?,), where M? is
the scalar squared mass matrix in the basis

{hy, \@hx + %h,’e}. One has to mention that the CP-even

scalar H? = \/%hg —5h,
fermions, and therefore cannot play any role in explaining
this anomaly.

In this setup, the CP-odd scalar HJ couples to the SM
fermions but not to both gauge bosons; however, the CP-
even scalar 7 (95 GeV candidate) has SM-like couplings to
the gauge fields and fermions. Let us define the SXX
coupling modifiers with respect to the SM in the GM model

with S = h,n, H and X = p,7,b,c, W, Z,y,§. Let us call

does not couple to the SM

GM
g .
Qx = géﬁx for Qx = Kx, €X7 19)(, 1.€.,
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Here, we have FF = u, 7, b, ¢c and V = W, Z. The scalar
gluon effective vertices are mediated by the top/bottom
quark loops, which implies ¢; = ¢p, while the scalar
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photon effective coupling modifiers are given by

ovAT (4miy [ m3) + op 3AT), (4m7 /m3) + oF

GM
LT (4 ) + 55 55 03 A (4 )

Qy =

one-loop functions A!” are given in [73].

; (6)

AT (4miy /m3) + %A@z@mz/ms) +3 A1/2(4m%/m§)
|
where X = Hy,HT, H* stands for all charged scalars  the narrow width approximation (NWA) as
inside the loop diagrams, Qy is the electric charge of the
field X in units of |e|, g$¥ are triple couplings of the scalar u, = o(pp = §) x B(S — XX)
S = h,n, HY to the charged scalars, respectively, and the T 6M(pp — h) x BM(h - XX)
= G (T5/T3)" )

One has to mention that in the GM model, there exists an
invariance under the transformation (v, 1 5) = (=0, —H1 2),
which means V(®, A, u;,) = V(®, —A, —p; 5). The scalar
mass matrix elements also remain invariant under this
transformation. However, because the physical scalar
eigenstates are mixtures of the components of the doublet
and triplets, most of the physical triple and quartic scalar
vertices are not invariant under (vg,pty,) = (—vg —p12).
This implies that any two benchmark points (BPs) with
the same input parameters but with different signs of
(%14, £p,,) are physically different. This can be easily
seen in the couplings modifier (5); thus, negative 7 values
should not be ignored in the numerical scan.

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

In our analysis, we consider many theoretical and
experimental constraints such as tree-level unitarity, bound-
ness from below, Higgs measurements (total decay width
and coupling modifiers), and different negative searches at
LEP and the LHC. These constraints are detailed in [45,71].
It has been shown that the GM scalar potential may
acquire some minima that violate the CP symmetry or the
electric charge that are deeper than the electroweak vacuum
{0y, ﬂvg, v¢}. This fact excludes about 40% of the para-
meter space that is usually considered in the literature [71].

Since the scalar resonance candidates 7 and HJ mass is
around 95 GeV, their decay is mainly to uu, 7, bb, cc,
v7,§g. For the Higgs and the 95 GeV scalar resonance
candidates S = h, 7, H3, one writes

It =T >~ g3 BM(S — XX),
X=SM

B(S — XX) = ox(Ts/T$¥) 7, (7)

where the SM numerical values of T$¥ and BSM(S - XX)
are given in [74]. This allows the partial signal strength
modifier at the LHC for the scalar S to be simplified within

where I'g and T'§™ are the scalar total decay width and its SM
values, i.e., FSM M (m;, — mg). One has to mention that
in this setup, the channels & — nn, H3Hz, HsHs and n —
WW,ZZ,H3H3,HsHs (HS > WW, HsHs) are kinemati-
cally forbidden due to m, ~95 GeV (m HO ™ 95 GeV).

Here, we consider the experimental measurements of
the Higgs total decay width (I'), = 4.673¢ MeV [75]), the
electroweak precision tests, and the Higgs strength signal
modifiers ply for X = u,7,b,y, W,Z [75]. One has to
mention that the Higgs strength modifiers p/%, for X = p, 7,
b, W, Z can be obtained from (8) by replacing ¢y by ky
in (5), while for //l;'y, 0x should be replaced by «, in (6). In
order to ensure simultaneous matching for all previous
observables, we define a ;(2 function

8 8 O _ Oexp 2
Bu=> 1= <W> : )
o=l 0=1

where the observables O denote (1) the Higgs total decay
width (I'), the Higgs signal strength modifiers (from 2 to 7)
(,uﬁx forX = u,7,b,y, W, Z), and (8) the oblique parameter
AS. One notices that the contribution of yf,‘y to (9) is more
important than those of luftlﬂ,fr,hh,WW,ZZ since it depends on
the charged scalar masses and scalar couplings in addition
to the mixing angles @ and £ [71]. In our analysis, we
consider a precision of 95% C.L., i.e., y3y < 12.59 for
eight variables. The experimental values of the oblique
parameter in (9) are S =0.06£0.10 [75]. One has to
mention that the oblique parameter S was estimated in [61],
while the oblique parameter 7' cannot be estimated in the
GM model since the hypercharge interactions break the
SU(2), global symmetry at one-loop level, yielding a
divergent value for the 7 parameter [55,76].

Besides the above-mentioned constraints, others should
be considered like the negative searches for doubly charged
Higgs bosons in the VBF channel H * — W™W™ and the
Drell-Yan production of a neutral Higgs boson pp —
HY(yy)H{, which gives strong bounds on the parameter
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space [70]. It has been shown in [70], that the doubly
charged Higgs bosons in the VBF channel leads to important
constraints from CMS on s x B(H{™ — W W) [77].
The negative search of the quintet in the diphoton channel
H g — yy is translated into bounds on the fiducial cross sec-
tion times branching ratio ogq = (ng Hi X €4+ 0= X €_)X
B(H?—yy), which is constrained by ATLAS at 8 TeV [78]
and at 13 TeV [79]. To incorporate these constraints into
our numerical analysis, we utilized the formulas for the
decay rate and the cross section, as well as the efficiency
values used in [70]. Regarding the bounds from the null
results in searches for H{™ — WTWT, the CMS analysis
[77] only considered masses of ms > 200, GeV. Therefore,
we extrapolated the existing bounds down to ms > 78, GeV.

At LEP, the negative searches for SM-like light scalars at
low mass range m, < 100 GeV impose a significant bound
on the cross section of e"e™ — 5Z [80], i.e., the factor C%/.
However, one notices that this bound is easily satisfied for
the mass values around 95.4 GeV [45]. Another search
of the light SM-like scalar in the diphoton channel with
masses in the range 70—110 GeV has been performed by
CMS at 8 TeV and 13 TeV [81], where upper bounds are
established on the production cross section a(pp — 1) x
B(nn = yy) scaled by its SM value, i.e., the factor (%.57,
where {y’s are defined in (5) and (6). Concerning the CMS
bounds [81] on the production cross section of the CP-odd
scalar o(pp — HY) x B(H} — yy), the bounds are auto-
matically fulfilled since |95.9,| < |{.C,| for all the viable
parameter space.

Since the charged triplet H5 is partially coming from the
SM doublet as shown in (4), it then couples the up to the
down quark in a similar way that the W gauge boson
does. These interactions lead to flavor violating processes
such as the b — s transition ones, which depend only
on the charged triplet mass m5 and the mixing angle . The
current experimental value of the b — sy branching ratio,
for a photon energy E, > 1.6 GeV is B(B — XV )exp =
(3.55 +£0.24 £0.09) x 104, while the two SM predic-
tions are B(B - X,y)gy = (3.15+0.23) x 10~* [82]
and B(B = X,y)sy = (2.98 £0.26) x 107 [83]. In our
numerical scan, we will consider the most severe bound on
the mj3-v, plan that shown in Fig. 1 in [61].

IV. THE EXCESS IN THE yy,7z
AND bb CHANNELS

Here, we estimate the excess observed by both LEP and
LHC around the 95.4 GeV mass value in the channels yy,
7z, bb, where the signal resonance is assumed to be a CP-
even scalar for 93 GeV < m, < 97 GeV or a superposition
of two resonances if 93 GeV < m,, myo < 97 GeV. Then,
the 95 GeV signal resonance signal stréngth modifiers can
be written in the NWA as

95 (HY)
ﬂl(’}’ )= ﬂa(f}y + yy’

= G, /TS + 9302 /TS) .

95 HY
ul) = ) 4 )

= CHE, /TS + 0Ty /TS

95 _
Hyy = My = C3CH(T,/TM) . (10)

One remarks that the signal /4,(39;) does not include the

S HY) .
contribution '“57133) since the CP-odd scalar HY does not

couple to the Z gauge boson. Clearly, the CP-even scalar
Hg cannot play a similar role as H9 since it does not couple
to quarks and therefore cannot be ggF produced at the
LHC, and it also does not decay into the SM fermions if
produced at LEP.

In order to estimate the relative contributions p,, .. =

0
uﬁf}l / //tl(/?sf)f in (10), one has to mention that because the H 2
total decay width is much smaller than its corresponding
SM value, the factor (I'yo/T'33')~" may lead to a significant
E 3
enhancement for ﬂg?,'sf)f. In addition, the effective coupling
modifier 9, is very suppressed due to the absence of the

gauge and scalar contributions to 9, in (6). This makes
0
the ratio p,, = ,ug]3) / ﬂS‘iS) comparable to unity; but p,, =

yxl% / ﬂﬁs) is very suppressed, as will be shown next.

By considering all the above mentioned constraints
discussed in Sec. III, we perform a numerical scan, where
the masses lie in the ranges 93 GeV < m, <97 GeV and
78 GeV < mj3, ms < 2 TeV, where mj; 5 are the triplet and
quintuplet masses, respectively. The triplet mass ranges
93 GeV < m3 < 97 GeV correspond to the TPR case,
while the rest of the ms values correspond to the SPR
scenario. In addition, we impose the SM-like Higgs con-
straints to be fulfilled at 95% C.L. by taking ;(%M < 12.59,
where y3,; is defined in (9).

Concerning the 95 GeV signal excess (1), one defines the
functions ;(%M as

2,2 2 2,2 2 2
)((2) *Z;/y +)(bl;’ )((3) *)(yy +Xbl; +)(‘r‘r’

Hi—HiT\?
i) o
which are useful to check for whether the excess can be
addressed simultaneously in the channels yy, bb and/or yy,
7z, bb, respectively. In our analysis, we will consider only
the BPs that address the three channels simultaneously

within 2 — o, i.e.,;(%3> < 8.02. In Fig. 1, we show the signal
strength modifier values (10) and the )(%2> ()(%3)) function for
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FIG. 1. The signal strength values (10) for 2¢ viable BPs with ;(%3) < 8.02, Z§M < 12.59 in the cases of SPR (top) and TPR (bottom).
The black point represents the best fit BPs that corresponds to BP,: y%, = 3.487 and BP,: y2, = 1.796 for the SPR (top) and TPR

G G

cases, respectively. The yellow point in the upper panels represents the best matching of the excess in the channels yy and bb
(BP;: ;(%2) ~ 107%). In the right panels, the ;((22) ()(?3)) function (11) is shown in the upper (lower) palette.

the considered BPs in the SPR (TPR) scenario in the up
(bottom) panels.

From the upper panels in Fig. 1, one remarks that the
excess in the channels yy and bb is easily matched
simultaneously in the SPR case, where the matching could
be exact for some BPs as y7, ~ 107°. According to the

minimal value ;(%3) = 3.487, the excess could be addressed

in the three channels yy, bb, and 77 simultaneously in 1 — ¢
for a tiny part of the parameter space (0.0059% among
all BPs) that corresponds to ;((23) < 3.53. This tiny region

of the parameter space exists due to the large value of
Az’ = 0.5, so this region could be ruled out once precise
measurements are performed for y,, despite the new central
value. According to the bottom panels, the H, (3) contribution
to the signal strengths is very important to address the di-z
excess in the TPS case. Here, the ;(%3> values are getting
significantly smaller than the SPR case. In the TPR case,
we have about 27.5% of the BPs with less than 1 — o,
which means that the excess in the three channels (1) is
addressed simultaneously in the three channels. Whereas,
in the SPR case, the ;(%3) function values are larger than

1 — o for the majority of the BPs considered in Fig. 1, as its
minimal value is )((Zé’)m” = 3.487. The best fit benchmark

points BP;, BP,, and BP; shown in Fig. | are presented
in Table 1.

For reasons of completeness, we show the couplings
modifiers {y for the 1 — ¢ BPs in the SPR (;(%2) < 2.3) and

TPR (;(%3) < 3.53) cases in Fig. 2.

From Fig. 2 (right), it is clear that addressing this excess
in the three channels simultaneously makes the parameter
space for the TPR case so tight. However, if the di-z excess

would be relaxed to a smaller value like ,ugS> ~ 0.6 with a
good precision Ausz;" < 0.1 in future analyses, a significant
part of the GM parameter space can address the three
measurements simultaneously within both SPR scenarios,
while for the TPR scenario, we could get an exact
matching,. i.e., ;(%3) ~0.

In some attempts to address the excess (1), it is believed
that one of them can be regarded as statistical fluctuations,
and hence, should disappear once more data are collected,
for example, see Ref. [84]. If the signal strength ;A?S) will
be relaxed to a smaller value once ATLAS results are
reported and/or more data are considered by CMS, the
excess in the three channels can be simultaneously
addressed, even in the SPR case, and, hence the viable
parameter space would be significant. In order to probe the
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TABLE I. Different physical observables for the BPs shown in
Fig. 1. All mass dimension observables are given in GeV.
BP, BP, BP;
Sy -0.511 —0.496 0.345
Sq 0.488 0.458 —-0.220
ms 94.74 103.99 100.96
ms 78.15 79.38 121.62
Kp 1.015 1.024 1.040
Ky 0.903 0.911 0.962
K, 1.027 0.931 0.956
Cr 0.568 0.528 —-0.235
Cy —0.308 -0.322 0.344
g 0.484 0.501 0.522
S —0.489 —0.458 0.220
9, 0.149 0.140 0.067
H -51.31 —55.48 41.42
H —29.69 —22.17 67.95
535) 0.257 0.251 0.270
MgS) 0.562 0.278 0.054
579};5) 0.095 0.104 0.117
Dur 0.575 e e
AS —-0.032 —0.023 —0.060
;(%2) 0.168 0.088 3.7x 107
;(%3) 1.7959 3.4868 5.2493
2 12.526 12.141 9.127

H?) contribution effect to (6) in the TPR case, we show the
Hg relative contributions to (6) in Fig. 3 (left).

As expected, the H} contribution represents 14-58% of

the signal strength ,ugs), unlike its contribution to ,u}(,gs) that

is practically vanishing. From Fig. 3, one mentions that the
large HS contributions to y§25) are preferred, since they

correspond to smaller values for )(%3) < 3.53.

2
X (2)<2-3 14
0.5 - 12
1
F 0 S
0.8
05 & 0.6
0.4
g T 02
-06 -04 -0.2 0 02 04 06 08
CF

0.6 : : 10°

& 05f | T RN T
e :

S AL
= 04t 1E410°
rfl:o » o~
= il =

£ 03 1H{10°

1l

L.

e .

@ 02 1B 400

K
0.1 : . 10°
10710 108 10°® 10
3
—y. (H)y, (99)
Pyhy Oy
0 0
FIG. 3. The ratios ;4553) / ;4525> and ,u%jm / yﬁﬁ in the TPR case

using the BPs considered in Fig. 1. Here, the palette represents

the )((23) function.

V. DISTINGUISHING THE SPR AND TPR
SCENARIOS VIA THE DI-r CHANNEL

If the 95 GeV excess is confirmed in the di-z channel
when new ATLAS results are reported using more data and/
or similar results are released by CMS, this channel could
be very useful for distinguishing between the SPR and TPR
scenarios. In the SPR case, the CP properties of the 95 GeV
signal resonance are well defined, matching those of a CP-
even Higgs decaying into zz. However, in the TPR case, the
CP properties would be different. Therefore, a mismatch of
the CP-even properties in the 7z channel could confirm the
TPR scenario.

At the detector level, the 7 lepton cannot be measured
directly but is based on its decay products, especially the
hadronic final states B(z — had) = 64.79% [75]. It has two
important decay channels ¥ — 7%y, and t* — p*v, —
a* 7%, with the branching ratios 10.82% and 25.49%,

1 0.65
2 4<3.53
X @<l o6
0.5
0.55
50 05 7
e 0.45
-0.5
0.4
0.35

-08 -06 04 -02 0 02 04 06 08

CF

FIG. 2. The couplings modifiers {y for the SPR (right) and TPR (left) cases. Here, we considered only the 1 — ¢ BPs, i.e., )(%2) <23
(;(%3) < 3.53) for the SPR (TPR) case. The black points in the left and right panels correspond to the BPs with BP; : ;&3) = 3.487 and

BP,: )(%3> = 1.796, respectively, while the yellow one represents the BP with BPs: ;(%2) =3.57 x 1076,
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respectively. However, the decay n(HY) — 7ttt —
7zt n v, D, is more useful to identify the scalar CP properties
via the dependence on the so-called acoplanarity angle
that is defined as ¢* = arccos(#i. - 7i_), where 7. are unit
vectors that are normal to the decay plans of the charged
pions. The ¢* distribution is generally used to probe the
Higgs CP phase Acp of the tau Yukawa interaction:

—Ly =y hy, (COS(ACP) +iys Sin(Acp))V/z- (12)

The acoplanarity angle normalized distributions for the
cases of CP-even and CP-odd are given by

1 dN 1

=_—[1 F Qcos(¢")]. (13)

Reven.odd (¢*) = ﬁw T

. 2 _ 2\ 2
with Q = % , % (;’112+—§Z’{§) for the decays 7 — 7~v, and
T — p_u,, respectively [85]. While for a degenerate
CP-even/CP-odd resonance, it is written by

RTPR(¢*) = (1 _prr)Reven(¢*) +/)11Rodd<¢*)’ (14)

with p,, = ,uglg) /MSS) as presented previously in Fig. 3.
Then, by considering the maximum/minimum values of the
acoplanarity angle distribution (for example, ¢* = 7 if 5
and HY are pure CP-even and CP-odd scalars, respec-
tively), one obtains the ratio p,, = [1 + Q — 2zR,,]/[20],
with R,, to be maximum/minimum of Rypg(¢*), which
corresponds to ¢* = & for pure CP-even/CP-odd distri-
bution. This can be easily confirmed numerically.

In Fig. 4, we show the normalized distribution of the
acoplanarity angle (¢*) in the final state 777~ - 7tz 1,0,

0.26 Agp=0 Agp=/4
0.22 -
~— 018
£
c 0.14 +
0.1+
pr=0.57833 ——
0.06 P=0.1415 —
) Single Peak —
0 /2 T 3n/2 2n
¢ [rad]

FIG. 4. The acoplanarity angle normalized distributions in the
decay n(HY) -1t > n'n v, for two SPR cases
(Acp = 0,7/4) in magenta color, and two TPR BPs with p,, =
0.1415 (blue) and p,, = 0.57833 (red).

for the SPR cases of CP conserving (Acp = 0) and CP
violating (A-p = 7/4) (magenta), and two TPR BPs with
Pee = 0.1415 (blue) and p,, = 0.57833 (red).

One learns from Fig. 4 that the TPR case can be easily
identified due to the flatness of the acoplanarity angle
distribution, and can be distinguished from the case of a
single resonance, whatever its CP phase value Acp is for
the tau Yukawa interaction in (12). In the case of a pure CP-
even (CP-odd) scalar, i.e., Acp =0 (Acp = 7/2), the ¢*
distribution has a maximum (minimum) at ¢* = z with
same amplitude. So, obviously, if the contributions of # and
HY are exactly equal, the distribution (14) would be a
horizontal straight line. From Fig. 4, it is clear that the dis-
tribution values at ¢* = z for the red and blue curves lead
to p,;; = 0.1415 and p,, = 0.57833, respectively, according
to the formula p, =[l1+ Q —27zRspr(¢* = 7)]/[20]
mentioned previously.

VI. CONCLUSION

In this work, we have investigated the possibility of
addressing the 95 GeV signal excess that is observed in the
channels yy, bb, and 7z within the GM model. We have
found that this excess can be addressed in the GM model in
two ways: (1) the SPR case where the signal candidate is a
CP-even scalar (1) with SM-like couplings and (2) the TPR
case, where a CP-odd scalar (Hg) whose mass being
around 95 GeV, contributes to this signal excess in addition
to the CP-even scalar . By imposing all relevant theoreti-
cal and experimental constraints on the model parameter
space, the excess can be addressed in the channels yy
and bb simultaneously in the SPR case (;(%2) ~ 107°). While

in the TPR case, the three channels yy, bb, and 77 can
be addressed simultaneously (1.796 < ;(%3) < 3.53). This

makes the parameter space tight and the model more
predictable at colliders since the Higgs couplings modi-
fiers are lying in the ranges 0.90584 < xr < 1.0591 and
0.89045 < xy < 0.99083 for both SPR and TPR scenarios.
Once the ATLAS di-7 excess will be reported and/or CMS
analysis redone using more data, and the di-z excess may be

relaxed to smaller value, let us say around uﬁ?” ~ 0.6 witha
good precision Az’ < 0.1, then the GM model will be
able to address the excess in the three channels simulta-
neous within both SPR and TPR scenarios.

We have shown also that the 95 GeV candidate scalar
di-7 decay n(H3) — 7, 7, is very useful to identify whether
it is a SPR or TPR case. The TPR case can be easily
distinguished if the acoplanarity angle normalized distri-
bution gets flattened with respect to the SPR case. For some
specific values of the acoplanarity angle (¢* = ), one can
estimate exactly the relative contributions of both CP-even
and CP-odd to the 95 GeV signal resonance.
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