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We consider the small excesses around 95 GeV found in several searches for a new scalar in yy, 77,
and bb final states. Instead of trying to accommodate them all, as is usually done in the literature, in the
context of a given Standard Model (SM) extension, we investigate whether it would be possible that one
or two of these excesses correspond to an actual new scalar, while the remaining ones are merely statistical
fluctuations. To this end, we use as benchmark model the UN2HDM, a SM extension with one scalar
doublet, one scalar singlet, and an extra U(1)’ symmetry, which has been previously studied in the context

of multiboson cascade decays. We show that most of the possibilities where the excesses in one or two of
these channels disappear in the future can be accommodated by type-I or type-III UN2HDMs.
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I. INTRODUCTION

In the last decade, the ATLAS and CMS experiments have
been collecting data from p p collisions at the Large Hadron
Collider (LHC) with the purpose of measuring particle
properties and searching for physics beyond the Standard
Model (SM). Although the experimental results seem to be
following the SM score, in some cases deviations with
respect to what is expected appear. Typically, if such
anomalies reach a statistical significance close to 3o, they
trigger the attention of the theoretical community toward
explaining them in the context of SM extensions. This has
been the case for excess events reported by experiments
around a mass of 95 GeV. Namely,

(1) In2018, the CMS Collaboration reported a 2.8¢ local

excess in the diphoton invariant-mass distribution at
m,, = 95 GeV, combining 19.7 fb! of LHC data at
8 TeV and 35.9 fb~! at 13 TeV [1]. By that time,
the ATLAS collaboration did not find a significant
excess at this mass with 80 fb~! [2]. However, their
sensitivity was smaller and, thus, their limits were not
in tension with the CMS anomaly. A recent CMS
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analysis of the full Run 2 dataset with 138 fb~! [3],
fell short of confirming the excess, with the local
significance maintained slightly below the 3¢ level
and, more importantly, without a significant excess
appearing in 2017-2018 data.

Recently, ATLAS released the results on their searches
for diphoton resonances in the 66-110 GeV mass
range using 140 fb~! of 13 TeV pp collisions (full
Run 2 LHC dataset) [4]. With respect to their
previous analysis [2], the use of multivariate analy-
sis techniques in background mitigation and event
classification, resulted in a improvement of the
sensitivity to physics beyond the SM. The new
ATLAS analysis reveals an excess in the diphoton
channel at an invariant mass around 95 GeV, with a
local significance of 1.7¢, which is too small to merit
attention on its own but happens at the same mass of
the previous one.

In a dedicated search for additional Higgs bosons ¢
and vector leptoquarks in 77 final states using the full
LHC Run 2 dataset [5], CMS found a 3.10 excess
of events for bb, gg — ¢ — 7z at an invariant mass
m,, ~ 100 GeV. Given the poor mass resolution
in this final state when compared to the yy channel,
this local excess seems to be compatible with the
diphoton one.

In relation to these hints, the large electron positron
(LEP) experiments ALEPH, DELPHI, L3, OPAL
released in 2006 the results of a statistical combi-
nation of their data, showing an excess in the
ete” — Z¢p(¢p — bb) mode at m,; ~98 GeV with
a local significance of 2.36 [6—8]. Bearing in mind
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the limited mass resolution for dijets at LEP,
the bb excess could originate from the same
particle responsible for the yy and zz anomalies
summarized above.
The size of the above excesses can be conveniently
expressed in terms of a signal-strength parameter u, which
relates the cross section of the potential signal generating the
event excess with the production cross section of a SM-like
scalar with the mass at which the excess is located. For the
CMS and ATLAS diphoton excesses y,, is [9]

pCMS — 033019 ATLAS — 21 +0.12,

exp __  ATLAS{CMS __ +0.10
Hyy = Hyy =0.27%509 (1)

where y5,” has been obtained combining xSMS and p

quadrature, while for the CMS 77 and the LEP bb ones

ATLAS ;
7 m

pe? =124£05,  p? =0.117+£0.057.  (2)

The appearance of the aforementioned anomalies trig-
gered several studies on the possibility of accommodating
them in the context of BSM models. For our purposes we
highlight the two Higgs-doublet model (2HDM) [10-13],
and also its extensions featuring an additional real [14—17]
or complex [9,16,18,19] scalar singlet (the so-called
N2HDM models). In the Z,-symmetric CP-conserving
2HDM, the type-I Yukawa sector can accommodate yy
alone [10,11], or together with zz [12], the latter in tension
with flavor observables. For the lepton-specific version
diphoton and ditau cannot be accommodated simultane-
ously. The CP-violating type-I case can potentially explain
all three excesses, albeit in conflict with electric dipole
moment bounds [12]. In the general 2HDM, taking
all relevant theoretical and experimental constraints, it
was shown that, yy, 7z, and bb excesses, can be explained
simultaneously [13]. Adding a real/complex singlet to the
type II Z,-symmetric 2HDM, the yy and bb excesses can
be simultaneously accommodated, while in type-IV this
happens for yy and bb or yy and 7z [9]. Furthermore, it is
also relevant to discuss scenarios featuring scalar singlet
and vector-like fermions. These were only studied in the
context of accommodating diphoton excess alone [10] and
diphoton and dibottom simultaneously [20]. Other exten-
sions of the SM including, for instance, an SU(2); scalar
triplet [21], extended gauge sectors [22] and supersym-
metry [8,23-26] have also been explored, as well as
possible connections of the observed excesses to extra
dimensions [27], B-anomalies [28], dark matter [29] and
neutrino mass generation mechanisms [30].

Another example of what could be a deviation with
respect to the SM was a 3.46 bump near 2 TeV in an
ATLAS search for hadronically-decaying diboson reso-
nances with Run 1 data [31]. This could stem from
multiboson production originated in the cascade decay

of a new resonance [32,33]. The persistence of such
anomaly in ATLAS [34] and CMS [35] diboson searches
with Run 2 data, with a small local significance of 2o,
motivated the proposal of a “stealth boson” signature [36]
with a boosted particle S undergoing a cascade decay
S — AjA; - qgqg, where A;, can the be SM gauge
bosons W and Z, the SM Higgs boson, or new scalars.
Recently, a bump near 2 TeV also appeared in the results of
a CMS search for hadronically-decaying diboson resonan-
ces with the full Run 2 dataset, with a local significance
of 3.60 [37]. Minimal stealth boson models (MSBMs)
where the heavy resonance R is a color-singlet neutral
gauge boson Z’ were proposed in [38] and further explored
in [20]. In these scenarios, the breaking of the new U(1)’
gauge symmetry is ensured by two complex scalar singlets
which also provide the aforementioned cascade decays.
More recently, the same problem was tackled in the context
of the N2HDM where a complex singlet breaks the U(1)’
gauge symmetry [39]—the UN2HDM model.

In this work we confront the yy, 7z, and bb excesses
described above in the UN2HDM, by investigating whether
the results in Egs. (1) and (2) can be accommodated in that
model. Although we perform a y? analysis where all the
excesses are simultaneously considered, we also explore
the possibility that one or more of them (if not all) might
well be statistical fluctuations. This exercise is quite
relevant since, in general, a new scalar will produce signals
in all the three final states (as well as other less sensitive
ones). In the likely case that one or more of the anomalies
are washed out with more data, one will have to confront
the viability of the remaining one(s) in the context of
models with extended scalar sector. The paper is organized
as follows. In Sec. II, we present the type-I and III fermion
sector versions of the UN2HDM, as well as its scalar
potential. We describe, in Sec. III, our numerical procedure
and the constraints we impose on the model’s parameter
space. By the end of that section we also show our results
and leave discussion for Sec. I'V. Details regarding scalar
parameter reconstruction, interactions in the mass-
eigenstate basis and one-loop expression of the Higgs to
diphoton process, are found in the Appendices.

II. THE UN2HDM

The UN2HDM extends the SM gauge group Ggy =
SU(3), ® SU(2); ® U(1)y with an extra U(1)" symmetry,
featuring an additional neutral gauge boson Z'. Its scalar
content comprises two Higgs doublets @, , and a complex
scalar singlet y. The latter, being charged under U(1),
renders the Z' massive via the Higgs mechanism. Due to
strong experimental limits set by Z’ leptonic decay
searches, we consider the case of leptophobic Z'. This
requires the SM leptons and one of the Higgs doublets @, ,
to be uncharged under U(1). The UN2HDM has been
studied in the context of multiboson cascade decays when
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one of the Higgs doublets has U(1)" charge [39].
Furthermore, the SM quarks are charged under the new
gauge group allowing for the new vector boson to be
produced at hadron colliders. Overall, this implies addi-
tional fermionic content to cancel gauge anomalies, with
the best candidates being charged and neutral vectorlike
leptons (VLLs) which can be SU(2); doublets and/or
singlets.1 Note that, models featuring vector-like quarks
(VLQs) have also been proposed in the literature [20].
However, VLLs are more appealing since, if stable, the
neutral ones can be viable fermionic dark matter (DM)
candidates. Thus, in this work we focus on the UN2HDM
with VLLs.

As for the Yukawa sector, the 2HDM provides four
different setups (type I-IV) [40]. Namely, in type-I one
Higgs doublet couples to all SM fermions. This scenario
was previously considered in Ref. [39]. Here we also
present a type-IIl (lepton-specific) version of the
UN2HDM where one doublet couples to quarks and the
other to the leptons. In the type-II (type-IV/flipped)
version, one doublet couples to down-type (up-type) quarks
and leptons while the other couples to up-type (down-type)
quarks. These latter cases were recently studied in the
S2HDM in light of the 95 GeV Higgs boson excess [19]. In
the UN2HDM framework, type-1I and IV Yukawa sectors
imply additional VLQs for gauge anomaly cancellation
since the up and down quarks need to be charged differently
under the U(1)'. Henceforth, we will study the type-I
and III UN2HDM models in regards to the observed
excesses for a potential 95 GeV Higgs boson reported
by LEP in the bb channel, CMS in the 7z and CMS and
ATLAS for the yy channels. In the following we present the
aspects of the UN2HDM useful for our purposes, namely
the fermion sector and scalar potential. The analysis of the
gauge sector and further details on the scalar interactions
can be found in Ref. [39].

A. Type-I/III fermion sectors

The field content of the type-I UN2HDM, first intro-
duced in Ref. [39], is shown in Table I. The SM fermion
content is extended with additional VLL doublets &; g, as
well as with charged and neutral VLLs singlets E; » and
Ny g. As mentioned before, this extra fields are needed to
ensure gauge anomaly cancellation. Furthermore, the VLLs
transform nontrivially (with a charge @ = ¢*/?) under an
unbroken Z; symmetry, which is introduced to fulfill
multiple purposes. Namely, it forbids couplings between
the VLLs and SM leptons avoiding any flavor constraints,
and also forbids bare Majorana mass terms for the neutral
VLLs guaranteeing their Dirac character. Most importantly,
the Z5 stabilizes the lightest VLL which, if neutral, can be a

'These are vector-like only under the SM gauge group, with
their right and left-handed components being charged differently
under U(1)’ (see Tables I and II).

TABLE 1. Field content of the type-I UN2HDM and their
corresponding transformation properties under the SM and U(1)’
symmetries.

Fields Gsm u(ry

SM fermions qL 3,2,1/6) Y’

ug 3,1,2/3) Y’

dg 3,1,-1/3) Y

‘L 1,2,-1/2) 0

eR (1,1,-1) 0
Vector-like EL(R) = [NlEl]L(R) (1,2,—1/2) —(+)9Y//2
leptons Noy(r) (1, 1,0 +(=)9Y'/2
Espr) LL-1) +(-)97'/2

Scalars D, 1,2,1/2) 9Y’

D, 1,2,1/2) 0

¥ 1, 1, 0) 9y’

viable DM candidate. The Yukawa Lagrangian involving
only the SM fermions is

—,C%/ = Yuﬁé)zlxt]g + Yd%q)ZdR + Yegq)zeR + H.C.,
(3)

with Y, 4, being complex Yukawa matrices in generation
space. The fermion interactions involving VLLs are

=LY = E WY DNk + WD, Epg)
+ (WY N, ®F + WHE, @) ER + VYN Nogy
+ YYEy Eypy + 31 ELErxT + Hee., (4)

where wf-v Eai=1,2), y12V £ and y; are complex Yukawa
couplings.

Fermion masses are generated upon spontaneous sym-
metry breaking (SSB) by the vacuum expectation values

(VEVs) of the Higgs doublets and singlet, i.e. (¢{,) =

v12/V2 and (y) = u/+/2, respectively (see Sec. II B). The
SM fermions acquire their mass as usual. For the VLLs we
obtain the mass Lagrangian

— LY — N MyNg + ELMgEg + Hec.,
M 1 uyl DZWIIV’E (5)
N.E — /= ’
\/z 1)2W]2V’E uyév’E

where N = (N,N,), E= (E|,E,) and the 2 x2 mass
matrices are written in terms of the Yukawa couplings
of Eq. (4). The above mass matrices are diagonalized via
2 x 2 unitary rotations of the neutral and charged VLLs,
Npg— VigNpg and E; g — Vi kELgs

VY TMy VY = diag(my,, my,),
V"M VE = diag(mpg,, mp,), (6)
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TABLE 1II. Field content of the type-Ill/lepton specific
UN2HDM and their corresponding transformation properties
under the SM and U(1)" symmetries.

Fields Gem u(1y
SM fermions qL 3,2,1/6) 0
ug (3,1,2/3) Y’
dp (3.1,-1/3) -y
£, 1,2,-1/2) 0
e 1,1,-1) 0
Vectorlike leptons Ni231(r) (1, 1,0 0 (Y")
Eia251r) 1,1,-1) 0 (=Y
Scalars (o} 1,2,1/2) 0
o, 1,2,1/2) Y
X 1, 1,0 -Y

where my and mg (i = 1, 2) are, the real and positive,
neutral and charged VLL masses, respectively.

The type-III (or lepton-specific) UN2HDM is realized
via the field content and charge assignments shown in
Table II. Note that three generations of N; p and E; x VLL
singlets are now needed for anomaly cancellation. As in the
type-1 scenario, the VLLs transform non-trivially under
a Z, symmetry with a charge @ = ¢"*/3. The Yukawa
Lagrangian for the SM fermion fields is

_EI}}I = Yu%(i)ZuR + Ydﬁq)ZdR + Y67L¢16R + H.C.,
(7)

where Y, ;, are 3 x 3 complex Yukawa matrices, while for
the VLLs

—Liy, = YyN Ney + YeE Egy* +He.,  (8)

with Yy z being 3 x 3 complex Yukawa matrices, N =
(N],Nz,N3) and E = (El,Ez,E3). After SSB, the VLLs
mass Lagrangian is

— LT = N MyNg + E,ME + H.c.,

My = 3 )

where the 3 x 3 mass matrices above are diagonalized
via 3 x 3 unitary rotations, N; p — VIL",RNL,R and E;  —
VE,REL.R as

VY My VY = diag(my,, my,, my,).

Vi'MV§ = diag(mp,, mg,, mg,). (10)

B. Scalar sector
The scalar potential of the UN2HDM is given by

m> A
V=m} ®[®) + m3, 0, + TOXT)( + 31 (®1@,)?
b
+ 32 (DID,)? + 13(0] @, ) (D) D,)

A A .
+ 1y (] D,) (DJD)) + 55 U'x)*+ 36 (@) (r'x)
P
+ 57(<I>2d)2)(;(‘;() + (uy®|®, + H.c.), (11)

where p can be made real. We define the scalar doublets
@, , and singlet y as

o [P2)_1 V247,
12 — - . 5
(1)2 V2 Vip P12+

Z:\/Li(u‘i‘ﬂs‘ﬂ"h)’ (12)

and, without loss of generality, assume that the VEVs
are real

@) =5 (0) W =5

v=/v} +0v3~246 GeV, tanp=v,/v,. (13)

For v, v,,u # 0, one obtains three minimization con-
ditions which allow to write m?,, m3,, and m} in terms
of the VEVs and the remaining parameters of V. The 6 x 6
neutral scalar mass matrix can be written as

M0
M" = ( ) (14)
0 M

where M? and M" are 3 x 3 real symmetric matrices
defined in the (p;,p,,p3) and (11,7,,73) bases, respec-
tively. The elements of M” read

1
MY, = 0?2y c; — —=uptan f,

V2
1
Mll)Z = 1)2(13 +A4)Sﬂ6ﬂ + %uu,
s U 1
M13 = 5”’16613 + %Uﬂs‘g,
M2, = 120,52 — ,
22 298 \/Etanﬂ
, U 1
]W23 = 514/175‘/} + 7§UMC/3,
M :ﬂjuz—iv—zuc s (15)
33 V2 u BB

075020-4



CONFRONTING THE 95 GEV EXCESSES WITHIN THE ...

PHYS. REV. D 108, 075020 (2023)

where we use the shorthand notation 543 = sinf,
cp = cos 5. For M, we have

o 1 s , 1 1
=——uu-+, =—uu, = —usy,
11 NG 'uc/, 12 NG H 13 V2 HSp
1 c 1
My =——uul, ML =———wucy,
22 \/5 /"sﬂ 23 \/i H p
1 02
M, = ———pucysy. 16
33 \/iuﬂ pop ( )

The 3 x 3 orthogonal matrix O that rotates the p; fields
into the mass basis, can be parametrized by three mixing
angles, ay, oy, a3,

€16 S1C2 52\ 7
0= —C18283—81C3 C1C3— 81852853 CrS3 . (17)

—0152€3+5153 —C183—8152C3 CrC3

where c,3 = cosay 3, 13 =sinaj,3, and —7/2 <
a1,3 < /2. In what follows, i corresponds to the SM
Higgs boson with mass m;, = 125.09 GeV [41] and H |,
are the new CP-even scalars, with masses my < my,. We
can write M” in terms of the three scalar masses and mixing
angles introduced in Eq. (17). Namely,

m; 0 0
M=o 0 my 0 |O. (18)

0 0 m%_,z

The matrix M" is diagonalized as RTM"R = (M")
using an orthogonal rotation

diag?

—sz ¢z O -s, 0 ¢,
R = Cﬁ S/j 0 0 1 0 s
0 0 1 ce 0 s,
tana = ——— (19)
’UC/}S/}
The only nonzero eigenvalue of M" is
5 L spCpv* (20)
mi, = ——= |—+——|,
A V2 [spcs u

which corresponds to the squared mass of a pseudoscalar
A°. Finally, the charged-scalar mass matrix in the basis

(#7.#3) is

2
A 2 ) SpC
MC = <1}2 *4 + \/_uﬂ> < / ’ f) s (21)

2 2spcp) \ spep —cp

and is diagonalized as UT MU = (M) 4;,q> With

—sz ¢
U= < e ) (22)
s Sp
as in the usual 2HDM [40]. The nonzero eigenvalue

of M¢ is

m, = —1}2é — \/§u,u
H* 2

, 23
2C/}Sﬂ ( )

corresponding to the squared mass of the new charged
scalar H=.

An important feature of V is that the number of
parameters is equal to the number of physical quantities
(masses and mixing angles) needed to define the scalar
sector. Thus, all eleven parameters shown in Eq. (11) can be
written in terms of the three VEVs, as well as of the five
physical scalar masses and three mixing angles, which we
introduced above. In Appendix A we show how the scalar
potential parameters can be written as functions of the
physical parameters we have just presented.

III. NUMERICAL PROCEDURE AND RESULTS

We now explore the UN2HDM parameter space to
investigate whether the decays of a 95 GeV neutral scalar
could explain the yy, 7z, and/or bb excesses, and be
consistent with other experimental data. To this end, we
perform numerical scans varying the model parameters as
shown in Table III. We assume H, to be always the heaviest
CP-even neutral scalar, while the mass of H; is allowed to
vary in a small interval around 95 GeV. These masses,
together with sign(Os;) and Osx,, the effective couplings of
the SM-like Higgs boson & to SM gauge bosons and top
quarks, respectively denoted as c(hVV) (V. =W, Z) and
c(htt), parametrize the mixing matrix of CP-even scalars
given in Eq. (17). This choice of parameters increases the

TABLE III.  Input parameters and corresponding ranges used in
our numerical scan.
Parameters Scan range
my, [94, 97] GeV
m, 125.09 GeV
my, [125.1, 1000] GeV
Myo, My« [20, 1000] GeV
tan [0, 20]
c(hVV) [0.9, 1.0]
c(htr) [0.8, 1.2]
sign(0s) {-1.1}
0y, -L.1]
Yukawa type {1, 101}
my 2.2 TeV
gz Yl 0.1
mg [300, 5000] GeV
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efficiency of the scan, since it allows us to compute the three
mixing angles of O while simultaneously imposing SM-like
couplings for 4. The mass of Z' (m ) and the product g, Y’
are required to extract the VEV of the scalar singlet u, as well
as the Z — 7’ mixing angle 6,. We use values of my, and
gz Y' similar to those used in [39], with the former being
motivated by the 2 TeV bumps reported by ATLAS and
CMS [31,34,35,37]. Considering the inputs of Table III,
we get u~24TeV (u~20TeV) for the type-l (III)
UN2HDM. In all cases, the Z — Z' mixing angle is small
enough (6, < 1073) to fulfill the constraints coming from
electroweak precision data [42].

The generated points are passed through the ScannerS-2 [43]
code, to which the type of Yukawa sector (I or III) is also
provided. At this point, the following constraints are applied:

(1) Perturbative unitarity: ScannerS-2 makes use of the
analytical results from Ref. [44] to guarantee that
the eigenvalues of the 2 — 2 (pseudo)scalar-(pseudo)
scalar scattering matrix are below 8z and, thus,
ensure tree-level perturbative unitarity.

(i) Vacuum stability: Boundness from below of the
scalar potential is checked by ScannerS-2, which
implements the conditions obtained in Ref. [44]
and simultaneously provides a link to the library
EVADE [45,46] to verify if a certain point corre-
sponds to the global minimum of the potential.

(iii) Electroweak precision observables (EWPO):
Singlet VLLs do not contribute to the oblique
parameters. This is also the case for the doublet
VLL (type-I UN2HDM), in the considered limit
of no mixing and degenerate masses. Following
Refs. [47,48], where analytical expressions for S, 7,
and U in a general SM extension with an arbitrary
number of scalar doublets and singlets were derived,
ScannerS-2 is able to compute those parameters in our
model. These are compared with the global fit results
from Ref. [49], guaranteeing compatibility at the
95% confidence level (CL). The values used for the
oblique parameters are

S§=004+011, T =0.09+0.14,
U =—-002+0.11, (24)

with correlation coefficients of +0.92 (—0.68)
[—0.87] between S and T (S and U) [T and U].
(iv) Flavor observables: Besides EWPO, the global-fit
results of Ref. [49] also include constraints coming
from B-physics observables, setting limits on the
(my=,tan ) plane. These are taken into account in
our scan. Depending on the Yukawa sector type,
some flavor observables will be more constraining
than others. Namely, for the type-I and III Yukawa,
the most relevant process is By — ptu~.
For all points passing the aforementioned constraints, the
branching ratios (BRs) of the UN2HDM scalars are computed

by ScannerS-2, where an interface to a modified version of the
code N2HDECAY [50] is used. Namely, due to differences
between the scalar potential of the UN2HDM [see Eq. (11)]
and the one of Ref. [50], we apply the necessary changes to the
triple scalar couplings. Furthermore, given that 6, < 1, we
neglect the terms arising from Z — Z’ mixing in the couplings
between scalars and SM gauge bosons. Since N2HDECAY does
notinclude the contribution of the charged VLLs to the Higgs-
to-diphoton BR, we compute it analytically at one-loop level
(see Appendix C). We make the VLL mass m vary within the
ranges shown in Table III. Lastly, in order to extract the signal
strengths we make use of HiggsPredictions to obtain the relevant
cross sections. This code is part of HiggsTools [51], which also
comprises the latest versions of HiggsBounds [52-56] and
HiggsSignals [57,58]. For the viable ScannerS-2 outputs, we
incorporate the following experimental constraints:

(i) 125 GeV Higgs boson measurements: The set of
generated points must be compatible with the ex-
perimentally measured properties of the SM-like
Higgs boson with mass 125 GeV. This is done using
HiggsSignals, which provides y? values reflecting the
agreement of the model predictions with the mea-
surements performed at the LHC. We define the
following quantity,

Ards = 1% = 2w (25)

where y3\; = 152.5, is the y* value of the SM
provided by HiggsSignals, for 159 degrees of freedom.
This represents an agreement within a 37% CL. In our
work we use two criteria which we dub as fight and
loose. The tight constraint requires AZ%zs <6.18,
with the precise value chosen for better comparison
with Ref. [9]. This represents agreement with exper-
imental data at the 50.7% CL (still better than 1o).
Instead, the loose constraint requires agreement at the
95% CL, that is, Ay?,s < 37.

(ii) New scalar searches: The parameter space of our
model is further constrained by searches for poten-
tial new scalars performed at LEP and LHC. This
analysis is realized thanks to HiggsBounds. Note that
we also take into account a recent CMS search [59]
that is currently not included in HiggsBounds.

Finally, the strength parameters u,,, u., and u,;, are

computed for the scalar H; with mass around 95 GeV. They
are defined as

o(99 = Hy = 1y)
o(99 = Hi = 1)sm
o(gg = H, = 77)

=

olgg— Hi = t0)sy

olete” > ZH, - bl_))

— —, 26
Hob o(ete - ZH, - bb)gy, (26)
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y-+rr+bb

where the subscript SM refers to quantities computed
within the SM for a Higgs-like scalar of mass my, .

The allowed regions for p,5, f., and p,, imposing the
tight constraint on Ay?,s are presented in Fig. 1 for the
type-I and type-IlI UN2HDM, where the color grading
indicates the value of y,,, which in all cases is well below
the experimental best-fit value ;" = 0.27. The purple
diamond represents the point with smallest ;{%25, while the

.. .. 2 —
yellow one indicates the minimum value for Xpyieeivh =

)(fy + %+ )51275’ where

o XP \ 2
5 B ﬂy}',TT,bb ﬂyy,‘n',bb (27)
)(yy,‘n',bl; - Aﬂexp _ ’
yy.t7,bb
. exp . . exp
being AMW’”M—) the experimental uncertainty of oy ce b

given in Eqgs. (1) and (2).

Relaxing the constraint on Ay3,s, the allowed regions
for pyp, prr» and p,, are presented in Fig. 2. Here, the color
grading represents Aﬂ(%zs when A)(%zs < 6.18, and the gray
points are those with 6.18 < Ay?,s < 37. The loose con-
straint does not significantly enlarge the regions in the
(Mpps Hez) plane (top panels)—note that for type-III the
allowed region has a similar size but is more populated.
On the other hand, the loose constraint allows for slightly
larger values of y,,, as it can be seen in the middle and
bottom panels.

IV. DISCUSSION

Excesses reported by CMS, ATLAS, and LEP, in the
ditau, diphoton, and dibottom channels, are all compat-
ible with the hypothesis that a new 95 GeV Higgs scalar

exists. Although the overlap of these experimental results
hint at a potential novel particle, the recent searches
carried out by CMS and ATLAS for diphoton resonances
were not able to confirm the 95 GeV excess, maintaining
its local significance and diminishing the signal strength,
from u,, = 0.6 + 0.2 with 2016 CMS data [17] to u,, =
0.3303 with the full Run 2 data [19], to p,, = 0.2705
with ATLAS + CMS data [9]. These results motivate a
different approach than the one usually taken to look at
the three 95 GeV experimental anomalies, where one or
two of them are regarded as statistical fluctuations that
should disappear once more data is collected. Here we
follow this approach within the context of the UN2HDM,
a framework motivated by an intriguing 2 TeV excess
which can be addressed with a new vector boson. Besides
featuring an extended gauge sector, which requires
additional VLLs for anomaly cancellation, the scalar
sector is comprised of a 2HDM with an extra complex
scalar singlet. We construct the simplest possible type-I
and III Yukawa sectors of the UN2HDM and analyse in
detail their prospects in regards to the aforementioned
excesses.

None of the scenarios can accommodate the three
excesses simultaneously at the 1o level. Hence, if all hints
are confirmed in the future, the type-I and III UN2HDMs
considered here with VLLs will be ruled out; these
scenarios are therefore falsifiable. In the more likely case
that one or two, or even all excesses disappear, we provide
full insight on the capabilities of these two UN2HDM
versions. Namely, these models can accommodate

(i) bb and yy at the 1o level (both type-I and type-III);

(i) bb and 77 at the lo (type-1ID);

(iii) bb without excesses in the remaining channels (both

type-I and type-III); and
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(iv) 7z without excesses in the remaining channels
(type-IID).
The different possibilities can be easily read from
Figs. 1 and 2.

These distinct features of the two models can be under-
stood from a theoretical viewpoint, looking at the couplings
between the scalars and fermions in the Yukawa sector.
Namely, since in type-I the same doublet couples to all
fermions, it is not possible to accommodate simultaneously
bb and 77 excesses. However, in type-IIl the doublets
couple in distinct manner to the leptons and quarks
allowing to explain either 7z or bb. Nonetheless, exper-
imental constraints on tan/ favor higher values of this
parameter, making a simultaneous explanation of both
these excesses difficult. On the other hand, the coupling
of all quarks to the same Higgs doublet in type-I and
type-III UN2HDM explains the impossibility of accom-
modating the 95 GeV diphoton excess at 1o level in both
models. Despite the new loop contributions to the H; — yy
decay provided by the charged VLLs and the charged
scalar, these are not significant enough to compensate for
the lack of a mechanism in our models to enhance the
Yukawa coupling to top quarks (which provides a dominant
loop contribution to the decay and to Higgs production via
gluon-gluon fusion) while suppressing the Yukawa cou-
pling to bottom-quarks. This is due to the fact that the
couplings between the scalar and charged VLLs are
proportional v/u, the VEV u value is set by the Z' mass
to be around 2 TeV (20 TeV) for type-I (type-III),
suppressing this contribution [see Eqgs. (B6) and (B10)
of Appendix B].

In summary, we confronted in a thorough analysis the
recent experimental hints for a new 95 GeV Higgs boson,
within the type-I and III UN2HDM, featuring VLLs. We
took the point of view that the diminishing yy excess
indicates that these hints might as well disappear in the
future with more experimental data. Therefore, we studied
all possible scenarios where one or two of these excesses
vanish, showing interesting connections between the signal
strength predictions of the models. It is clear that in the very
unlikely event that all excesses are confirmed these two
versions of the UN2HDM are excluded. In such case,
one could envisage to find the minimal realizations of the
type-II and IV UN2HDM, which would require more
exotic fermion content besides VLLs such as VLQs for
anomaly cancellation. This is due to the fact that, for these
Yukawa structures up and down quarks couple to different
scalar doublets. Although it does not seem clear these
excesses will prevail, studies such as the one presented here
should be pursued with the goal of shedding light on
possible new physics discoveries.
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APPENDIX A: PARAMETER RECONSTRUCTION

The scalar potential of the UN2HDM, presented in
Sec. II, has eleven parameters, which matches the number
of physical parameters of the scalar sector of the theory.
The VEV of the scalar singlet can be expressed as

2 2 )
,  mzt+my —my/cy 5,
u- = N2 -0 Cﬁv
(9zY")

(A1)

in terms of the U(1)" group coupling constant g, and Z’
gauge boson mass my (see Tables I-III). In the above
equation my y are the usual Z and W-boson masses and
cy = cos Oy, with 0y being the weak angle. Inverting
Eq. (20), we can write

§=— \/EMC[;S[; 2 (AZ)
u* + vzc§s§ Mo

in terms of VEV parameters and the pseudoscalar mass
myo. The quartic coupling A4 is determined through the
charged-scalar mass in Eq. (23),

/14:

V2 uu] (A3)

2m 2
{ " ey

The remaining quartic couplings 4; can be expressed in
terms of the above parameters, as well as the neutral scalar
masses and mixings of Eqs. (17) and (18). Defining
M? = (m}, mj; . mj; ), we have
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1 i up ﬂ]
==Y MO} +——+|.
! vzc/% [Z V2¢

Sﬁ
dy = i:MZO 0, -1,
3 UZCﬂSﬂ — i Y1iY2i \/i 4

2 L vu }
l = M20 lOi__S 9
= | 2 0L0u =y
2 3 VU
dy = M?0,,05, — —=c A4
7 I/H}Sﬂ [; i Y2iY3 \/zﬂ:| ( )

APPENDIX B: SCALAR COUPLINGS IN THE
MASS-EIGENSTATE BASIS

Here we collect the interactions between the scalars
h/H,,/A" and the W-boson, charged Higgs H* and
fermions for both the type-I and III Yukawa sectors.
These are the relevant interactions entering the Higgs to
diphoton one-loop computation (see Appendix C). As for
the remaining scalar vector-boson and triple scalar inter-
actions, these can be found in Ref. [39]. Defining the
CP-even neutral scalar vector as H = (h,H,, H,), the
Lagrangian terms involving two W-bosons and one scalar
can be written as

EI:]iW+W_ - gFIiW+W_W_”W;ﬁi + H.C.,
g'v

9iwrw- = 7(011'01; + 0y;55), (B1)
with the f angle and CP-even scalar rotation matrix O
defined in Eqgs. (13) and (17), respectively. Notice that,
since A? is a pseudoscalar it does not interact with the
W-boson.

The interactions of one neutral scalar and two charged
ones are

Lypn- = Ugﬁ-H*H-[:I'H+H_

9a.HtH- = — Z Z CparO)p

p=1 q.r=

q2 Ur27 <B2)

where the charged scalar rotation matrix U is defined in
Eq. (22). Note that, due to the pseudoscalar character of A°,
it does not interact with the charged Higgs H*. The

nonzero coefficients C3,,, are

1
Ci = Aicgs Clip=Ciy = §l4s,;,
Cin = 43¢p, G = 4355,
1
Cop = Cyy = 544%, G = Aa8p,
1. u 1

Cn = 5/16;’ =0, = \/zvﬂ,

. 1 u i
Cspp = 5'17;’ 4120 = —Cip = —5/14313,

J i
51y = —C5y = 5/14%’ Co1po = —Cep1 = _Eﬂ’
(B3)

written in terms of the VEVs and scalar potential para-
meters of Eq. (11).

The couplings among the scalars S = H;,A° (i = 1,2, 3)
and fermions f = e, d, u, E, are generically written as

Lz = —z f aS + lbsifs)f (B4)

where aé and b]; are the scalar-fermion and pseudoscalar-
fermion couplings, respectively. For the type-I Yukawa
model (see Sec. Il A) we have for the couplings with SM
fermions

R23

ped 123 Rys
Sp

bIMA():_S ’
’ B

0,;
ae,ii,.u — i ,

Sp

(B5)

LAY T

with the rotation matrix R being defined in Eq. (19). For the
couplings involving charged VLLs we have

ap = . Chin by = ,,,TE/DEW
ath = i Tl b= e —_DE, (B6)
where,
e _ 1 . E i x
Ci = 3 (Aju + Afj)s Dy = 3 (Ajur — Asjp)s
Ch = % (Bjx = By;)- D% = %(Bjk + B};): (B7)
with
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5y = 2 WV (V) + W (VE (V)
+ O [E(VE (VB 1 (VE) (Vi)
B,Ek = 1\3/253 [W1 (VL) (VE)ak — (VL>,2( )1k]

Ris . .
+ B DEVDR(VE =0 (VD (V] (88)
written in terms of the Yukawa couplings of Eq. (4) and the
2 x 2 unitary matrix rotations of the charged VLLs defined
in Eq. (6). For the type-Ill model (see Sec. IT A), the
interaction couplings with SM fermions are given by

al Oy ad,u 0 be Ris
LA, ’ IIL,H ’ II1,A° ’
i C/} i S/} ’ C/}
R R
d I3 u . 23
bm A0 T ’ bm U ’ (B9)
’ S ” Sﬁ

while the ones involving charged VLLs are written as

v
E _ —
a ~i = 03i;’ bIHAO = —R33;. (BlO)

APPENDIX C: HIGGS TO DIPHOTON
DECAY RATE

In Fig. 3 we present the one-loop diagrams contributing
to the Higgs to diphoton decay rate S — yy, in our
framework, where S = H,;,A° (i = 1, 2, 3). Besides the
usual SM loops (W-boson and SM fermions e, d and u), the
UN2HDM leads to BSM contributions to S — yy mediated
by the charged VLLs E and Higgs H*. The decay width for
this process is [60—62]

2,3
Gramyg

WUCW +Cp+ Cy=> + |C42),

I(S = yy) =

(C1)

FIG. 3. One-loop diagrams for #;/A° — yy (i = 1, 2, 3) in the
UN2HDM, where the charged VLLs E and Higgs H* are the
BSM contributions.

with the form factors Cy (X = W, f,H*) and C + being

Cw = gswew-[Brw + 273 + 32z — 1)g(zw)]zys
Cp=-2> NLQ%a{le; + (r7 — 1)g(zp)le?,
i

C;= —ZZN{Q}Z)J;g(rf)TEI,
f
v gsuin

Cpye = ——ISHH (|

C2
2m§1t (€2)

- Q(THi)}TI_ft’

where 7y = m2/4m%, N., and Q ; are respectively the
color factor and electric charge of fermions f = e, d, u, E.
Furthermore, ggy+w-, aé / bg, and ggy+py- are the scalar
coupling to the W-boson, fermions and charged Higgs H™,
respectively (see Appendix B). Lastly, the loop function is
given by

fort <1

arcsin®,/7

g9(z) = [log 1+\/r7~ m} 2 (C3)

fort>1"
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