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Abstract The CDF collaboration recently reported a mea-
surement of the W-boson mass My whose value shows a
large upward deviation from the Standard Model (SM) pre-
diction. The question arises whether such large values of My
could be accommodated in extensions of the SM without vio-
lating other constraints and which phenomenological conse-
quences this would have. A different type of deviation from
the SM has been observed experimentally in the searches for
light Higgs bosons. CMS has observed two excesses with
a local significance of about 3 o in the yy and Tt~ final
states for a hypothetical Higgs-boson mass of approximately
95 GeV. These two excesses are compatible with the corre-
sponding ATLAS limits. Earlier an excess was also observed
in the Higgs-boson searches at LEP in the bb final state at
the local 2o confidence level at about the same mass. It
was shown recently that the three excesses can be accommo-
dated in a Two-Higgs-Doublet Model that is extended with
a real singlet (N2HDM) of Yukawa type IV, while being in
agreement with all other theoretical and experimental con-
straints. We demonstrate here that the region of the parameter
space that describes the three excesses can also give rise to a
large contribution to My in agreement with the recent CDF
measurement. We discuss further phenomenological conse-
quences of this scenario.

1 Introduction

The mass of the W boson My can be predicted from muon
decay, which relates My to three extremely precisely mea-
sured quantities: the Fermi constant G, the fine structure
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constant «, and the mass of the Z boson M. Within the
Standard Model (SM) and many extensions of it, this rela-
tion can be used to predict My via the expression

M3,=M3 Lot T Ay Mymy. b
2 V4 V26, M2

(D

where the quantity Ar is zero at lowest order.! It comprises
loop corrections to muon decay in the considered model,
where the ellipsis in Eq. (1) denotes the specific particle con-
tent of the model.

The known contributions to the SM prediction for Ar
include the complete one-loop [2,3] and the complete two-
loop result [4-19], as well as partial higher-order corrections
up to four-loop order [20-29]. This yields a prediction of

MM = 80.353GeV , )

where the implementation of Ref. [30] in the code

FeynHiggs [31-33] has been used, and the input parame-
ters have been chosen as in Ref. [34]. The remaining uncer-
tainty from unknown higher-order corrections has been esti-
mated in Ref. [35] to be about 4 MeV (see also Ref. [36]).
Concerning the theoretical uncertainty that is induced by the
experimental errors of the input parameters, in particular Mz
and the top-quark mass m; are relevant. A variation of Mz
within its =1 o interval yields a shift of +2.7 MeV, while a
variation of m; by £0.5 GeV yields a shift of about +3 MeV.
The SM prediction of Eq. (2) is somewhat lower than the cur-
rent PDG average of the experimental results prior to the new

' For an example of a model where the lowest-order prediction for My
is modified, see for instance Ref. [1].
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CDF measurement [37],
MEPS = 80.379 +0.012GeV, 3)

but in agreement at the level of about 2 0.
Recently the CDF collaboration reported a new measure-
ment using their full data set of 8.8 b1 [38],

MSPF="eY — 80.4335 + 0.0094 GeV, @

which deviates from the SM prediction by about 7 ¢. The
CDF collaboration also reported a combination of this new
measurement with the other results from the Tevatron and
with the measurements at LEP (but not with the results from
the LHC),

MIVFLEP — 804242 4+ 0.0087 GeV. ®)

In the future it will be mandatory to assess the compatibility
of the different measurements of My with each other and
to carefully analyze possible sources of systematic effects.
The inclusion of the CDF measurement into a future world
average is expected to give rise to an upward shift of the cen-
tral value. Accordingly, the question arises whether exten-
sions of the SM exist that can accommodate values between
the central value of the current world average and the value
measured by CDF without being in conflict with existing
experimental and theoretical constraints, and which further
phenomenological consequences arise from such scenarios.
The implications of this new measurement for various sce-
narios of physics beyond the SM (BSM) have been discussed
in Ref. [39-61].

Theories that could potentially accommodate a large con-
tribution to My that shifts the predicted value towards
MSVDF*“eW might also feature other direct signals of new
physics that are detectable at the LHC. While so far no con-
clusive signs of BSM physics have been found at the LHC,
both the measurements of the properties of the Higgs boson at
125 GeV (its couplings are known up to now to an experimen-
tal precision of roughly 10 to 20% [62,63]) and the existing
limits from the searches for new particles leave ample room
for BSM physics at (or below) the EW scale. In this paper
we will study the possibility of an extended Higgs sector in
which (as will be shown below) a value of My compatible
with the CDF measurement can be realized by means of siz-
able corrections to Ar arising from mass splittings between
the BSM Higgs bosons that have sizable couplings to the
gauge bosons. A direct way of experimentally probing such
a possibility consists of direct searches for the additional
Higgs bosons at colliders, which have been performed at
LEP [64-66], the Tevatron [67] and the LHC [68-72]. In
this context one should note that, even though no detection
of additional Higgs bosons has been made so far, several
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intriguing excesses in the searches for light Higgs bosons
below 125 GeV have been observed.

Results based on the first year of CMS Run 2 data for
Higgs-boson searches in the diphoton final state show a local
excess of about 3 o at a mass of 95 GeV [69], where a similar
excess of 2 o occurred in the Run 1 data at a comparable mass
[73]. Combining 7, 8 and first year 13 TeV data (and assum-
ing that the gg production dominates) the excess is most
pronounced at a mass of 95.3 GeV with a local significance
of 2.8 . First Run2 results from ATLAS with 80fb~! in
the y y searches below 125 GeV were reported in 2018 [71].
Although no significant excess above the SM expectation
was observed in the mass range between 65 and 110 GeV,
the limit on cross section times branching ratio obtained in
the diphoton final state by ATLAS is substantially weaker
than the corresponding upper limit obtained by CMS at and
around 95 GeV.

CMS recently published the results for the search for addi-
tional Higgs bosons in the 7+ 7~ channel [72]. Utilizing the
full Run 2 data set the CMS collaboration reported an excess
in the low-mass region assuming the gluon-fusion produc-
tion mode and the subsequent decay into T ™1~ pairs, where
the mass range of the excess is compatible with the excesses
that have been observed by CMS in the diphoton searches
during Run 1 and Run 2. The excess in the T ™7~ final state
is most pronounced for a mass hypothesis of 100 GeV, with a
local significance of 3.1 o, while for a mass value of 95 GeV,
i.e. closer to the most significant excess in the y y search [69],
CMS reports a local significance of 2.6 0. So far there exists
no corresponding result for the low-mass search in the T Tz~
final state from the ATLAS collaboration in this mass range.

Searches for a low-mass Higgs boson that were previously
carried out at LEP resulted in a 2.3 o local excess observed
inthe ete™ — Z(H — bb) process [65] at a mass of about
98 GeV, where due to the bb final state the mass resolution
was rather coarse. Because of this limited mass resolution
in the bb final state at LEP this excess can be compatible
with the slightly lower mass of 95 GeV favoured by the CMS
excesses.

Since the reported excesses in the yy and T+~ channels
at the LHC and the bb channel at LEP were found at approx-
imately the same mass, the question of a possible common
origin arises. Recently we demonstrated that indeed all three
excesses can be described consistently in the N2HDM (the
Two-Higgs-Doublet Model with an additional real singlet
[74,75]) of Yukawa type IV [76].2 In the present analysis
we demonstrate that the parameter space that accommodates
the three excesses can also give rise to a large contribution to
My that can even bring the predicted value into agreement
with the central value of the recent CDF measurement (as dis-

2 Analyses in the N2HDM (and extensions) focusing only on the yy
and bb excesses can be found in Refs. [77-84].
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cussed above, a future world average for My including the
CDF measurement would be expected to lie in between the
current world average and the central value reported by CDF).
We discuss further phenomenological consequences of this
scenario.

The paper is organized as follows. After introducing the
modelin Sect. 2.1 and the relevant theoretical and experimen-
tal constraints on the N2HDM parameter space in Sect. 2.2,
the numerical results of our parameter scan are presented in
Sect. 3, where also the future prospects are discussed. We
summarize our results in Sect. 4.

2 Model definition, relevant constraints and the
prediction for My

In the following we give a brief description of the N2HDM
in order to define the necessary quantities and to introduce
our notation. More details can be found in Ref. [76].

2.1 The N2HDM

The N2HDM is the simplest extension of a CP-conserving
Two-Higgs doublet model (2HDM) in which the latter is
augmented with a real scalar singlet Higgs field [74,75]. As
in the 2HDM we define tan 8 := vy /vy, the ratio of the
vacuum expectation values (vev) of the two SU (2) doublet
fields & and ®,. In order to avoid the occurrence of tree-
level flavor-changing neutral currents (FCNC), a Z, symme-
try is imposed under which either ®; or &, changes the
sign, and which is only softly broken by a bilinear term
m%Z(CDJ{CDZ + h.c.). As in the 2HDM, one can have four
variants of the N2HDM, depending on the Z, parities of
the fermions. We will focus on type IV (flipped), which was
shown to be capable of accommodating the three excesses at
95 GeV. In addition, the scalar potential is invariant under a
second Z> symmetry acting only on ®g. This symmetry is
spontaneously broken if the singlet acquires a vev vg. The
CP-even scalar spectrum contains a total of three physical
Higgs bosons /12,3, where we use the convention mj;, <
mp, < mp,. The relation between the states in the gauge
eigenstate basis and the physical states can be expressed in
terms of the 3 x 3 orthogonal matrix R, which can be param-
eterized by three mixing angles —7/2 < o1, a2, 03 < /2
such that

Collc()lz Salcozz s(xz
R= _(Calsazsag +Salca3) Calca3 _Salsazsa3 Cotzsut_z )
_Cal saz CO{3 +Sa1 Sa3 _(C(xl Sct:; +sol1 solz C(x3) Cotz Col3

(6)

where we use the short-hand notation s, = sin x, ¢, = cosx.
The couplings of the Higgs bosons to the fermions and
gauge bosons are modified w.r.t. to the couplings of a Higgs

boson as predicted by the SM. We express the couplings of the
scalar mass eigenstates /;, normalized to the corresponding
SM couplings, in terms of the coupling coefficients ¢y, vy and
Ch, £ F> such that the couplings to the massive vector bosons
are given by

(gh,WW)W = iguv (chvv) gMw and

gMz

(8h,-zz)w = igu (cnvv) P (7

where g is the SU (2) 1, gauge coupling, cy = My /M7 is the
cosine of the weak mixing angle, and sy = /1 — C‘zv_ The
couplings of the Higgs bosons to the SM fermions are given
by

m g
Sniff = (%ff) ’ ®)

where m ¢ is the mass of the fermion, and v = /(v + v3) ~
246 GeV is the SM vev. Analytical expressions for these cou-

pling coefficients in terms of the mixing angles o1 2 3 and B
can be found in Ref. [77].

The scalar potential of the N2HDM comprises 11 free
parameters. We use the public code ScannersS [75,85,86],
with which the model can be explored in terms of the param-
eters

2 2 :
Chztf’ CthV’ Slgn(R23)9 R137 tanﬁ? vs,
2
mh1’2.3v ma, mpyg+, my,. (9)

Here, m 4, m =+ denote the masses of the physical CP-odd
and charged Higgs bosons, respectively. We will identify the
lightest CP-even Higgs boson hj with the one that could
potentially be identified with the excesses at 95 GeV, labelled
hos. The second-lightest CP-even Higgs boson £, will be
identified with the detected state at 125 GeV, labelled A 35.
Besides the 11 free parameters mentioned above, Eq. (9) also
contains the input parameter sign(R73), which is used to lifta
degeneracy arising from the dependence of the mixing angles
«; on the squared values of the coupling coefficients c}zl2 ,7and

Cizvv and the element of the mixing matrix Ri3.

2.2 Theoretical and experimental constraints

In our analysis we apply several theoretical requirements to
the parameter space of the N2HDM. We give here only a very
brief description; more details can be found in Ref. [76].

In order to ensure that for the considered parameter point
the electroweak minimum is physically viable it is required
that the EW vacuum is either stable or meta-stable, i.e. suf-
ficiently long-lived in comparison to the age of the universe.
In particular, we apply conditions on the scalar couplings
that exclude parameter points for which the scalar potential
is not bounded from below [75,87]. For the calculation of

@ Springer
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the lifetime of the EW vacuum in case the electroweak mini-
mum is not the global minimum of the potential, ScannersS
provides an interface to the public code EVADE [88,89]. We
also apply the tree-level perturbative unitarity conditions that
ensure that in the high-energy limit the eigenvalues of the
scalar 2 x 2 scattering matrix are smaller than |87 | [75].

The experimental constraints are applied as follows. We
verify the agreement of the selected points with the currently
available measurements of the properties of the Higgs boson
at about 125 GeV using the public code HiggsSignals
v.2.6.1[90-93]. The required theoretical predictions for
the cross sections and the branching ratios of the scalars
are obtained from the public codes SusHi [94,95] and
N2HDECAY [75,96-99]. In the following we denote as X1225
the X2 contribution obtained from HiggsSignals. We
demand that each point fulfills the condition

X1225 - X1225,SM =5.99. (10)

This corresponds to an exclusion limit on the model param-
eters in a joint estimation of two parameters at the 95%
confidence level under the assumption that the SM fit result
X]225, gMm provides a good approximation for the best-fit X1225-
value of the N2HDM (see Ref. [93] for details).> We have
checked explicitly that this is the case for our parameter
scan. In order to test the parameter points against the exclu-
sion limits from the Higgs-boson searches at LEP, the Teva-
tron and in particular from the LHC, we employ the pub-
liccode HiggsBounds v.5.9.1[100-105]. Constraints
from flavor-physics observables are taken into account by the
approach as implemented in ScannerS, where the 2HDM
flavor constraints projected to the tan f—m g+ plane as given
in Ref. [106] are applied as approximation for the N2HDM,
see e.g. the discussion in Ref. [84]. In particular, large ten-
sions arise in 2HDM-like extensions of the SM for small
values of tan 8 for the measurements of leptonic and radia-
tive B-meson decays [106]. We will therefore use tan § = 1
as a lower limit in our parameter scans. Contrary to previous
analyses, we do not apply constraints from electroweak preci-
sion observables (EWPOs). Instead, we investigate whether
agreement with the Tevatron measurement of My can be
achieved, and we discuss the extent of compatibility with the
experimental results for the effective leptonic weak mixing
angle at the Z-boson resonance, see the next subsection.

2.3 Prediction for My

If new physics contributions to the EWPOs enter mainly
through gauge boson self-energies, as it is the case for

3 We ChECk.C.d that for alil points X12;5 > X1225, sM- Thus, the application
of the condition shown in Eq. (10) is more restrictive than demanding
that no parameter point is disfavoured at more than 95% confidence
level compared to the best-fit point regarding x1225.

@ Springer

extended Higgs sectors, the BSM effects in the predictions
for My and the Z-pole observables can in a simple approx-
imation be expressed in terms of the oblique parameters S,
T and U [107,108]. We make use of the implementation of
the one-loop contributions to the oblique parameters for the
N2HDM in ScannersS, which is based on generic results
for extended Higgs sectors with an arbitrary number of Higgs
doublets and singlets from Ref. [109]. In the framework of
the oblique parameters, the W-boson mass can be calculated
using the expression [109]

M2 (MZ)SM 1+—S”2V A (11)
= r .
= & -5
with

o 1 2 — 2
A = — [ —=S+3T+X Yy, 12
d s&,( 2 tod + 45% ) (12)

Inserting the results for S, 7" and U obtained with ScannerS
in the N2HDM yields our prediction for the mass of the W
boson, in the following denoted by M %ZHDM.

Another very precisely known EWPO is the leptonic effec-
tive weak mixing angle at the Z-boson resonance, usually
referred to as sin? Octr. My and sin? Oefr are the observables
that by far have the largest impact on the electroweak fit, and
we therefore do not include further Z-pole observables in our
analysis. In fact, for the total width of the Z boson, I'z, it was
shown in Ref. [52] that the tension between the experimental
value of 'z and its theoretical prediction is only at the level
of 1o in the range of T that is required to predict a value of
My in agreement with the CDF measurement.

In order to investigate the corresponding shift in sin? Oegr
that is induced via the BSM effects in terms of the oblique
parameters as a consequence of sizable contributions to the
prediction for My, we compute sin? Ot according to [110]

2.2
sin? fgr = sin? OSM — a(§ —deysy ). (13)
4(c% —s2)
As will be shown below, the numerically relevant contribu-
tion arises from the T (= Ap/«) parameter. For the values
of the SM parameters that enter in the prediction of MM
and sin? Oesfl}/l we used the set of numerical values as given in
Eq. (7) of Ref. [34], which were taken from Refs. [37,111].
The SM predictions for My and sin? O obtained in this
way are MEVM = 80.353 GeV and sin? Qesf%d = 0.23156.

2.4 Fitting the excesses at 95 GeV

In order to analyze whether the N2HDM can yield an upward
shift in the prediction for My that is sufficiently large to
make it compatible with the CDF measurement and simulta-
neously provide a possible explanation of the observed yy,
17 and bb excesses, we perform a y2-analysis quantify-
ing the agreement between the theoretically predicted signal
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rates and the experimentally observed values. Experimen-
tally, it was determined that the excesses at 95 GeV were
best described assuming signal rates of a scalar resonance of

KD £ AUSE = 0.6£0.2 [69] (1
PP £ ApSP = 0.117 £ 0.057 [64] (15)
wey £ AuSY =1.240.5 [72], (16)

where the signal strengths are defined as the cross sections
times branching ratios divided by the corresponding predic-
tions for a hypothetical SM Higgs boson at the same mass,
and the experimental uncertainties are given as 1 o uncer-
tainties. The theoretically predicted values fty,, upp and
.7 were obtained by computing the gluon-fusion production
cross section of /g5 with the help of SusHi [94,95], and the
branching ratios for the Higgs bosons were computed using
N2HDECAY [75,96-99] (see Ref. [76] for more details). For
each individual excess, we define the X2 contributions

exp 2
(Myy,rr,bb - 'u“yy,rt,bb)

exp P
(Al}“yy,tr,bb)

2
Xyy.tr.bb = (17)
In order to assess the combined description of the three
excesses, we define the total x 2 contribution as

2 2 2 2
ny+‘[r+hb = ny + Xt + Xbb» (18)

where the results for the three channels in which the excesses
were observed are treated as independent measurements,
such that we can simply add the three individual x? con-
tributions. In the following numerical analysis, we will con-
sider parameter points as providing a good description of the
excesses if they account for the combined effect of the three
excesses at the level of 1 o or better. For three independent
measurements, this translates into the requirement

Xy seeipy < 353, (19)

3 Numerical analysis

In this section we discuss our numerical analysis, where we
investigate whether the N2HDM type IV parameter space
that can describe the three excesses observed near 95 GeV can
also yield a predicted value for the W-boson mass, M ‘I}I,ZHDM,
that is so large that it would be in agreement with the mea-
sured value as recently reported by CDF. We perform a ran-
dom scan in the N2HDM type IV over the free parameters as
defined in Eq. (9), where the scan ranges were chosen to be

94GeV < my, <98GeV, my, = 125.09GeV,

300 GeV <mp, <1000 GeV, 300 GeV<m 4
<1000 GeV, 650GeV < mpy+ < 1000 GeV,

l<tanp <10, 0<m?,

< 10%GeV?, 100 GeV < vg < 1500 GeV,

0.6 <cjyy <09, 06=<cj ;<10

sign(R13) = £1, —1 <Ry <1. (20)

It should be noted here that we focus our parameter scan on
the parameter regions where hos, corresponding to /1, has a
sufficiently large coupling to the gauge bosons and fermions
so that it can give rise to the excesses that were observed in
the Higgs searches near 95 GeV. Since hos obtains its cou-
plings to fermions and gauge bosons as a result of the mixing
with the state /&, that we identify with the observed Higgs
boson /125, we imposed an upper limit of ¢, vy < 0.9 (see
Ref. [76] for details). We use the public code ScannersS
[75,85,86], which scans the parameters randomly over the
given range and applies the theoretical and experimental con-
straints discussed in Sect. 2.2 (where we modified the rou-
tines for the check against the EWPO). We select parameter
points with M‘I;I,ZHDM within the 2 o confidence-interval of
the new CDF measurement given in Eq. (4). We thus only
take into account points which fulfill

N2HDM CDF—new- 2
2 (MW — MW )
X MCDF—neW =
w

w

with AMSPE"Y = 0.0094 GeV.

In Fig. 1 we show the predicted values of My in the
N2HDM for the parameter points of our scan as a function of
the oblique parameter T'. For the parameter points that pro-
vide a description of the collider excesses at 95 GeV at the
level of 1 o orbetter, i.e. X}%y+rr+bb < 3.53, the color coding
indicates the size of the oblique parameter S. The remaining
parameter points are shown in gray. The light blue region
shows the new CDF measurement within its £2 o band. The
red dashed line indicates the SM prediction for the W-boson
mass (see Sect. 1 for details). According to Eq. (11), one finds
anearly linear dependence of M yVmDM on 7', with a sublead-
ing contribution coming from S. The contributions from the
oblique parameter U are found to be negligible. The color
coding indicates that either values of S &~ —0.020 (dark blue)
or S ~ 0 but positive (green) are found. The origin for the
presence of these two separate branches will be further dis-
cussed below. It can be seen that the N2HDM of type IV can
yield a prediction for My that agrees with the new My mea-
surement from CDF, while simultaneously providing a good
description of the three excesses at about 95 GeV, possessing
a Higgs boson at 125 GeV whose properties are compatible
with the LHC results, and which furthermore is in agreement
with all the other constraints listed in Sect. 2.2.

As a consequence of the applied condition shown in
Eq. (21), we enforce in our scan that all parameter points
lie within the 2 o uncertainty band of the CDF measure-

@ Springer
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S
—0.020 —0.015 —0.010 —0.005  0.000
S
80.46 3

80.44 |

80.42

N2HDM Type IV

B g
= 8040 F Coirran < 3.53
i X rribn > 3.53 :
80.38 F ——- CDF-2022 +25 ;
— SM ]
w
80.36 :

0.14 0.16 0.18 0.2 0.22 0.24
T

Fig. 1 The prediction for My in the N2HDM as a function of 7,
where the color coding indicates the size of S for the parameter points
that describe the excesses at 95 GeV at the level of 1 o or better,
ie. x3y+n+bb < 3.53. The remaining parameter points are shown in
gray. The light blue region corresponds to the new CDF measurement
within +2 . All points lie within the light blue region, since in our scan
we selected the points fulfilling the requirement leCDF—new < 4. The
w

red dashed line shows the SM prediction for My

ment. As such, our results demonstrate the compatibility of
a description of the excesses at 95 GeV and a prediction for
My that can be as large as the CDF result. However, we
stress that parameter points that fit the collider excesses do
not necessarily predict a value for My that would be inside
the 2 o uncertainty band of the CDF measurement. In fact,
parameter regions yielding a good description of the collider
excesses near 95 GeV can also give rise to smaller predicted
values of My that are closer to the SM value. We would
like to recall once more in this context that a potential new
world average value of My, taking into account the CDF
measurement and the previous measurements at LEP [112],
the Tevatron [113] and the LHC [114,115], is expected to
have a central value between the current world average and
the CDF value. One can extrapolate from the slope of the
line of points in Fig. 1 that a parameter scan targeting such a
future average value (once it becomes available) would yield
a preference for somewhat smaller values of the T parameter.
Besides that, our conclusions regarding the compatibility of
the description of the excesses at 95 GeV and a sizable pos-
itive shift to My in the direction of the CDF measurement
are not affected.

@ Springer

(7 = T3P%)/ATEPC
1.2 1.4 1.6 1.8 2.0
M ————————

'N2HDM Type |
Xi'y-k‘r‘r-&-bb <3.53
X?WS/DF?—nCW <4
0.232 | 3 K i i b
;.__.'\ 1 1
’ \ 1 1
! 1 | |
& [ / 1 1
> pOSTOR A ;
s [ N ‘. 1
@ ; h\ !
L . 1 ! _
0.231 : I |
K 1 |
| |
I Cans® 1 1
| ——- PDG Avrg. ——- CDF-2022 +20
I b
SRR AOFB (LEP) SM ]
0.230 Co Arr (SLD) 1
PRI T S S S T S S NN B S S RS SR ST
80.3 80.4 80.5
My [GeV]

Fig. 2 The predictions for My and sin B¢ in the N2HDM. The color
coding of the points indicates the difference between the prediction
for I'z and the PDG average value FEDG divided by the experimental
uncertainty AFEDG. The light blue region corresponds to the new CDF
measurement within &2 o. The green dotted and the purple ellipses
indicate the 68% confidence level results from the two individually
most precise measurements of sin? Oefr Via Ag‘é' at LEPand Ay R at SLD,
respectively, whereas the gray dashed ellipse indicates the average of the
LEP and SLD measurements [116—118]. Those ellipses are shown for
the My value corresponding to the current world average. The orange
cross indicates the SM prediction

Next we turn to the compatibility with the most sen-
sitive Z-pole observable, sin? Ocfr. In Fig. 2 we show the
predictions for My and sin? Oerr in the N2HDM for all
points with X1225 — X1225,SM < 5.99, X)%y+rt+bb < 3.53 and

XéCDanew < 4. One can see that the parameter points that
w

fit the new CDF measurement of the W-boson mass fea-
ture also sizable modifications of sin? G compared to the
SM prediction. It should be noted that without the restric-
tion of the displayed points to those for which the predicted
value for My is compatible at the 2 o level with the new
CDF measurement the displayed scan points in Fig. 2 would
extend further to the left, i.e. into the direction towards the
SM prediction that is indicated by an orange cross in the fig-
ure. According to Eq. (13), the predicted values of sin® O
featured for the displayed parameter points of our scan are
smaller than the SM value, and they do not touch the current
1 o ellipse based on the PDG average values of My (which
does not contain the new CDF measurement) and $in? G-
However, here it should be kept in mind that the PDG average
of sin? Befr is composed of different measurements, where the
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two most precise ones are compatible with each other only at
the level of about 3 o: the one based on the forward—backward
asymmetry of the bottom quarks measured at LEP [118], and
the one obtained from the left-right asymmetry measured at
SLD [118]. It can be observed that the data points preferred
by the My measurement of CDF are in better agreement
with the SLD measurement based on Ajr, whereas the ten-
sion increases with the value of sin? O extracted at LEP
based on measurements of Ag’]-f. Similar observations were
made in Refs. [39,44,52], and the correlation between the
effective weak mixing angle and the mass of the W boson is
expected to arise generically in models in which the shift in
the prediction for My towards the new CDF measurement of
My is accommodated mainly via the breaking of the custo-
dial symmetry by means of a non-zero 7' parameter (and not
via, e.g., BSM vertex and box contributions to muon decay).
The fact that the points in Fig. 2 lie along an approximately
straight line is an indication of the strong dependence on the
T -parameter, whereas the impact of the non-zero values of
the S-parameter on the prediction for sin® fef is very small
in our scan.

While the ellipse indicating the current world average for
My and sin’ O as well as the two ellipses indicating the
measurements of sin? G via A%’ at LEP and Arr at SLD
are all shown for the current world average of My that does
not contain the new CDF measurement, it becomes clear from
the plot that for a future world average value of My located
in between the current world average and the new CDF mea-
surement the displayed ellipses would be accordingly shifted
to the right (and modified in order to account for the combined
experimental error of the new world average). The tendency
towards a better agreement of the N2HDM predictions with
the SLD measurement of sin G based on Ay g will become
more pronounced the closer the future world average for My
will be to the new CDF measurement. Finally, it should be
noted that, while we only show in Fig. 2 the parameter points
for which the excesses in the low-mass Higgs searches near
95 GeV are well described, the other parameter points that are
in agreement with the CDF result for My would be located
at essentially the same region in the My —sin® fef plane.*

Finally, we discuss the compatibility of the parameter
region of the N2HDM yielding predictions for My close
to the CDF measurement with the experimentally measured

4 In Ref. [82] a complex singlet field was considered instead of the
real singlet of the N2HDM. There it was shown that the imaginary
part of the singlet can give rise to a valid dark-matter candidate whose
annihilation can also account for the so-called galactic-center excess,
while the real component of the singlet field gives rise to the state
at 95GeV that accounts for the collider excesses as in the N2HDM.
Therefore, a combined description of the prediction for the W-boson
mass, the excesses in the Higgs searches near 95 GeV and the galactic-
center excess should also be possible (see Refs. [45,60] for discussions
of the My prediction and the galactic-center excess in the inert 2HDM).

value of the width of the Z boson, I'z. The color coding of
the points in Fig. 2 indicates the difference between the pre-
diction for I'z and the PDG average value I‘EDG divided by
the experimental uncertainty AFEDG [37]. Our N2HDM pre-
diction forI'y = F%M + ATz is based on the SM prediction
computed according to Ref. [119] and using the input param-
eters as discussed in Sect. 2.3. The shift AI'z is obtained
using the fit formula given in Ref. [120], where we took into
account the numerically relevant terms depending on S and
T. One can see that a prediction for My in agreement with
the 2 o uncertainty band of the CDF measurement in combi-
nation with a good description of the excesses at 95 GeV is
possible with a tension for I'z which is only slightly above
1 o. For parameter points that predict a value of My that
is even larger than the central value of the CDF measure-
ment, the tension for 'z grows to the level of more than 2 .
Here we stress again that a future world average value of My
taking into account the CDF measurement would lie below
the CDF measurement, with potentially much larger uncer-
tainties reflecting the low level of compatibility between the
CDF result and the most precise other measurements of the
W-boson mass. Thus, an analysis based on such a future
world average value would be expected to yield a prediction
for Iz that agrees with the experimental value at the level of
1 o or better.

In order to shed more light on the N2HDM parameter
space regions that can give rise to a value of My that is in
agreement with the CDF measurement, we show in Fig. 3 the
parameter points in the plane of the mass differences between
h3 and H* on the horizontal axis and between A and H* on
the vertical axis. For the points with X3y+rr+bb < 3.53, the
color coding indicates the value of x]% yrTbb in the left plot
and of m 4 in the right plot. The remaining points are shown
in gray (as throughout our analysis, the condition of Eq. (10)
is applied for the displayed points). One can see that most of
the parameter points have a mass hierarchy in which 43 and A
are either both lighter or both heavier than the charged Higgs
bosons H*. The separation of the parameter points into these
two distinct mass hierarchies that are visible in Fig. 3 is also
the reason for the presence of the two separate branches of
points that are visible in Fig. 1. The fact that the presence
of these two mass hierarchies facilitates a prediction of the
W-boson mass that is in agreement with the recent CDF mea-
surement is in line with the results of Ref. [52], where the
compatibility of the 2HDM of type I in the alignment limit
with the CDF measurement of My was investigated. We note
that in contrast to the results in the alignment limit of the
2HDM, in the present analysis we also find parameter points
with a predicted value of My in agreement with the CDF
measurement featuring a different mass hierarchy, namely
ma < mpyg+ < myp,, as indicated by the displayed parameter
points in the lower right parts of the plots in Fig. 3. Most
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Fig. 3 Parameter points in the plane of the mass differences mj,, —m g+
(horizontal axis) and m 4 — m g+ (vertical axis). The color coding indi-
cates the value of xﬁy L reapp 0 the left plot and of my4 in the right

of these points — which are all displayed in gray, indicating
that they are not compatible with the excesses observed in
the Higgs searches near 95 GeV at the 1 ¢ level — are located
on a horizontal branch where A and H* are close in mass.
For these points, the heavy state /3 is dominantly singlet-like.
Thus, this part of the N2HDM parameter space resembles the
one of a2HDM with the doublet-like states /195 and /125 (sce-
narios of this kind, where the second-lightest CP-even Higgs
boson corresponds to the observed state at about 125 GeV,
have been investigated in Refs. [121-123]) which is supple-
mented by the heavier singlet-like state s3. Consequently,
in this case the large upward shift in the prediction of My
results from the large mass splitting between hos, h125 and
the states A and H™. The fact that the points in the horizon-
tal branch with m 4 ~ m = are shown in gray indicates that
for a dominantly doublet-like state hos the three excesses
observed in the low-mass Higgs-boson searches cannot be
described simultaneously. We therefore do not discuss these
points any further in the following.

For the parameter points that accommodate the excesses
in the low-mass Higgs searches at the level of X)%y drrabh =
3.53, one can see from the left plot of Fig. 3 that both the
mass hierarchies mj,,mg < mg+ and mp,,ma > mp=
can be realized. For the points in the upper right part of the
plots for which the charged Higgs bosons are lighter than the
heavy neutral states, our scan resulted in only a small number
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plot for the parameter points that describe the excesses at 95 GeV at the
leYel of 1 o or bet.ter, ie. X}%y terabp < 3.53. The remaining parameter
points are shown in gray

of parameter points that comply with the various constraints.
While we expect that a more detailed scan would give rise
to a somewhat larger allowed parameter region in the upper
right part of the plots, we do not attempt a detailed discussion
of the correlation between XJ%V trr4pp and the precise values
of the mass splittings. However, it is obvious from the dis-
played gray points that even without imposing the constraint
on X)%V +re4pp the parameter region in this branch giving rise
to a prediction for My that is compatible with the new CDF
value is more restricted than for the points that feature H*
as the heaviest particle (lower left branch of points). Here it
is important to note that the mixing of the singlet field with
the doublet fields in the N2HDM gives rise to additional
theoretical constraints on the scalar couplings, in particular
from perturbative unitarity, as compared to the 2HDM. As a
result of these additional constraints in combination with the
requirement C%IZSVV < 0.9 (see Eq. (20)) and experimen-
tal constraints from flavor-physics observables, we find that
parameter points with mp; —mg= 2 150 GeV in this branch
are excluded.

Turning now to the points with the mass hierarchy
mp,, ma < mpg+ that are visible in the lower left part of
the plots, one can see that the mass splitting between H*
and A is restricted to be below about 200 GeV for the points
describing the excesses in the low-mass Higgs searches at the
1 o level, while the mass splitting between H* and A3 can
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be even larger than 400 GeV. In the latter parameter region
A and H¥ are almost degenerate, while /3 is substantially
lighter. The fact that this particular mass hierarchy allows
for a good description of the excesses at 95 GeV was already
noted in Ref. [76] (see Fig. 5 therein). It is remarkable that the
same mass hierarchy, as demonstrated here, can also give rise
to a prediction of My in agreement with the CDF measure-
ment. Furthermore, for this mass hierarchy the strongest first-
order electroweak phase transition can be accommodated in
the (N)2HDM [124,125], and as such the respective parame-
ter space regions might be suitable for the realization of elec-
troweak baryogenesis or for the production of an observable
primordial gravitational-wave background.

From the right plot of Fig. 3 one can infer that in the
lower left branch of points where m 4 is significantly smaller
than my, ~ mpy+ the presence of a CP-odd Higgs boson
with a mass of 400GeV < my < 500GeV is compatible
with a prediction of the W-boson mass in agreement with
the new CDF value and with the presence of a Higgs boson
at 95 GeV that s in fairly good agreement with the measured
signal rates in the three respective decay modes. This is of
particular interest in view of the fact that the local 3.5 o
excess observed at about 400 GeV by the CMS collaboration
in searches for additional Higgs bosons in di-top final states
[126] can be described by means of the CP-odd Higgs boson
A of the type IV N2HDM, while at the same time the yy
excess and the bb excess at 95 GeV can be described by the
singlet-like Higgs boson as shown in Ref. [84]. The presence
of parameter points with m4 < 500 GeV, as shown in the
right plot of Fig. 3, that also accommodate the more recently
observed 7~ excess at 95 GeV and the CDF measurement
of My leave room for the possibility that additionally also
the 17 excess at about 400 GeV can be accommodated. We
leave a more detailed investigation of this very interesting
scenario for future work.

4 Conclusions

The recently reported measurement of the W-boson mass
My by the CDF collaboration deviates significantly from
the SM prediction. A future world average for My that
includes the previous measurements of My as well as the
new CDF result will have to be based on a careful analysis
of the systematic uncertainties of the different measurements
and will have to account for the observed spread between the
different results. If the future world average moves signifi-
cantly towards the central value reported by the recent CDF
measurement, the presence of sizable contributions from
BSM physics to the prediction for My would be favored.
In this paper we have discussed whether a prediction for
My that would be compatible with the recent CDF measure-
ment and simultaneously a description of recently reported

excesses in low-mass Higgs boson searches near 95 GeV can
be accommodated in a simple extension of the SM without
being in conflict with existing experimental and theoretical
constraints. Specifically, we have focused on a Two-Higgs-
Doublet Model that is extended with an additional real singlet
scalar (N2HDM) of Yukawa type IV, which we had identified
in a recent publication [76] to be suitable for the description
of the reported excesses in the search for light Higgs bosons
at around 95 GeV. These excesses were found in the y y, the
77~ and the bb decay modes and can be described in the
N2HDM by means of a singlet-like Higgs boson at this mass
that mixes with the detected Higgs boson at 125 GeV.

We have demonstrated that in the N2HDM a prediction of
the value of My in agreement with the CDF measurement is
compatible with a good description of the collider excesses
at 95 GeV. We have shown that the parameter regions giv-
ing rise to those features are in agreement with the various
theoretical and experimental constraints on the model param-
eters. In the parameter regions that we have determined the
heavy neutral scalars 73 and A are either both lighter or both
heavier than the charged states H*. Furthermore, we have
pointed out that the parameter region featuring a sizable mass
splitting between the third CP-even Higgs boson /3 and the
approximately mass-degenerate CP-odd Higgs boson A and
the charged Higgs bosons H*, i.e. My, < ma ~ mp=+ (with
mp < mpy=+), naturally gives rise to sizable values of the T
parameter and thus to an enhancement of My compared to
the SM prediction. It is interesting to note that this is also
the mass hierarchy which is favoured by the requirement
of realizing a strong first-order electroweak phase transition
(which may give rise to an observable gravitational wave
signal) in the N2HDM. Concerning the effective weak mix-
ing angle, the parameter space preferred by the new My
measurement from CDF is well compatible with the $in? Gef
value extracted from Ay r at SLD, while there is some tension
with the value obtained from Agﬁ at LEP.

Finally, we note that a possible future world average value,
taking into account the previous measurements of My at
LEP, the Tevatron and the LHC in combination with the new
CDF'result, would be expected to have a somewhat lower cen-
tral value for My than the one reported by CDF and poten-
tially a significantly larger uncertainty reflecting the low level
of compatibility between the CDF result and the most precise
previous measurements. Such a central value of My between
the current world average and the CDF value would yield a
preference for smaller and somewhat less restricted values
of the T parameter. These smaller values of 7" would cor-
respond to slightly smaller mass splitting of the heavy BSM
Higgs bosons. We stress that our qualitative results indicating
the compatibility of the description of the collider excesses
at 95 GeV with a sizable upward shift in the prediction for
My would remain unchanged in such a scenario.
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