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The most recent W-boson mass measurement by the CDF Collaboration with a substantially reduced

uncertainty indicates a significant deviation from the standard model prediction, as large as 7o if taken

literally. Then the Peskin-Takeuchi parameters of S and 7 shift to larger values, which has profound

consequences in searching for physics beyond the SM. In the framework of two-Higgs-doublet models, we

study the effect of the new W-boson mass measurement on the parameter space. Combined with other

constraints including theoretical requirements, flavor-changing neutral currents in B physics, the cutoff

scale above 1 TeV, Higgs precision data, and direct collider search limits from the LEP, Tevatron, and

LHC experiments, we find upper bounds on the masses of the heavy Higgs bosons; My; 4 4+ < 1.1 TeV in
type I, II, X, and Y for the normal Higgs scenario; M 5+ < 450 GeV and M, < 420 GeV in type I and X for
the inverted scenario where the heavier CP-even Higgs bosons is the observed one. Another important
finding is that type II and type Y in the inverted scenario are completely excluded. Such unprecedented
findings imply that the upcoming LHC run can readily close out a large portion of the, still available,

parameter space.

DOI: 10.1103/PhysRevD.106.075013

I. INTRODUCTION

The standard model (SM) of electroweak theory with
SU(2) x U(1) gauge symmetry is highly successful in
explaining almost all the measurements in particle physics
experiments. Nevertheless, we have not given up on new
physics beyond the SM (BSM) to answer the outstanding
questions in particle physics, such as the neutrino mass and
mixing, matter-antimatter asymmetry in the Universe, and
dark matter. A natural approach is to presume that a BSM
theory appears at a high-energy scale while the SM is a
good theory at a low-energy scale. Hence, if any experi-
ment at the energy scale below 1 TeV observes an anomaly,
it would shake the foundation on the SM and indicate the
advent of a new era in particle physics.
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Very recently, the CDF Collaboration at Fermilab
reported the most precise W-boson mass measurement,
m$PY = 80.4335 £ 0.0094 GeV [1]. The total uncertainty
is less than 10 MeV and the central value is about 76.5 MeV
larger than the SM prediction, m3M = 80.357 £0.006 GeV
[2]. It has about 7¢ standard deviation from the SM value.
Before the CDF run-II result, the world average of my,
measurements had just 1.8¢ standard deviations from
mﬁVM [2]. Even though more careful cross-checks of the
systematic uncertainties between CDF run-II analysis
and other W-boson mass measurements at the LEP [3],
LHCb [4], ATLAS [5], and DO [6] will eventually be made,
this new measured my, value urgently calls for an explan-
ation from new physics models.

An efficient parametrization to quantify the validity
of the SM and to point in the direction of new physics
is a set of the Peskin-Takeuchi oblique parameters of S, 7',
and U [7-9] in the global fit to the electroweak precision
data (EWPD) [10,11]. According to Ref. [12-22], the CDF
my, yields significant deviations of the oblique parameters
from the SM predictions. If all of three can vary, the
new fits show that S and 7 can keep as before, but the
U increases substantially such that S = 0.06 &+ 0.10,
T=0.114£0.12, and U=0.13+£0.09 [12]. Here, we
take the definition of the oblique parameters which vanish
in the SM [2]. However, the contributions to U can only
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appear in a dimension-eight operator, so most new physics
models have tiny contributions to U. Therefore, setting
U =0 while varying S and T is usually adopted, which
results in both S and 7" moving to large and positive values;
§S=0.154+0.08 and T = 0.27 + 0.06 [12]. Based on these
changes of S and 7, some new physics models including
two-Higgs-doublet model (2HDM) and its extensions
[12,23-36], the Higgs triplet model [37-41], supersymmetry
[42-47], leptoquarks [48-50], seesaw mechanisms of neu-
trino mass [51-56], vectorlike leptons or vectorlike quarks
[57-61], the standard model effective field theory (SMEFT)
[14-17,19,20,62—-64], and others [13,21,22,65-73] are pro-
posed to explain the W-boson mass anomaly. In particular,
some of them also try to explain the long-standing anomaly
in the muon anomalous magnetic moment measurement
[32,33,36,43,44,48-50,54,57,58,60], which the Fermilab
has recently confirmed [74].

In this work, we pursue a comprehensive study of the
2HDM in light of the new CDF my measurement. We
study not only four famous tree-level flavor-conserved
types (type I, type II, type X, and type Y) but also two
Higgs scenarios for the observed Higgs boson, the normal
scenario (NS) and inverted scenario (IS). We impose all
the theoretical and experimental constraints, including the
stability of the scalar potential, the unitarity of the scalar-
scalar scatterings, the EWPD, the Higgs precision data, and
the direct search bounds at the LEP, Tevatron, and LHC.
We compare the results before and after the new CDF my,
measurement. In addition, we study the evolutions of the
model parameters via renormalization group equation
(RGE), and demand the stability of the scalar potential
up to 1 TeV. A particular focus is on a comparative study to
see the differences in the viable parameter space, according
to the type, Higgs scenario, and my. One of the most
salient features when we take m$PY is that the aforemen-
tioned constraints put the upper bounds on the masses of
new Higgs bosons, about 1.1 TeV in the NS and about
450 GeV in the IS. Then type II and type Y in the IS face a
conflict with the lower bound on My = 580 GeV from
b — sy [75,76]. Consequently, type II and type Y in the IS
are excluded. In addition, the results of scanning the entire
parameter space without any conditions on the masses
and couplings give apparent signals for the future collider
phenomenologies: (i) type I has the most surviving param-
eter points for both NS and IS; (ii) the light charged Higgs
boson at a mass below the top quark mass is viable in type I
and type X; (iii) light neutral Higgs bosons, CP-even and
CP-odd, are still allowed for type I and type X.

The rest of this paper is arranged as follows. We briefly
review the 2HDM in Sec. II. The parameter scanning
strategies are outlined in Sec. III. The allowed ranges of
the masses, tan 3, and sin(ff — ) are also shown. We then
discuss the characteristic features of the NS and IS in
Sec. IV and Sec. V, respectively. Finally, we conclude
in Sec. VL

II. REVIEW OF 2HDM

In the 2HDM, there exist two complex SU(2), Higgs
doublet fields, ®; and ®, [77],

w; .
q)i = vi+hi+in; | 1= 1’ 2’ (1)

V2

where v; and v, are the nonzero vacuum expectation values
of ®; and ®,, respectively. The electroweak symmetry is

broken by v = \/v7 + v3 = 246 GeV. We define the ratio
of two vacuum expectation values to be tan f = v,/v,. For
simplicity, we use the notation of s, = sinx, ¢, = cosx,
and ¢, = tan x in what follows.

We impose a discrete Z, symmetry, under which
O, - &, and &, - —D,, to avoid the flavor-changing-
neutral-current (FCNC) at tree level [78,79]. The scalar
potential with CP invariance and softly broken Z, is

V = m}, @@, + m3, @0, — m3,(®]®, + H.c.)
1 1 .
+ 5/11 (®]@)) + 5,12(q>;q>2)2 + 13 (@] @, ) (D)

2] 0)(@0,) 1 As[( @@ 1 Hel ()

where the m?, term softly breaks the Z, parity. The model
has five physical Higgs bosons, the lighter CP-even
scalar h, the heavier CP-even scalar H, the CP-odd
pseudoscalar A, and a pair of charged Higgs bosons H*.
The weak eigenstates in Eq. (1) are linear combinations of
physical Higgs bosons through two mixing angles, a and f:
the expressions are referred to Ref. [80]. An important
relationship is the SM Higgs boson hgy with 4 and H,

hSM = Sﬂ—ah + Cﬂ—aH' (3)

In the 2HDM, the observed Higgs boson at a mass of
125 GeV can be either i or H, which is called the normal
scenario (NS) and the inverted scenario (IS) [81,82],
respectively,

NS: my, = myys;

IS: My = mys. 4)

where m,5 = 125 GeV. A popular way to accommodate
the SM-like Higgs boson is the Higgs alignment limit
where hgy = h (or ¢z, =0) in the NS and hgy = H
(or sz, = 0) in the IS. Then the phenomenology of the
BSM Higgs bosons is simplified such that H - WW/ZZ,
A = Zhgy, and H* — W hgy, are prohibited at tree
level. However, the assumption may interfere with observ-
ing new scalar bosons at the LHC. Therefore, we do not
impose any conditions on the masses and couplings when
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performing the random scan. Only the theoretical and

experimental constraints will restrict the parameter space.
We take six free parameters of

MHi, MH, MA’ m%z, t/j, S/j_a}. (5)

The range of (f — a) is set to be [-7z/2,7/2], as in the

public codes of 2HDMC [83], HIGGSSIGNALS [84], and

HIGGSBOUNDS [85]. The quartic couplings are [86]

{mh’

M= 2[ oMy + samy; — szM?],

p
by = = [saMFy + camy — c;MP],
v’s;

$2
a(M%-I mh) M2

1
/13 - —2 ZMzi
v Zﬂ

1
Ay = po (M3 —2M2, + M?],
1
As ZF[MZ—M/%]’ (6)

where M? = m3,/(spcp).

According to the Z, parity of the fermion singlets, there
are four types in the 2HDM, type I, type II, type X, and
type Y, which have different Yukawa couplings of the SM
fermions. We parametrize the Yukawa Lagrangian as

fm:—Zx%ﬂﬁwﬂ%ﬁﬁH—ﬁﬁﬁmm>

\%
{J_” i(m, EAP, + myEiPr)d
fme+§ VLKR + H.C.}, (7)
h,H.A

where § are presented in Table I. To specify the eight

cases (four types in the NS and four types in the IS), we
shall sometimes use a simplified name; for instance,
NS-I denotes type I in the NS.

Now let us get into the comparative study in the 2HDM
before and after the CDF my, measurement, denoted by
the “PDG” and “CDF” cases, respectively. The Peskin-
Takeuchi oblique parameters with U = 0 in two cases are

Sppg =0.05£0.08,  Tppg=0.09+0.07, pppg=0.92,
(8)

SCDFIO.lsiO.OS, TCDF :027Zl:006, PCDF :()93,
©)

where p is the correlation between S and 7.

TABLE I. The Yukawa coupling modifiers in four types of the
2HDM.
h h h H H H A A A
é:u d é:f ‘Eu éd é:f u fd ‘ff
Type I Ca Ca Ca Sa  Sa S« 1 _1 _1
M Sp Sp Sp Sp 55 Sp I Ip 1
Type I S S« S« S Lo L1 t t
yp S/} L'/} L‘/} ‘Y/} C/} L'/; t/f ﬂ ﬂ
Type X Ca —Sa S¢S« & 1 _1
ype S/; S/j C/} S/} S/; C/; t/f tﬂ tﬂ
Ca —Sa Ca Sa Ca Sa 1 1
Type Y 1 tg - m

Sp cp Sp Sp cp sp 1y

The biggest difference between the PDG and CDF cases
is that the CDF my, does not allow new Higgs bosons
heavier than about 1.1 TeV, while the PDG allows, which
will be explicitly shown in the next section. To reveal the
origin of this key feature, let us consider heavy charged
Higgs bosons with M= = 1.5 TeV. For simplicity, we
concentrate on the NS in the Higgs alignment limit
(8p—o = 1), where the quartic couplings are

1
M = 5 [ (MEy = M?) = mi].

1 1
SA = — 24— (M3 — M2) |,
v 1
1
ANSAT — p [m}; 4+ 2M7,. — M3, — M?]. (10)
AYS=Aland A85=Al are the same as in (6). It is well known in

the literature [86-98] that if any quartic coupling at the
electroweak scale is not small enough, its magnitude grows
rapidly as the energy scale increases, ending up with
the breaking of the stability of the scalar potential. For
illustration purposes, let us select A; among five quartic
couplings because 1t is independent of 74 but sensitive to
three new masses.' Figure 1 shows (AMy, AM,) with
M? = M3, allowed by S and T at 16 level (red), at 26 level
(yellow), | 43| < 4z (light blue), and |A3| < 27 (green). Here
AMy 4 is defined by

AMH,A EMH,A_MHi' (11)

The PDG result is in the left panel, and the CDF result is
in the right panel. The condition of |1;| < 4z is for the
perturbativity of the quartic coupling, and |43] < 2z is for
A, > 1 TeV; the bound of 2z is chosen because it is the
maximum of |4;| allowed by A, > 1 TeV in the full RGE
analysis.

Figure 1 clearly shows the difference between the PDG
and CDF cases. First, the oblique parameters allow My =
My = M, in the PDG case, but not in the CDF case.
Notice that heavy masses of new Higgs bosons are still

'In the next section, we will perform the complete RGE
analysis for the gauge, Yukawa, and quartic couplings.
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Mp==1.5TeV, sin(f-a)=1
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FIG. 1.

Allowed regions of (AM y, AM ) by the oblique parameters of S and T (red at 16 and yellow in 20),

Mpy==1.5TeV, sin(f-a)=1
M?=M>

400

200

S/T (CDF2022)

AM[GeV]
o

S/T (CDF2022) Nsl<4
A3 T

-200

-400

-400 -200 0 200 400
AMK[GeV]

A3 < 4x (light blue), and

|43] < 27 (green), where AMy 4 = My 4 — M y=. The left (right) panel shows the PDG (CDF) results. We set M= = 1.5 TeV and

M? = Mf\ in the normal scenario with sz_, = 1.

consistent with Tcpr in Eq. (9); for example, very heavy
M, is feasible if AMpy ~0. When applying the perturba-
tivity of |A3| < 4z (light blue), however, large mass gaps
of AMy and AM, are forbidden in both cases. When
narrowing the range further into |43 < 2z for A, > 1 TeV,
there is no overlap in the CDF case. Thus, heavy Higgs
bosons cannot simultaneously satisfy Tcpr and A, >
1 TeV. For lighter M+, however, the CDF case also
permits an overlap because of Eq. (10).

III. SCANNING STRATEGIES AND THE RESULTS

We perform random scanning of the model parameters
by imposing all the theoretical and experimental con-
straints. The scanning ranges in the NS and IS are

NS: My € [130,2000] GeV, M, € [15,2000] GeV.,

lss_a| €[0.8,1.0],  m?, € [0,1000%] GeV?,
IS: my, € [15,120] GeV, M, € [15,2000] GeV,
|s5—a| € [0,0.6], m?, € [0,1000%] GeV?.  (12)

For the FCNC observables [75,76], we take different ranges
of M+ and 14 for type I/X and type 1V/Y:

type 1/X: M- € [80,2000] GeV,
typell/Y: M- € [580,2000] GeV,

15 € [1,50],
t5 € 0.5,50].
(13)

The range of s;_, is motivated by the current Higgs
precision data [99]. And we scan over positive m?, because
we found in the preliminary scanning that a parameter point
with negative m%z does not satisfy the perturbativity,
unitarity, or vacuum stability. It is evident in A;; see
Eq. (10). If mj, <0, the terms proportional to 7; yield
large |4,| and thus threaten the perturbativity, especially
for large 74. In the preliminary check, we found that the
vacuum stability condition is the most crucial factor in
excluding the parameter points with negative m%2. If
m?, > 0, however, the contribution from M? cancels that
from M?%. For more efficient scanning, therefore, only the
positive values of m?, are considered.

We randomly generate the six-dimensional parameter
points in Egs. (12) and (13), which are uniformly distrib-
uted. Over the generated parameter points, we cumulatively
impose the following steps:

Step (i) Theory+FCNC: We require a parameter point to
satisfy the theoretical stabilities and the FCNC results
using the public code 2HDMC-v1.8.0 [83].

(1) Higgs potential being bounded from below [100];

(2) Perturbative unitarity of the amplitudes of scalar-

scalar, scalar-vector, and vector-vector scatterings at
high energies [101,102];

(3) Perturbativity of the quartic couplings [77,81];

(4) Vacuum stability [103];

(5) FCNC observables [75,76,104].

Step (ii) EWPD: We calculate the Peskin-Takeuchi oblique
parameters of S and 7 in the 2HDM [105-107], and
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compare them with the PDG and CDF results in Eqgs. (8)
and (9). For two-parameter fitting under the assumption
of U =0, we require y> < 5.99 which corresponds

search bounds at the LEP, Tevatron, and LHC. To
check the consistency with the Higgs precision data,
we use HIGGSSIGNALS-v2.6.2 [84], which yields the y*

output for 111 Higgs observables [111-118]. Since
there are six model parameters, the number of degrees

of freedom is 105. We demand that the p-value be
larger than 0.05. For a consistency check with the
direct searches at high-energy colliders, we use the
public code HIGGSBOUNDS-v5.10.2 [85]. For each proc-

ess, we calculate the cross section in the model. When

the model prediction is larger than the observed upper
bound at 95% CL, we rule out the parameter point.

For each type in the NS and IS, we obtained 107 parameter
points that satisfy Step (i), which required to generate
more than 10'" parameter points. Before proceeding to

the subsequent steps, let us investigate the implications of
Step (i). In Fig. 2, we present M4 versus My after Step-(i),
where the color codes denote M:. The results in the
NS (IS) are in the upper (lower) panels, and those at type I/X

Theory + FCNC

to p > 0.05.

Step (iii) RGEs for A, > 1 TeV: We demand that the
cutoff scale should be larger than 1 TeV. Using the RGE
in the 2HDM [77,86,95,108,109], we run the gauge
couplings, the quartic couplings in the scalar potential,
and the Yukawa couplings of the top quark, bottom
quark, and tau lepton. The initial conditions of the
gauge couplings and the Yukawa couplings are set at
the top quark mass scale m, = 173.34 GeV [110]. We
check the perturbativity, unitarity, and vacuum stability
as we increase the energy scale. If any condition is
broken at the energy scale below 1 TeV, we discard the
parameter point. We use the public code 2HDME-v1.2
[110] at one-loop level.

Step (iv) Collider: The collider constraints consist of
two categories, the Higgs precision data and the direct

Theory + FCNC

My+ My =
2000 2000
2000 - 2000 -
NS-1 & NS-X 1750 NS-Il & NS-Y 1750
1500 - f 1500 1500 - 1500
s 1250 S 1250
() (]
O, 1000 ~ 1000 O, 1000 ~ 1000
< <
= 750 = 750
500 - 500 -
500 500
250 250
15 15
T T T T T T T T T T
130 500 1000 1500 2000 130 500 1000 1500 2000
My [GeV] My [GeV]
My= My =
1000 800 1000 800
IS-1 & IS-X 700 IS-11 & IS-Y 700
800 - o i 800 -
) e s 600 600
% 600 o = 500 % 600 - 500
S S
400 400
< 400 < 400
s =
300 300
200 A s 200 A
1:3 200 200
15 1 - 100 15 1 100
T T T T T T T T T T T T
15 40 60 80 100 120 15 40 60 80 100 120

mp [GeV]
FIG. 2. Allowed regions of (My, M) in the NS (upper panels) and (m,,, M) in the IS (lower panels) by the theoretical requirements

and the FCNC observables. The results in type I and type X are in the left panels, while those in type II and type Y are in the right panels.
The color codes indicate M-
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TABLE IL

The numbers of the parameter points that survive each step in the NS and IS for all the four types. We linearly scan the

parameters in Eqs. (12) and (13). For the EWPD, we adopt two different schemes of the oblique parameters, without and with the CDF-

updated my measurement, denoted by “PDG” and “CDF”.

Theory EWPD RGE Collider Theory EWPD RGE Collider
Type Normal scenario Inverted scenario
I PDG 107 1.3 x 10° 5.1 x 10° 6.0 x 10* 107 7.2 % 10° 5.1 % 10° 8.5 x 10*
CDF 107 4.4 x10° 1.3%x10° 1.4 x 10* 107 1.3x10° 7.2 x 10* 1.9 x 10*
I PDG 107 1.1 x 10° 4.3 x 10* 2.0 x 10* 107 2.1 % 10° 0 0
CDF 107 3.4 x 105 3.0x 103 1.0 x 103 107 6.9 x 10* 0 0
X PDG 107 1.3 x 10° 5.1 x 10° 1.8 x 10* 107 7.2 % 10° 5.1x%x10° 3.0x 103
CDF 107 4.4 % 10° 1.3%x10° 3.0 x 10° 107 1.3x10° 7.2 x 10* 1.0 x 10°
Y PDG 107 1.1 x 10° 4.3 % 10* 2.0 x 10* 107 2.1 % 10° 0 0
CDF 107 3.4 x10° 3.0x 103 1.0 x 103 107 6.9 x 10* 0 0

(type 1I/Y) are in the left (right) panels. Figure 2 obviously
illustrates that the theoretical requirements and the FCNC
observables significantly restrict the masses of new Higgs
bosons. In the NS, Step (i) demands very similar masses
of new Higgs bosons in the high-mass region of M, j y+ 2
750 GeV, while the low mass regions are uniformly
permitted without correlations among the masses. In the
IS, Step (i) already puts the upper bounds on M, and M,
below about 750 GeV.

Now, we cumulatively impose the constraints of Step (ii),
Step (iii), and Step (iv). In Table II, we present the number
of the parameter points that pass each step in the sixteen
cases, the four types in the NS and IS without and with the
CDF my, measurement. We are well aware that just because
a model has more surviving parameter points does not
mean it is superior; nature takes only one parameter point.
Nonetheless, the study of the surviving percentages is
meaningful in the situation where the experimentalists
make every effort to find a new signal without any
information. A model with more allowed parameter points
leaves more room for experimental exploration. In addition,
it is very important to present which constraint excludes
which model more severely. The bottom line is that the
results in Table II provide the immediate comparison of
16 cases, coming to the main conclusions; type I has the
most surviving parameter points,and type II and type Y in
the IS are excluded.

Brief comments on the dependence of the survival
percentages on the scanning procedure are in order here.
We took the uniformly distributed samples over M+, M,
My hs Sp—a» 15, and m?,. If the sampling were different, the
results in Table II would be different. To estimate the
changes, we randomly scan over m,, instead of m?,.
Scanning over log(m) is inappropriate since the upper
bounds on the masses are only about 1 TeV. The changes
are below 10% for type I/X and of the order of 10% for
type 1I/Y. Consequently, the numbers in Table II are not

physical, yet provide fair comparisons among all 16 cases.
However, the changes are not big enough to overturn the
main conclusions in the comparative study of 16 cases,
such that type I has more parameter points than type X.
So, we discuss the physical implications of the
CDF my measurement, based on the sampling over
Eq. (12) and (13).

Let us compare the overall differences between the NS
and IS. In the NS, all the types pass the final Step (iv). We
find that type I has the most parameter points survived,
while type II and type Y have the fewest. In the IS, type II
and type Y are excluded both in the PDG and CDF cases.”
Decisive is the combination of A, > 1 TeV and the FCNC
observables. Since the former demands similar mass scales
of the BSM Higgs bosons, the light mass of m,, below
125 GeV by definition, necessitates light My=. Then the
condition of Mg+ > 580 GeV from b — sy prohibits
the model. Type I and type X, on the other hand, can
accommodate the light charged Higgs boson without
conflicting the FCNC observables. So they are still allowed
in the IS.

Now we discuss the differences between the PDG and
CDF cases. The CDF my, allows fewer parameter points
regardless of the type or the Higgs scenario; the survival
percentages are of the order of 0.01% for the CDF, but of
the order of 0.1% for the PDG result. The difference
becomes evident from Step (ii). It is due to the tension that
the EWPD needs sizable mass gaps in the CDF case but
A, > 1 TeV favors the mass degeneracy [86]. To demon-
strate this feature in more detail, we present M, versus My
at each step for the NS-1in Fig. 3. The upper (lower) panels
present the results for the PDG (CDF) case, and the results
after Step (ii), Step (iii), and Step (iv) are in the left, middle,
and right panels, respectively. At Step (ii), the PDG and

2. . . . .
We confirmed this conclusion by increasing the number of
points in random scanning.
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EWPD RGE Collider
My = My« My«
2000 2000 2000
2000 - 2000 2000
i 1750 1750 1750
NS-I  PDG / NS PDG / NS-I  PDG /
1500 2 1500 1500 A . 1500 1500 A . 1500
S 1250 > 1250 > 1250
v (] v
O 1000 A 1000 2 1000 4 1000 & 1000 1000
L. < S < 4
= 750 = 4 750 = 4 750
500 - 500 o 500 ’
500 500 : 500
250 250 250
15 4 15 4 15 4
T T T T T T T T T T T T T T T
130 500 1000 1500 2000 130 500 1000 1500 2000 130 500 1000 1500 2000
My [GeV] My [GeV] My [GeV]
My = My = My =
2000 2000 2000 2000
K 2000 - 2000 A
1750 1750 1750
NS-1 CDF f NS-I CDF NS-1 CDF
1500 v 1500 1500 4 1500 1500 4 1500
S 1250 > 1250 > 1250
(1} (] (]
O 1000'4] 1000 . 1000 A 1000 & 1000 1 1000
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FIG. 3. In type I of the normal scenario, the allowed parameter space of (M, M) after Step (i) (EWPD), Step (iii) (Step (ii)+RGE),

and Step (iv) (Step(iii) + Higgs precision + Direct searches), with the color code indicating M- . The upper panels are for PDG and the

lower panels for CDF.

CDF cases yield similar funnel shapes in (My, My),
stretching to the heavy mass regions. However, the size
is different—the CDF case permits a slimmer area with
substantial mass gaps. When imposing A, > 1 TeV at Step
(iii), the difference between the PDG and CDF is stark. The
heavy mass region is excluded in the CDF case as discussed
in Fig. 1. In summary, the combination of the S/T
constraint with A, > 1 TeV puts the upper bounds on
the masses of new Higgs bosons in the CDF case.
Step (iv) including the Higgs precision data and the direct
search bounds also reduces the parameter space, both in the
PDG and CDF cases.

Figure 4 presents the same results of M, versus My for
type II. As in type I, the EWPD yield similar shapes in
(My, M) for the PDG and CDF cases, and A, > 1 TeV at
Step (iii) puts the upper bounds on the masses of new Higgs
bosons only in the CDF case. Contrary to type I, A, >
1 TeV also places the lower bounds on My and M, above
about 580 GeV both in the PDG and CDF cases. It is
attributed to the combination of M+ = 580 GeV by
b — sy with the similar mass scales of the BSM Higgs
bosons by A, > 1 TeV. At the final Step (iv), many
parameter points are further excluded, but the mass bounds
of new Higgs bosons remain almost intact.

The upper bounds on the new Higgs boson masses in the
CDF case have profound implications in the searches at
the HL-LHC. So, we present the allowed mass ranges in the
CDF case for the NS

NS-I: M- € [87,1091] GeV,

My €[130,1092] GeV, M, € [22,1098] GeV:;

My €[598.1139] GeV,

My €[419,1128] GeV, M, € [459,1125] GeV:;

My €199,1091] GeV,

My €[132,1092] GeV, M, € [30,1098] GeV:;

NS-Y: My €[595,1139] GeV,

My € [419,1128] GeV, M, € [459,1125] GeV;
(14)

NS-II:

NS-X:

and for the IS

IS-1: M. € [144,455] GeV,
My € [16,120] GeV,

IS-X: M, € [166,446] GeV,
My € [62.5,120] GeV,

M, € [38,429] GeV:;

M, € [16,420] GeV.
(15)

Finally, we want to discuss the possibility of light BSM
Higgs bosons in the CDF case. First, a light charged Higgs
boson with a mass below the top quark mass is feasible in
type I and type X. It is consistent with the current searches
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FIG. 4. 1In type II of the normal scenario, the allowed parameter space of (M, M) after Step (ii), Step (iii), and Step (iv), with the

color code indicating M =. The upper panels are for PDG while the lower panels for CDF.

for the light charged Higgs boson at the LHC via the
production of ¢+ — H*b in the decay modes of H* — 7tv
[119,120], H* — ¢b [121,122], and H* — cs [123-125].
For future searches, the detailed characteristics of the light
H* is important. In the IS, the mass difference of the light
M+ from the top quark mass is small [see Eq. (15)]. The
soft b jet in the process of  — H*b makes it challenging to
observe the light H* through the conventional production
channel [126,127]. Bosonic productions of the light
charged Higgs boson are more efficient in this case [128].
In the NS, type I and type X accommodate a larger mass
gap between m, and M+ but the b jet from t — H=b is still
too soft to enjoy high b-tagging efficiency.

Second, a light pseudoscalar at a mass below 62.5 GeV
is allowed in type I and type X. Although it seems to
contradict the current data on the exotic Higgs decay
of hgy — AA, the final parameter points pass the
HIGGSSIGNALS and HIGGSBOUNDS, especially the CMS
searches for hgy — AA in the final states of 2u27/4t
[129], 47/2u2b/2u27 [130], and 2u27 [131], as well as the
LEP search for ete™ — 4bZ/47Z [132]. The main reason
is small trilinear coupling %A 4> which is defined by

£ 5 (1/2)vdpanhsmAA. In the NS, 1,44 is [36]

. 1
A = (2M? =2M3 —m2)sp_o+ (m2 —M?) (z,, —5> Choq-

(16)

If M?>~M3 4 m}/2, dyus and thus Br(hgy — AA) are
suppressed. We found that the finally allowed parameters
accommodate Br(hgy — AA) £0.22 in type 1 and
Br(hgy = AA) < 0.11 in type X. Larger Br(hgy — AA)
in type I is explained by the dominant decay of A — bb
with the branching ratio of about 80%, which invalidates
the main search modes of A — 27/2u.

IV. CHARACTERISTIC FEATURES OF THE
NORMAL SCENARIO

In this section we study the characteristics of the finally
allowed parameter points in the NS. Since the results of
type I (type II) are similar to those of type X (type Y), we
show type I and type X (type II and type Y) together.

A. Type I and type X

To take a closer look at the allowed masses of the BSM
Higgs bosons at the final Step (iv), we present M, versus
My with a color code of My= for type I (left panel) and
type X (right panel) in Fig. 5. In the heavy mass region with
My 4 2 600 GeV, a correlation exists among the masses
of new Higgs bosons. Both AMy and AM 4 are clustered
around AMy 4 ~—100 GeV. For My, <600 GeV, the
mass correlations are weak.

Now we move on to the couplings. Figure 6 presents 74
versus |ss_,| in type I (upper panels) and type X (lower
panels), with a color code indicating M =. We compare the
results in the PDG case (left panels) with those in the CDF
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precision data (yellow).

case (right panels). The Higgs precision data play a
vital role in limiting |ss_,| 2 0.88 at 95% CL, which is
similar in all the four panels. But the distributions of 7, are
noticeably different according to the type and my,. In type L,
15 is more spread out than in type X. Inside type I, the PDG
and CDF show dissimilar patterns; iy in the CDF case is
clustered in smaller value region than in the PDG case.
Since all the fermion Yukawa couplings to H, A, and H* in
type I are inversely proportional to 7; in the Higgs align-
ment limit, small 7; increases the LHC discovery potential
of new Higgs bosons through fermionic production and
decay channels. In type X, a correlation between 75 and
|$p_q| is strong. There exists an upper bound on 7; when the
Higgs alignment is broken even a little, for instance, 3 <7
if [s5_,| = 0.95.

Another observation in Fig. 6 is the “arm” region in
type X. It is due to the different effects of the Higgs
precision data on the positive and negative sz_, regions.” In
Fig. 7 we separately display, over (|s_/|. t5), the parameter
points with A, > 1 TeV (gray) and those additionally
satisfying the Higgs precision data (yellow); yellow points
are on top of gray ones. The results of NS-I are in the
left panel and those of NS-X are in the right panel. At
Step (iii) with the RGE analysis, the allowed region for s;_,
is almost symmetric about sz_, = 0. When imposing the
Higgs precision data, type I keeps the symmetric shape but
type X does not. In type X, most of the parameter space
with negative s;z_, is excluded, except for the Higgs
alignment limit.

The presence or absence of the arm region is determined
by the tau lepton Yukawa coupling to the Higgs boson £,

C Cp_
NS-I: gh =0, 4P
Sp Ig

(17)

*Note that negative 8p_q in Our scheme corresponds to negative
Cp—q in the positive s;_, scheme.

50

RGE CDF

HiggsSignals

NS-X

40

30 1

tang

20

10 o

0 T T T T T T T T T T
-1.00 -0.95 -0.90 -0.85 -0.80 0.80 0.85 0.90 0.95 1.00

sﬁ_a

tg versus s;_, in type I (left panel) and type X (right panel) of the normal scenario that pass the RGE (gray) and the Higgs

NS-X: &= 20— g, e, (18)
p

In type I, the cs_, term is suppressed by large 75 so
Sp_q=—1 does not change |£7| much. This is why
negative s;_,, satisfies the Higgs precision data in type L.
In type X, however, the c4_, term is proportional to 74. If
Sp_q = —1 + € and € # 0, large enough 75 overly increases
|E| so that the branching ratio of & — t*7~ exceeds the
experimental bound. So, most of the negative s_, region is
removed. The “arm” region in type X, which appears for
Sp_q > 0, is also explained by Eq. (18). When 15 ~2/cy_,,,
&n approaches —1 for Sp—q = 1. We have the wrong-sign
Yukawa coupling for the tau lepton.

B. Type II and type Y

We first point out that the allowed parameter points at
each step in type II are almost the same as those in type Y.
So, all the results in this subsection are common for type II
and type Y. In type II and type Y with the CDF my, the
biggest impact comes from the condition of A, > 1 TeV.
Figure 8 shows AM, versus AMy at Step (ii) in the left
panel, at Step (iii) in the middle panel, and at Step (iv) in the
right panel. The left panel shows that the oblique param-
eters of Scpr and Tcpr permit the hyperbola shape with
a sufficiently large mass gaps.” Imposing A, > 1 TeV
(middle panel) excludes a large portion of the parameter
space, particularly with |[AMy 4| Z 200 GeV. It is because
too large mass gaps invoke fast running of the quartic
couplings, resulting in the failure of the unitarity and
vacuum stability at the energy scale below 1 TeV. The
area near the mass degeneracy of My = M, = M= is also
removed. Lastly, the constraints from the collider data do
not considerably change AM, versus AMy.

“The negative AMy 4 region is different from Fig. 1, because
we assumed the Higgs alignment limit only in Fig. 1.
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FIG. 8. 1In type II and type Y of the normal scenario, the allowed parameter points of (AMy, AM ) at Step (ii) in the left panel, at

Step (iii) in the middle panel, and at Step (iv) in the right panel, where Am = m — M y=. The color code denotes M y:-.

Finally, let us discuss the constraint from b — sy. In the
main analysis, we took a conservative bound on the charged
Higgs boson mass as My+ > 580 GeV in type II and
type Y. But the bound considerably increases to about
800 GeV if we adopt the calculation of the NNLO QCD
corrections to Br(B — X,y) in the SM without the inter-
polation in the charm quark mass [133]. The stronger
condition on My restricts the other model parameters
further. Focusing on My: > 800 GeV, we additionally
generated parameter points. Figure 9 presents M, versus
My, in the left panel, and 4 versus |s;_,| in the right panel,
for M= > 800 GeV. The color code indicates M =. The
lower bounds on My and M4 increase into about 670 GeV.
Although they are smaller than the lower bound on M,
the heavy masses of the BSM Higgs bosons make it
challenging to probe NS-II or NS-Y at the HL-LHC.
The right panel in Fig. 9 exhibits that the constraints on
|ss_q| and ¢ are stronger for M= > 800 GeV. The Higgs

My+= > 800 GeV

alignment is almost exact and the value of 7 is intermediate
like € [0.9,6.4].

V. CHARACTERISTIC FEATURES OF THE
INVERTED SCENARIO

The IS accommodates a light Higgs boson at a mass
below 125 GeV. This exotic scenario has drawn a lot of
interest since it satisfies the theoretical requirements and
the experimental data. However, the RGE analysis changes
this conclusion, which has not yet been performed for the
IS. According to our RGE study, type Il and type Y in the IS
do not retain the stability of the scalar potential up to 1 TeV,
which are excluded by the condition of A, > 1 TeV. In this
section, therefore, we investigate the characteristics of the
finally allowed parameter points of type I and type X in the
CDF case.

The first remarkable feature is considerably different
survival percentages between type 1 and type X

My= > 800 GeV

MH * MH *
1100 - 1100 6 a 1100
NS-II & NS-Y b NS-II & NS-Y
.o 1050 5 s 1050
1000 - %
CDF i CDF
> J’ﬂ,( 1000 1000
[} o Q. 4
O 900 i c
= : ©
< 950 S 950
= 3
800 - 900 900
2 -
850 850
700 -
1 4
T T T T T T T T T
700 800 900 1000 1100 0.996 0.997 0.998 0.999 1.000
My [GeV] sg-al

FIG. 9. For type I in the normal scenario with M+ > 800 GeV, the allowed parameter points of (M, M) in the left panel and
(1pal. 1) in the right panel. The color code denotes M- .
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FIG. 10. Allowed parameter points of (m;,, M,) after imposing A, > 1 TeV (left panels), the Higgs precision data (middle panels),
and the direct search bounds (right panels) for type I (upper panels) and type X (lower panels) in the inverted scenario. The color code

denotes M y:.

(see Table II). In type X, only about 0.01% of the parameter
points at Step (i) are finally allowed, but in type I, the
number is 0.19%. To find the origin, we show, in Fig. 10,
M , versus my, at the steps of A, > 1 TeV (left panels), the
Higgs precision data (middle panels), and the direct search
bounds (right panels). The results of type I are in the upper
panels and those of type X are in the lower panels. At the
RGE step, type I and type X yield almost the same results.
A significant difference arises after imposing the Higgs
precision data. In type X, most of the parameter points with
my, S 62.5 GeV are excluded unlike in type 1. The direct
search bounds further widen the difference between type I
and type X. The leptophilic nature of type X, being more
severe for large 75, brings out the severe restriction.

The second noteworthy feature in Fig. 10 is that type I
permits m;, < my,5/2, but type X does not. This is due to
the different decay modes of the light /# in type I and
type X. In type I where the ratios of the Yukawa couplings
of h are the same as in the SM, the light 4 dominantly
decays into a pair of b quarks with the branching ratio of
about 80%. Since the searches for a light Higgs boson at the
LHC make use of the 47 and 2427 states [129-131], type I
is less constrained. On the contrary, & in type X decays
dominantly into z+z~, which is strongly limited from the
47/2u27 final states.

Another important result in the IS with the CDF myy is
the strong correlation among M4, my,, and M -+. Figure 11

shows AM 4 versus Am;, with a color code of M+ for IS-I,
which is similar to IS-X. We first notice that the IS in the
CDF case allows only the negative Am;,, and the negative
AM 4. It is to be compared with the NS in the CDF case,
which also permits Amj;, > 0 and AM, > O (see Fig. 8).
The sign of AM, has a big impact on the bosonic decays

My-=
-20 450
*
e w-‘
l.ﬁ’
—40 - o p 400
o 60 - 350
S
T -80 - 300
=
|
<-4 ISl CDF 250
-120 - 200
-140 150
T T T T T T T T
—-400 -350 —300 -250 —200 —-150 —100 -50
mp — My+ [GeV]
FIG. 11. Allowed parameter points of (Am,, AM,) at the final

step for type I in the inverted scenario, with a color code of M .
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of the BSM Higgs bosons [128,134-138]. Since the
charged Higgs boson is heavier than the pseudoscalar,
H* — AW*() is feasible but A — H*W¥*) is not. Another
intriguing aspect is the approximate mass degeneracy
of My=~M, for heavy Mpy:; if My 2 350 GeV,
|AM,| < 40 GeV. We expect that this region is very
difficult to probe at the LHC. Pair productions of AH,
AH*, and H*H~ has kinematic suppression by heavy
masses. The gluon fusion production of A through the top-
quark loop is also suppressed by the heavy M,. In the
large 14 limit, the cross section is further reduced because
the Yukawa coupling of the top quark to A is inversely
proportional to #. In addition, the bosonic decay mode of
H* accompanies the soft fermions from the off shell W.

Finally, we present t5 versus |s;_,| in Fig. 12 for IS-I
(left panel) and IS-X (right panel) for the CDF case. The
difference between type I and type X is considerable. In
type I, a sizable deviation from the Higgs alignment limit is
feasible. The value of |s;_,| can be as large as about 0.48. In
addition, large 75 around 50 is also permitted, irrespective
of s5_,. In type X, |ss_,| <0.3: the maximum deviation
from the Higgs alignment is smaller than that in type 1. In
addition, |[ss_,| and 4 are more strongly correlated: if
|sp_q| = 0.3, t5 is almost fixed to be 5.5.

VI. CONCLUSIONS

The recent W-boson mass measurement by the CDF
Collaboration has a significant impact on new physics
models. The central values of the Peskin-Takeuchi param-
eters of S and T shift to larger values; S = 0.15 4+ 0.08 and
T = 0.27 £ 0.06 with U = 0. In the framework of the two-
Higgs-doublet model, we have studied the effects of the
CDF my measurement together with other constraints,
which include theoretical requirements (potential bounded
from below, unitarity, perturbativity, vacuum stability),

MH *
50 7 450

IS-X
CDF

300

tanpB

200

150

Isg-al

, 1) at the final step for type I (left panel) and type X (right panel) in the inverted scenario,

flavor-changing neutral currents in B physics, the cutoff
scale above 1 TeV, Higgs precision data, and direct collider
search limits from the LEP, Tevatron, and LHC. Pursuing the
comprehensive and comparative study, we consider 16 cases,
type L, type 11, type X, and type Y for the normal and inverted
Higgs scenarios before and after the CDF my, measurement.
The still-valid parameter space has been illustrated. The
most unprecedented consequence is the upper bounds on
the masses of the heavy Higgs boson My 4 g+ < 1.1 TeV
in the normal scenario and M- (4, < 450 (420) GeV in the
inverted scenario. Such interesting findings imply that the
upcoming LHC run can readily close out a significant
portion of the still available parameter space.

Before closing, a few more findings from our study are
offered as follows:

(1) The updated fit on the oblique parameters of S and T
indicates that the new my measurement requires
larger mass splittings among the isospin components
in multiplet models.

In subsequent steps of imposing constraints on the
parameters, we found that the survival percentages
in the CDF case are much smaller than those in the
PDG case, thus implying more restriction on physics
beyond the SM (not only for 2HDM). This behavior
has been demonstrated in all four types and two
Higgs scenarios of the 2HDM.

The tanf is bounded from above more severely
when the new m$PF value is used in the normal
scenario: tan § < 45, 8,43, 17 for type I, II, X, and Y,
respectively. On the other hand, tan f# is not bounded
in type I and type X in the inverted scenario. There is
no parameter space satisfying all the requirements in
type II and type Y of the inverted scenario.

If we raise the cutoff scale A, beyond 1 TeV, the
restriction on the parameter space would become
more severe.
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