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We examine the parameter space of the two-Higgs-doublet model of type II after imposing the relevant
theoretical and experimental constraints from the precision electroweak data, B-meson decays, and the
LHC run I and run I data. We find that the searches for Higgs bosons via the tvz~, WW, ZZ, yy, hh, hZ,
HZ, and AZ channels can give strong constraints on the CP-odd Higgs A and heavy CP-even Higgs H, and
the parameter space excluded by each channel is respectively carved out in detail assuming that either m, or
my are fixed to 600 or 700 GeV in the scans. The surviving samples are discussed in two different regions.
(i) In the standard model-like coupling region of the 125 GeV Higgs, m, is allowed to be as low as
350 GeV, and a strong upper limit is imposed on tan 5. my is allowed to be as low as 200 GeV for the
appropriate values of tanf, sin(f —a), and my, but is required to be larger than 300 GeV for
m, = 700 GeV. (ii) In the wrong-sign Yukawa coupling region of the 125 GeV Higgs, the bb — A/H —
777~ channel can impose the upper limits on tan # and sin( — ), and the A — hZ channel can give the
lower limits on tan 8 and sin(f — a). m, and my are allowed to be as low as 60 and 200 GeV, respectively,
but 320 GeV < m, < 500 GeV is excluded for my = 700 GeV.
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I. INTRODUCTION

The ongoing analyses of ATLAS and CMS show that the
properties of the newly discovered 125 GeV boson are well
consistent with the standard model (SM) Higgs boson
[1-3]. No excesses are observed in the searches for the
additional exotic Higgs. ATLAS and CMS have given us
plentiful limits on additional scalar states from its decay
into various SM channels and some exotic decays at the
LHC run I and run I

The two-Higgs-doublet model (2HDM) [4] extends the
SM simply by adding a second SU(2), Higgs doublet,
which has very rich Higgs phenomenology, including two
neutral CP-even Higgs bosons i and H, one neutral
pseudoscalar A, and two charged Higgs H*. According
to the different Yukawa couplings, there are four types of
2HDMs which forbid the tree-level flavor-changing neutral
currents: the type I [5,6], type II [5,7], lepton-specific, and
flipped models [8—11]. Since the Yukawa couplings of both
the down-type quark and lepton can be enhanced by a
factor of tanf, the type II model can be given more
stringent constraints than the other three models by the
flavor observables and the LHC searches for additional
Higgses. The allowed parameter space of the 2HDM has
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been examined in light of the ATLAS and CMS searches
for extra Higgses at the LHC in the literature [12-31].

In this paper we examine the parameter space of the
type II 2HDM considering the joint constraints from
theory, precision electroweak data, flavor observables,
the 125 GeV Higgs signal data, and searches for the
additional Higgs at the LHC run I and run II. The signal
data of the 125 GeV Higgs allow the SM-like Higgs of the
2HDM to have the wrong-sign Yukawa coupling and the
SM-like coupling. In the two different coupling regions of
the SM-like Higgs, we respectively carve out the parameter
space allowed by the relevant theoretical and experimental
constraints, and obtain some interesting conclusions.
Recently, there have been some similar works [30,31].
Compared to Refs. [30,31], we include more LHC searches
for the Higgs in our analysis and obtain stronger constraints
on the model. For example, we find that the CMS search
for bb — A/H — t77~ in Ref. [32] can give stringent
constraints on tanf and m, (mpy). However, the corre-
sponding upper limits on the channel from Ref. [32] were
not considered in Refs. [30,31]. In addition, in this paper
we examine the dependences of tan f# and sin(f — a) on the
Higgs mass in detail, which were not fully shown in
Refs. [30,31].

Our work is organized as follows. In Sec. II we briefly
introduce the 2HDM of type II. In Sec. Il we perform
numerical calculations. In Sec. IV we show the allowed
parameter space after imposing the relevant theoretical and
experimental constraints. Finally, we give our conclusion
in Sec. V.

© 2017 American Physical Society
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II. TWO-HIGGS-DOUBLET MODEL OF TYPE 1I

The general Higgs potential with a softly broken discrete
Z, symmetry is written as [33]
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We focus on the CP-conserving model in which all 4; and

m?, are teal. The two complex scalar doublets have the
hypercharge Y = 1:
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where v; and v, are the electroweak vacuum expectation

values (VEVs) with v? = v + v3 = (246 GeV)?, and the

ratio of the two VEVs is defined as tanf = v,/v,. After

spontaneous electroweak symmetry breaking, there are five

mass eigenstates: two neutral CP-even states 4 and H, one

neutral pseudoscalar A, and two charged scalars H.
The Yukawa interactions are written as

—E = YuzQch)zuR =+ YdeL(I)ldR + Yf]l_qu)leR —+ H.C.,
(3)

Where Q{ = (ML,dL), L{ = (l/L, lL)a &)1.2 = l.Tzq)qu, and

Y., Y1, and Y, are 3 x 3 matrices in family space.

The Yukawa couplings of the neutral Higgs bosons
normalized to the SM are given as

Yh = [sin(8 = @) + cos(B — a)xy],
i = [cos(B — a) — sin(B — a)xy],

yi = —ixs(forv),  yi =ixs(for d,#), with
Ky = Ky, = —tanp, K, = 1/tanp. (4)

The Yukawa interactions of the charged Higgs are given
as

V2

Ly=- THJr{ﬁi[Kd(VCKM)ijmdeR

— kuMyi(Vern)ijPrldj + keomge Pt} + He.,  (5)

where i, j =1, 2, 3.
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The neutral Higgs boson couplings with the gauge

bosons normalized to the SM are given by
Wo=sinf-a),  yh=cosf-a).  (6)
where V denotes Z or W.

The properties of the observed 125 GeV Higgs are very
close to the SM Higgs boson, which can give strong
constraints on the sector of Higgs extensions. In the
2HDM, the SM-like Higgs is allowed to have the SM-like
coupling and wrong-sign Yukawa coupling. For the former,
the couplings of the 125 GeV Higgs are very close to the
SM Higgs, which has a limit called the alignment limit. In
the exact alignment limit [26,34], namely, cos(f — a) = 0,
from Eqgs. (4) and (6) we find that / has the same couplings
to the fermions and gauge bosons as the SM, and the heavy
CP-even Higgs (H) has no couplings to the gauge bosons.

In the wrong-sign Yukawa coupling region, at least one
of the Yukawa couplings of the 125 GeV Higgs has the
opposite sign to the coupling of the gauge boson. However,
their absolute values should be close to the SM Higgs due
to the constraints of 125 GeV Higgs signal data. Therefore,
we can obtain

yi=-1+e  y/=1-05c05(-a)
for sin(ff —a) > 0 and cos(ff —a) > 0,

y) =—1+0.5c0os*(f — )
for sin(ff —a) < 0 and cos(ff —a) > 0, (7)

yﬁ":l—e,

where |e| and | cos(f — )| are much smaller than 1. From
Eq. (4), we can obtain

-2+ &+ 0.5cos(f — a)?
= cos(ff — a)
for sin(ff —a) > 0 and cos(ff —a) > 0,
2—¢e—0.5cos(f—a)?
cos(ff —a)
for sin(f—a) <0and cos(f—a)>0. (8)

< -1

> 1

Kf =

In the 2HDM of type II, tan j is required to be larger than 1
by the B-meson observables and R;, leading to x; < —1,
Kk, < —1, and 0 <k, <1 [see Eq. (4)]. Therefore, from
Eq. (8) we obtain that in the 2HDM of type II there is no
wrong-sign Yukawa coupling for the up-type quarks, and
there may be wrong-sign Yukawa couplings for the down-
type quark and lepton only for sin(f—a)>0 and
cos(ff —a) > 0. For the same sin(f — a), especially for
sin(ff —a) — 1, tan # in the wrong-sign Yukawa coupling
region is much larger than that of the SM-like coupling
region. In other words, tan has a lower bound in the
wrong-sign Yukawa coupling region, and is allowed to
approach 1 in the SM-like coupling region. In addition,
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cos(ff — ) in the wrong-sign Yukawa coupling region is
allowed to be much larger than that of the SM-like coupling
region due to the presence of the —2 in the numerator
of Eq. (8).

ey

III. NUMERICAL CALCULATIONS

We take the light CP-even Higgs boson & as the SM-like
Higgs, m; = 125 GeV. The measurement of the branching
fraction of b — sy gives stringent constraints on the
charged Higgs mass of the 2HDM of type II, mpy= >
570 GeV [35].

In our calculation, we consider the following observables
and constraints.

(@)
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Theoretical constraints and precision electroweak
data: The program 2ZHDMC [36,37] is employed to
implement the theoretical constraints from vacuum
stability, unitarity, and coupling-constant perturba-
tivity, as well as the constraints from the oblique
parameters (S, T, U).

The flavor observables and R,: We consider the
constraints of B-meson decays from B — Xy,
Ampg , and Ampg,. SUPERISO-3.4 [38] is used to
calculate B — Xy, and Amg_and Amg, are calcu-
lated using the formulas in Ref. [39]. In addition, we
consider the constraints of bottom quarks produced
in Z decays, R;,, which is calculated following the
formulas in Refs. [40,41].

TABLE I. The upper limits at 95% C.L. on the production cross section times branching ratio of the processes
considered in the H and A searches at the LHC run I and run II.
Channel Experiment Mass range (GeV) Luminosity
gg/bb - H/A - 1% ATLAS 8 TeV [49] 90-1000 19.5-20.3 fb~!
gg/bb - H/A — tt1- CMS 8 TeV [32] 90-1000 19.7 fbo!
bb — H/A - 1% CMS 8 TeV [50] 20-80 19.7 fb~!
gg9/bb — H/A — 77~ ATLAS 13 TeV [51] 200-1200 13.3 tb~!
gg/bb - H/A - %7 CMS 13 TeV [52] 90-3200 12.9 fb~!
pp - H/A —yy ATLAS 13 TeV [53] 200-2400 15.4 fb~!
99— H/A —yy CMS 8 + 13 TeV [54] 5004000 12.9 fb~!
g99/VV > H—> W W~ ATLAS 8 TeV [55] 300-1500 20.3 fb~!
99/VV - H > W W~ (¢fvtv) ATLAS 13 TeV [56] 300-3000 13.2 fb!
g9 = H - WrW~(¢fvqq) ATLAS 13 TeV [57] 500-3000 13.2 fb~!
99/VV - H - ZZ ATLAS 8 TeV [58] 160-1000 20.3 fb~!
99 - H — ZZ(¢Cw) ATLAS 13 TeV [59] 300-1000 13.3 fb~!
99 > H = ZZ(wqq) ATLAS 13 TeV [60] 300-3000 13.2 fb~!
99/VV - H —» ZZ(£€qq) ATLAS 13 TeV [60] 300-3000 13.2 fb~!
99/VV - H — ZZ(47) ATLAS 13 TeV [61] 200-3000 14.8 fb~!
g9 — H — hh — (yy)(bb) CMS 8 TeV [62] 250-1100 19.7 fb~!
99 — H — hh — (bb)(bb) CMS 8 TeV [63] 270-1100 17.9 fb~!
g9 — H = hh — (bb)(t777) CMS 8 TeV [64] 260-350 19.7 tb~!
99 — H — hh — (yy)(bb) ATLAS 13 TeV [65] 275-400 32 !
g9 — H — hh — (yy)(bb) CMS 13 TeV [66] 250-900 2.7 tb~!
99 — H — hh — bbbb ATLAS 13 TeV [48] 300-3000 13.3 fb!
gg — H — hh — bbrtr CMS 13 TeV [67] 250-900 12.9 fb!
99 > A = hZ - (t717)(¢¢) CMS 8 TeV [64] 220-350 19.7 fb~!
g9 = A — hZ — (bb)(¢¢) CMS 8 TeV [68] 225-600 19.7 fb~!
99> A > hZ - (t777)Z ATLAS 8 TeV [69] 220-1000 20.3 fb~!
g9 — A — hZ — (bb)Z ATLAS 8 TeV [69] 220-1000 20.3 fb!
gg/bb = A - hZ — (bb)Z ATLAS 13 TeV [70] 200-2000 3.2 !
99 — A(H) » H(A)Z — (bb)(£¢) CMS 8 TeV [71] 200-1000 19.8 fb~!
g9 —> A(H) - H(A)Z - (z777)(¢¢) CMS 8 TeV [71] 200-1000 19.8 fib~!
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The global fit to the 125 GeV Higgs signal data: We
perform the 2 calculation for the signal strengths of
the 125 GeV Higgs in pyyp i (Y) and pypr vi(Y),
with Y denoting the decay modes yy, ZZ, WW,
tr~, and bb:

)(z(Y) ﬂggH+th(Y> - ﬁngHtH(Y) !
)

<MVBF+VH(Y> - ﬁVBF+VH(Y

G o)
X
by cy

/’ngHJrllH(Y) - ﬁggHthlH(Y)

. 9

(MVBF+VH(Y) - ﬁVBFJrVH(Y)) ®)
fygr+n(Y) and fiyppyyy(Y) are the data best-fit
values, and ay, by, and cy are the parameters of the
ellipse, which are given by the combined ATLAS
and CMS experiments [3]. We pay particular atten-
tion to the surviving samples with 3> — y2. < 6.18,
where y2.  denotes the minimum of y?. These
samples correspond to being within the 20 range
in any two-dimensional plane of the model param-
eters when explaining the Higgs data.

The nonobservation of additional Higgs bosons: We
employ HIGGSBOUNDS-4.3.1 [42,43] to implement
the exclusion constraints from the neutral and
charged Higgs searches at LEP at the 95% con-
fidence level.

At the LHC run I and run II, the ATLAS and CMS
collaborations have searched for the additional scalar
state from its decay into various SM channels and
some exotic decays. For gg — A production in the
2HDM of type II, there are destructive interference
contributions from the b-quark loop and top-quark

PHYSICAL REVIEW D 95, 115014 (2017)

loop. The cross section decreases as tan f§ increases,
reaches a minimum value for a moderate value of
tan 8, and is dominated by the b-quark loop for a large
enough value of tan 8. For gg — H production, the
cross section depends on sin(f — a) in addition to
tan  and my. We compute the cross sections for H
and A in gluon fusion and bb-associated production
at next-to-next-to-leading order in QCD via SusHI1
[44]. The production cross sections of H in the vector-
boson fusion process are taken from results of the
LHC Higgs Cross Section Working Group [45]. The
2HDMC is used to calculate the branching ratios of
the various decay modes of H and A. A complete list
of the additional Higgs searches we consider is shown
in Table I, where most of channels are taken from
Ref. [46]. For 1 < tanf < 30, the LHC searches for
the heavy charged scalar cannot provide constraints
for the model for my= > 500 GeV [29]. Therefore,
we do not include the searches for the heavy charged
Higgs. In addition, CMS reported the limits on the
hh — bbbb channel with 2.3 fb~! of data at the
13 TeV LHC [47]. Compared to the corresponding
ATLAS channel in Table I [48], the constraints of the
hh = bbbb channel from CMS are relatively weak
due to the low integrated luminosity. Therefore, we
do not consider the channel in our analysis.

IV. RESULTS AND DISCUSSIONS

A. Constraints from the 125 GeV Higgs signal data

and oblique parameters

The couplings of the SM-like Higgs are sensitive to
sin(f —a) and tanp. Therefore, the signal data of the
125 GeV Higgs can give strong constraints on the two
parameters. In Fig. 1, we show sin(f — a) and tan /g allowed

A R I I I R RN IR o T T T T T T T T T
25 - 25 - g
L E ]
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FIG. 2. The surviving samples projected onto the plane of my versus m, under the constraints of vacuum stability, unitarity,
perturbativity, and oblique parameters. Left panel: 0.99 < |sin(f — a)| < 1 for all of the samples. Right panel: 0.95 < sin(f — a) < 0.99
for the bullets (sky blue), 0.90 < sin(ff — «) < 0.95 for the pluses (red), and 0.80 < sin(f — a) < 0.90 for the triangles (black).

by the signal data of the 125 GeV Higgs. From Fig. 1, we find
that in the SM-like coupling region of the 125 GeV Higgs,
| sin(f — a)| is required to be within the very narrow range
|sin(f — a)| > 0.99. However, in the wrong-sign Yukawa
coupling region of the 125 GeV Higgs, sin(f—a) is allowed
to be much smaller than 1, and is always positive. A lower
bound is imposed on tan /3 for a given value of sin( — a) in
the wrong-sign Yukawa coupling region, such as tanf > 3
(7) for sin(ff — @) = 0.87(0.97), while tan j is allowed to be
as low as 1 for any value of sin(f — a) in the SM-like Higgs
coupling region.

The oblique parameters S, T, and U can impose strong
constraints on the mass spectrum of Higgs bosons in the
2HDM. In Fig. 2, we show my and m, allowed by the
constraints of theory and the oblique parameters. The other
relevant free parameters are scanned in the following
ranges:

08 <[sin(f—a)| <1,
1 <tanp < 30,
570 GeV < my: <900 GeV,
—(3000 GeV)? < m?, < (3000 GeV)?. (10)

Here we use the conventions [36] 0 < <% and —
f—a <%, which leads to 0 <cos(f—a) <1 and —
sin(f—a) < 1.

Figure 2 shows that at least one of A and H is required to
have a large mass. It is disfavored that both m, and my are
smaller than 440 GeV. A light A (H) favors my (my4) to be
around 600 GeV for 0.99 < |sin(f —a)| < 1. With the
decreasing of |sin(f — )|, a light A favors an increasing
my. For example, for 0.8 <sin(f —a) < 0.9, a light A
favors my to be around 700 GeV. Note that we do not

— Iy
IAIA

impose the constraints of the 125 GeV Higgs signal data on
the surviving samples in Fig. 2, and therefore cannot
determine which samples belong to the SM-like coupling
case and which samples belong to the wrong-sign Yukawa
coupling case in Fig. 2. However, when combined with
Fig. 1, we can deduce that most samples in the right panel
of Fig. 2 are disfavored by the SM-like Yukawa coupling of
the 125 GeV Higgs.

Now we carve out the allowed parameter space after
imposing the joint constraints from theory, precision
electroweak data, flavor observables, the 125 GeV Higgs
signal data, and especially for the searches for the addi-
tional Higgses at the LHC run I and run II. The free
parameters sin(f — @), tan 8, m?},, and my+ are scanned in
the ranges shown in Eq. (10). In order to conveniently show
the dependence of m, (my) on the other parameters, we do
not scan m, and myg simultaneously. Therefore, in each
analysis we will fix either m4 or my, and perform a detailed
examination of the constraints of the Higgs searches on
another Higgs. In light of the allowed Higgs mass spectrum
shown in Fig. 2, we take four cases: (B1) my = 600 GeV,
(B2) my =700 GeV, (Cl) my =600 GeV, and (C2)
my = 700 GeV. For the four cases another Higgs is
allowed to have a wide mass range including the low
mass. Since a heavy Higgs can easily avoid the constraints
of the Higgs searches, the light Higgs is more interesting.

B. Constraints on the CP-odd Higgs

In Fig. 3, fixing my = 600 GeV and my = 700 GeV,
we project the surviving samples of the SM-like coupling
region on the planes of m, versus tanf and m, versus
sin(f — «) after imposing the pre-LHC constraints (denot-
ing theoretical constraints, electroweak precision data,
the flavor observables, R,,, and the exclusion limits from
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FIG. 3. The surviving samples of the SM-like coupling region projected onto the planes of m, versus tan # and my versus sin(ff — «).

All of the samples are allowed by pre-LHC constraints (denoting theoretical constraints, electroweak precision data, the flavor
observables, R, and the exclusion limits from searches for the Higgs at LEP) and the 125 GeV Higgs signal data. The pluses (red),
circles (black), triangles (sky blue), and inverted triangles (royal blue) are, respectively, excluded by the A/H — t7t7,A — yy, A — hZ,

and A — HZ searches at the LHC run I and run II.

searches for Higgs at LEP), the 125 GeV Higgs signal data,
and the searches for additional Higgses at the LHC run I
and run II. The upper-left panel shows that the pre-LHC
constraints and the 125 GeV Higgs data give strong
constraints on tan # and m,. tan f is required to be smaller
than 2 for my < 500 GeV and my = 600 GeV. Further,
the A—> t777, A > yy, A— hZ, and H — AZ channels
exclude the samples in the region of m, < 350 GeV. In the
SM-like Higgs coupling region, the coupling constant of
Hbb is nearly the same as that of Abb, and their values are
both proportional to tan 8. The bb — A/H — 77~ channel
can give the upper limit on tanpf, tanf < 15 for my
(my) < 600 GeV. With the increasing of my, the con-
straints from the bb — A — 777~ channel can be weak-
ened, and thus the upper limit of tan $§ can be larger than 15
for my, > 600 GeV. However, in our analysis we fix
mpy = 600 GeV which can lead to tanf < 15 due to the
constraints of the bb - H — 777~ channel. Therefore, as
long as my is fixed as 600 GeV, the upper limit of tan j is
still 15 with the increasing of my.

The upper-middle and upper-right panels show that the
H— AZ,A - yy,A - hZand A — t"7~ channels can give
strong constraints on m, in the case of the approximate
alignment limit. With the increasing of |sin(f — a)|, the
widths of H - AZ and A — hZ increase and decrease,
respectively. The constraints from the H — AZ channel
become strong as | sin(ff — a)| approaches 1, and can exclude
most of the samples in the range m, < 200 GeV. The
A — hZ channel can exclude most of samples in the range
220 GeV < m, < 350 GeV except for the samples that are
very close to the alignment limit. For 350 GeV < my, <
540 GeV, the A — tf channel can sizably enhance the total
width of A, and therefore the constraints of the H — AZ,
A —>yy, and A — hZ channels can be satisfied. For
540 GeV < my, < 600 GeV, some samples that are very
close to the alignment limit can be excluded by the bb —
A/H — 7~ channel (also see the upper-left panel).

For my = 700 GeV, the pre-LHC constraints and the
125 GeV Higgs data require m 4 to be larger than 220 GeV,
and tan f to be smaller than 2 for m, < 640 GeV. In such a
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FIG. 4. The surviving samples of the wrong-sign Yukawa coupling region projected onto the planes of m, versus tan f and m, versus
sin(ff — a). All of the samples are allowed by the pre-LHC constraints and the 125 GeV Higgs signal data. The pluses (red) and triangles
(sky blue) are, respectively, excluded by the A/H — 777~ and A — hZ searches at the LHC run I and run II.

range, all of the samples are allowed by the constraints of
the H - AZ channel. The A - 777, A - hZ,and A — yy
channels can exclude m, < 340 GeV. 350 GeV < my <
640 GeV is allowed by the pre-LHC constraints, the
125 GeV Higgs data, and the Higgs searches at the
LHC. For 640 GeV < m, < 700 GeV, the bb — A —
7777 channel can exclude the exact alignment limit and
require tan # to be smaller than 18.

Now we examine the parameter space in the wrong-sign
Yukawa coupling region for my = 600 GeV and my =
700 GeV. In Fig. 4, we project the surviving samples onto
the planes of m, versus tan § and m, versus sin(f} — a) after
imposing the pre-LHC constraints, the 125 GeV Higgs
signal data, and the searches for additional Higgses at the
LHC run I and run I In the wrong-sign Yukawa coupling
region, the pre-LHC constraints and the 125 GeV Higgs
signal data require approximately tan/ > 3. For such a
range of tan /3, all of the samples are allowed by the A — yy
and A — HZ channels.

For my = 600 GeV and 280 GeV < m, < 700 GeV,
the bb — A — +7~ channel can impose the upper bounds
on tanf and sin(f —a), and the A — hZ channel can

impose the lower bounds on tanf and sin(f — «). For
example, 4.5 < tan # < 9.0and 0.91 < sin(f — a) < 0.975
for my =300 GeV, 8.0 <tanf <150 and 0097 <
sin(f — a) < 0.99 for m, = 400 GeV, and 4.0 < tanff <
17.0 and 0.9 < sin(f — a) < 0.99 for m, = 600 GeV. The
bb — A — 777~ channel can exclude most of the samples
in the range m, < 200 GeV except for a very narrow band
of my around 100 GeV.

For my = 700 GeV, the pre-LHC constraints and the
125 GeV Higgs signal data require tanf < 5.5 and
sin(f—a) < 0.95. In such a range, all of the samples
are allowed by the constraints of the bb - A — vt¢~
channel. The A — hZ channel can exclude most of the
samples in the range 300 GeV < m, < 600 GeV.

C. Constraints on the heavy CP-even Higgs

Here we examine the status of the heavy CP-even Higgs
after imposing the relevant theoretical and experimental
constraints. In Fig. 5, fixing my = 600 GeV and
my = 700 GeV, we project the surviving samples onto
the planes of my versus tan and my versus sin(f — a).
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All the samples are allowed by the pre-LHC constraints and the 125 GeV Higgs signal data. The pluses (red), circles (black), triangles
(sky blue), and inverted triangles (royal blue) are, respectively, excluded by the H/A — 777, H - WW,ZZ,yy, H — hh,and A - HZ

searches at the LHC run I and run IL

For m, = 600 GeV, the upper-left panel shows that the
bb — H/A — t*7~ channel can give the upper bound on
tan 3, such as tan # < 6, 10, and 15 for my = 200, 320, and
600 GeV. The H — ttz~, VV, yy, hh and A - HZ
searches can require tan f > 2.5 for my < 380 GeV. The
appropriate values of tan # can simultaneously suppress the
cross sections of the Higgs in gluon-fusion production and
bb-quark associated production. In addition, the H — bb
channel can be the dominant decay mode, so that the
branching ratios of H — V'V, yy, and hh will be sizably
suppressed, and the constraints from these channels can be
avoided.

For m, = 600 GeV, the upper-middle and upper-right
panels of Fig. 5 show that for the proper tanf (see the
upper-left panel), the H/A — t™¢~, H - VV, yy, hh, and
A — HZ channels can give strong constraints on my when
close to the alignment limit. All of the samples in the range
my > 270 GeV can satisfy the constraints of the A - HZ
channel. The widths of H — V'V, hh decrease with the
increasing of | sin(f — )| and are equal to zero in the exact-
alignment limit. In the proper deviation from the alignment

limit, the searches for these channels can exclude most of
the samples in the range my < 380 GeV. With the increas-
ing of my, the H — ff channel can enhance the total width
of H sizably, so that the constraints from the H — V'V, yy,
and hh channels can be relaxed. Note that in the upper-
middle and upper-right panels of Fig. 5, there are some
allowed points mixed among the excluded points. These
allowed points have appropriate values of tan /3, as shown in
the upper-left panel of Fig. 5.

For m, = 700 GeV, the lower-left panel of Fig. 5 shows
that the pre-LHC constraints and the 125 GeV Higgs signal
data require my > 300 GeV. In such a range, all of the
samples are allowed by the constraints of the A - HZ
channel. The other features of the parameter space are
similar to those of m, = 600 GeV.

Now we examine the parameter space in the wrong-sign
Yukawa coupling region for m, = 600 GeV and m, =
700 GeV. In Fig. 6, we project the surviving samples onto
the planes of my versus tanf and my versus sin(ff — @)
after imposing the pre-LHC constraints, the 125 GeV Higgs
signal data, and the searches for additional Higgses at the

115014-8



TWO-HIGGS-DOUBLET MODEL OF TYPE II CONFRONTED ...

tanf

PHYSICAL REVIEW D 95, 115014 (2017)

[
200

P R P TR R
300 400 500 600 700
(GeV)

my

1

4.25 - 31 098

0.96

m, =700 GeV y
wrong sign coupling

F 0.86
25F - 3
E wro’:A ;i 750033 Vlin 0.4
225 g sig pling
[ 0.82 1
3 S S R I R T RS E SRS SR RS |
200 300 400 500 600 700 200 300 400 500 600 700
m,, (GeV) m,, (GeV)

FIG. 6. The surviving samples of the wrong-sign Yukawa coupling region projected onto the planes of my versus tan f§ and my versus
sin(ff — a). All of the samples are allowed by the pre-LHC constraints and the 125 GeV Higgs signal data. The pluses (red) and triangles
(sky blue) are, respectively, excluded by the H/A — 77~ and A — hZ searches at the LHC run I and run IL

LHC run I and run II. The pre-LHC constraints and the  the constraints of the H - VV, yy, hh, and A - HZ
125 GeV Higgs signal data require tan f to be much larger ~ channels.
than 2 in the wrong-sign Yukawa coupling region. For such For m, = 600 GeV, the bb — H — 777~ channel can
a range of tanp, all of the samples are allowed by  impose the upper bounds on tanf and sin(f — a). For

0 w
v ¥ N T
[ F¥+ 4l ;
[ V'i';!‘ + 1 ~¢t “..'
-2000 [, 7y ey : 7
vy vy e ;.
A v;' ":‘o +
-4000 ¥ ¥, ¥ 8 d 5
Yy v "vv‘¢ e
r v" ‘& Vel
~ 6000 [% %+ 1
b S [LY »x %, ]
[y [y ,J‘u ]
2 A
S 8000 vy, Y ]
& 1 v i+ ]
g r, T ! : 1
-10000 v+ * : .
g ]
-12000 - st 5
14000 '_v m,, = 600 GeV
[ SM-like coupling
" 1 ! ! ! ! ! . ! !
16000 100 200 300 400 500 600 700 16000200 250 30
m, (GeV)

m, =600 GeV
SM-like coupling

Il Il Il Il Il Il Il
0 350 400 450 500 550 600 650 700
(GeV)

my

FIG. 7. The surviving samples with negative values of m%z projected onto the planes of m, versus m%z and my versus m%2. The
meanings of the symbols in the left (right) panel are the same as in Fig. 3 (Fig. 5).

115014-9



LEI WANG, FENG ZHANG, and XIAO-FANG HAN

example, tanf<7.0 and sin(f—a)<0.96 for
my = 200 GeV, tanf < 10.0 and sin(f — a) < 0.98 for
my = 300 GeV, and tanf < 16.0 and sin(f — a) < 0.99
for my = 600 GeV. All of the samples in the range my <
350 GeV can survive from the constraints of the A - hZ
channel. In such a range of my, the A - HZ mode can
enhance the total width of A, and lead to a suppression of
the branching ratio of A — hZ. For my > 350 GeV, the
A — hZ channel can exclude most of the samples in the
range tan f# < 4.5 and sin(f — a) < 0.905.

For m, =700 GeV, the pre-LHC constraints and the
125 GeV Higgs signal data require tanf <4 and
sin(ff —a) < 0.92. In such a range, all of the samples
are allowed by the constraints of the bb - H — 717~
channel. The A — hZ channel can exclude most of the
samples in the ranges of my > 540 GeV, tanf < 3.25,
and sin(f — a) < 0.855.

Negative values of m?, may lead to a situation where the
SM vacuum is a metastable vacuum with a deeper vacuum
lying somewhere else, a situation denoted as a panic
vacuum in Ref. [72]. We find that some negative values
of m?, are allowed in the SM-like coupling region of the
125 GeV Higgs for the cases of my = 600 GeV or
my = 600 GeV, and the negative m$, is excluded in the
other cases taken in this paper. In Fig. 7, we show the
allowed negative values of m?, in our scans.

V. CONCLUSION

We examined the parameter space of the 2HDM of type
IT after imposing the relevant theoretical and experimental
constraints from precision electroweak data, B-meson
decays, R,, the 125 GeV Higgs signal data, and the
H/A -ttt yy, H—> WW, ZZ, hh, AZ, and A - hZ,
HZ searches at the LHC run I and run II. We have obtained
the following results.

(1) Status of the CP-odd Higgs A: Due to the constraints
from theory and the oblique parameters, for my around
600-700 GeV, the CP-odd Higgs A is allowed to have a
wide mass range, including the low mass. In the SM-like
Higgs coupling region of the 125 GeV Higgs, the A — hZ,
vy, t 7~ channels can exclude 140 GeV < my <
350 GeV. For my = 600 GeV, the H — AZ channel can
exclude most of the samples in the range m, < 200 GeV.
The bb — A/H — "7~ channel can impose the upper
limits on tan  and | sin(f — @)| in the large mass range. The
parameter spaces of tanf < 2, 0.99 <sin(f —a) < 1, and

PHYSICAL REVIEW D 95, 115014 (2017)

—1 <ssin(f — a) < —0.998 are allowed for my = 600 GeV
and 350 GeV < m, < 540 GeV as well as my =700GeV
and 350 GeV < my, < 640 GeV.

In the wrong-sign Yukawa coupling region of the
125 GeV Higgs, for my = 600 GeV and 280 GeV <
my < 700 GeV, the bb - A — "7~ channel can impose
the upper bounds on tan # and sin(ff — a), and the A — hZ
channel can impose the lower bounds on tanf and
sin(f — a). The bb - A — 7+7~ channel can exclude most
of the samples in the range m, < 200 GeV except for a
very narrow band of m, around 100 GeV. Compared to the
case of my = 600 GeV, for the case of my = 700 GeV,
320 GeV < my < 500 GeV is excluded, and the allowed
parameter space is narrowed since pre-LHC constraints and
the 125 GeV Higgs signal data require tanf < 5.5
and sin(f — a) < 0.95.

(ii) Status of the heavy CP-even Higgs H: For m, around
600 GeV, the CP-even Higgs H is allowed to have a wide
mass range. In the SM-like Higgs coupling region of the
125 GeV Higgs, the bb — H/A — 777~ channels give the
upper bound on tanf, such as tanf < 6, 10, and 15 for
my = 200, 320, and 600 GeV, respectively. The H —
=, WW, ZZ, yy, hh channels require tanf > 2.5 for
my < 380 GeV. Form, = 600 GeV, the A - HZ channel
can exclude most of the samples in the range
my < 270 GeV. For the proper tan  and sin( — a), my
is allowed to be as low as 200 GeV for m, = 600 GeV, and
300 GeV for my = 700 GeV.

In the wrong-sign Yukawa coupling region of the
125 GeV Higgs, the bb — H — t+7~ channel can impose
the upper bounds on tanf and sin(f—a). For m, =
600 GeV, the A — hZ channel can exclude most of the
samples in the ranges tan § < 4.5, sin(ff — ) < 0.905, and
mpy > 350 GeV. Compared to the case of m, = 600 GeV,
for the case of my = 700 GeV, the allowed parameter
space is narrowed since pre-LHC constraints and the
125 GeV Higgs signal data require tanf <4 and
sin(ff — a) < 0.92. For the proper tanf and sin(f — a),
my is allowed to be as low as 200 GeV for both my =
600 GeV and m, = 700 GeV.
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