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Abstract: In light of the recently obtained LHC Higgs data, we examine the parameter space of the type II two-

Higgs-doublet model, in which the 125 GeV Higgs bosons exhibit wrong sign Yukawa couplings. Combining the rel-

evant theoretical and experimental limits, we find that the LHC Higgs data exclude most of the parameter space of the

wrong sign Yukawa coupling. For mpy = 600 GeV, the allowed samples are mainly distributed across several corners
and narrow bands of my < 20 GeV, 30 <my < 120 GeV, 240 GeV < my <300 GeV, 380 GeV < my <430 GeV, and
480 GeV <my <550 GeV. For my = 600 GeV, my is required to be lower than 470 GeV. The light pseudo-scalar
with a mass of 20 GeV is still permitted in the case of the wrong sign Yukawa coupling of 125 GeV Higgs bosons.
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1 Introduction

The two-Higgs-doublet model (2HDM) [1] is a popu-
lar extension of the SM that introduces another S U(2);,
Higgs doublet, which contains neutral CP-even Higgs bo-
sons 2 and H, a neutral pseudoscalar A4, and charged
Higgs H*. Four typical 2HDMs have absent flavor chan-
ging neutral currents at the tree level, namely type-1 [2,
3], type II [2, 4], lepton-specific models, and flipped
models [5—8]. In the type II model, the Yukawa coup-
lings of leptons and down-type quarks can be enhanced
by a factor tanB. Therefore, the flavor observables and
the LHC search for Higgs places stricter restrictions to
the type II model than to the other three models. In the
type II 2HDM, the 125 GeV Higgs can have a wrong sign
Yukawa coupling besides an SM-like coupling. In com-
parison with the SM, at least one of the Yukawa coup-
lings of the 125 GeV Higgs has an opposite sign in the
couplings of gauge bosons, which was extensively stud-
ied in Refs. [9-24].

In beginning of 2017, we used the LHC Higgs data
available at that time to explore the parameter space of
type 1I 2HDM, and found that the H/A — "7~ and
A — hZ modes can place strong restrictions on the para-
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meter space of the wrong sign Yukawa coupling [22]. Re-
cently, Refs. [23, 24] examined the parameter space with
degenerate heavy Higgs masses in the framework of this
model. In this study, we re-examine the wrong sign
Yukawa coupling in the type Il 2HDM and extensively
scan over the parameter space by considering recent AT-
LAS and CMS Higgs data.

Our paper is organized as follows. In Sec. 2, we
briefly introduce the type II 2HDM. Detailed numerical
calculations are implemented in Sec. 3. We display the al-
lowed parameter space by considering relevant theoretic-
al and experimental restrictions in Sec. 4. In Sec. 5, we
provide our conclusions.

2  Type II two-Higgs-doublet model

The scalar potential with a softly broken discrete Z,
symmetry is given by [25]

V =m (O 01) +m3y (@] ) - [my (@] @y +h.c)|
A . A N S .
+ 71@1@1)2 + ?2@;@2)2 + 23(0] 0 )(@] D)

2
+ Aa(D] D2)( DI D) + [?S(cpfcpz)2 +h.c.]. (1)
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We focus on the CP-conserving case, where all A; and

m?, are real. The two complex Higgs doublets have the

hypercharge v = [:

2
®1= %(V1+¢?+ia1) ’
2
®; = $(Vz+¢g+ia2) ’ 2

In the above formula, v; and v, are the electroweak vacu-
um expectation values (VEVs) with 2 =v2+v] =
(246 GeV)? and tanB = v, /vy. After breaking of the spon-
taneous electroweak symmetry, we obtain five physical
Higgs particles, two neutral CP-even h and H, one neut-
ral pseudoscalar 4, and a pair of charged scalars H=.

The Yukawa interactions are given as

~L=YpQ; Prug+ Yy O, ®1dg + Yo Ly @y eg+hc., (3)

where QF =(up.dy), LI =(v..l), and @, =in®;,.
Yo, Y41 and Yy are 3 x 3 matrices.

The neutral Higgs Yukawa couplings normalized to
the SM are as follows.

y{;‘ = [sin(ﬂ —a)+cos(B— a)Kf] ,

y{‘i = [cos(ﬁ — @) —sin(B - a)Kf] ,

i = —iks (forw), y} = iks (ford, 0),

with kg =k, = —tanB, «, =1/tang. 4)

The Yukawa interactions of the charged Higgs are given
as,

V2

Ly=- - H* {ﬁi [Kd (Vexw)ij majPr — kumyi (Vexkm)ij PL]dj

+ Ky VmgPRf} +h.c.,
(%)
where i, j = 1,2,3.

The neutral Higgs couplings with gauge bosons nor-

malized to the SM are
y, =sin(B-a), yj; =cos(B-a), (6)
with ¥ denoting W or Z.

In type I 2HDM, the SM-like Higgs has not only the
SM-like coupling, but also the wrong sign Yukawa coup-
ling,

yf X y,‘; > 0 for SM —like coupling, e

y;: X y,‘: < 0 for wrong sign Yukawa coupling.
In case of the SM-like coupling, the 125 GeV Higgs
couplings are very close to those in the SM, which has an
alignment limit. Here, we introduce the wrong sign
Yukawa coupling. The absolute values of yf and y/
should be close to 1.0 because of the restrictions in 125
GeV Higgs signal data. Hence, we obtain

yi=-1+€ y) =~1-05cos’(B-a) for

sin(8—a) > 0and cos(B—a) >0,

yi=1-¢€ y) ~-1+05cos’(B-a) for

sin(8—a) < 0and cos(B—a) > 0. %)

Here, | €| and | cos(B—a)| are significantly less than 1.
From Eq. (4), we can obtain
—2+&+0.5c0s(B—a)?

cos(B—a)
sin(B—a) > 0and cos(B—a) >0,
2-g-0.5cos(8—a)?

cos(B—a)

sin(B—a) <0and cos(B—a) >0. 9

In type 11 2HDM, the constraints of the B-meson and R,
require tanB to be greater than 1, which leads to «; < -1,
ke < -1, and 0 < k, < 1. Therefore, there is no wrong sign
Yukawa coupling for the up-type quark. The wrong sign
Yukawa couplings of the down-type quark and lepton for
sin(8—a) > 0 and cos(B8— a) > 0 may exist. Because of the
factor "—2" in the numerator in Eq. (9), cos(8—«@) and
tanB in the wrong sign Yukawa coupling region are great-
er than those in the SM-like coupling region.

Kf= << —1 for

>> 1 for

Kf=

3 Numerical calculations

We choose the light CP-even Higgs boson £ as the
SM-like Higgs with the mass of 125 GeV. The branching
ratio of b — sy places stringent restrictions on the
charged Higgs mass of the type I 2HDM, which requires
mp- > 570 GeV [26].

In the calculation, we take account the following con-
straints and observables:

(1) The electroweak precision data and theoretical
constraints: We use the 2HDMC [27] to consider the the-
oretical constraints from the vacuum stability, unitarity
and perturbativity, and calculate the oblique parameters
(S, T, U). We take the recent fit results for S, 7, U in Ref.
(28],

S =0.02+0.10, T =0.07+£0.12, U =0.00+0.09, (10)
with correlation coefficients,
pst =0.89, psy =0.54, pry =0.83. (11)

(2) The heavy-flavor observables and R, constraints:
We use Superlso-3.4 [29] to calculate the branching ratio
of B— Xyy. Amg_is calculated following the formulas of
Ref. [30]. Furthermore, we consider the R, constraints of
bottom quarks in Z decays, which are calculated follow-
ing the formulas of Refs. [31, 32]. Recently, the R, ob-
servable was also considered in some studies on the
2HDM [33, 34]

(3) The 125 GeV Higgs signal data: We use the ver-
sion 2.0 of Lilith [35] to perform the calculation of y? for
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the 125 GeV Higgs signal data combining the LHC run-I
and run-II data (up to datasets of 36fb~'). We are particu-
larly concerned with the surviving samples for
x> —x%, <6.18, where 2. is the minimum of y?. These
samples are within the 20 range in the two-dimensional
plane of model parameters.

(4) The LHC search for additional Higgs bosons: We
use the HiggsBounds-4.3.1 [36, 37] to perform the exclu-
sion limits from the Higgs search at LEP at 95% confid-
ence level.

At the LHC run-I and run-II, the ATLAS and CMS
searched the additional Higgs via its decay into various
SM modes and some exotic channels. Because of the de-
structive interference contributions to gg — A production,
which arise from the top-quark loop and the bottom-
quark loop in the type II 2HDM, the cross-section de-
creases with the increasing tan8, and reaches a minimum
value for a moderate tan3, which is dominated by the bot-

tom-quark loop for a large enough value of tang. The
cross-section of gg — H production not only depends on
tanB and my, but also sin(8—a). We calculate the cross-
sections for 4 and H in the gluon fusion and bb-associ-
ated production at NNLO in QCD via SusHi [38]. The
cross-sections of H via the vector boson fusion process
are derived from the data of the LHC Higgs Cross Sec-
tion Working Group [39]. We use the 2HDMC to calcu-
late the branching ratios of various decay channels of 4
and H. In Table 1 and Table 2, we show a complete list of
the additional Higgs searches considered in this study.
When 1< tanf < 30, the heavy charged scalar searches at
LHC cannot impose restrictions on the model for
mpy- > 500 GeV [40]. Thus, we do not include the heavy
charged Higgs search.

For the A — hZ channel, the CMS collaboration
presented the result of 2 — %7~ at the 13 TeV LHC with
an integrated luminosity of 35.9 b in Ref. [78].

Table 1. Upper bounds on production cross-section times branching ratio of #7~, u*u~, yy, WW, and zZ for H and A searches at 95% C.L..

Channel Experiment/TeV Mass range/GeV Luminosity/ fb '
gg/bb— H/A — 141~ ATLAS 8 [41] 90-1000 19.5-20.3
gg/bb— H/A — tt1~ CMS 8 [42] 90-1000 19.7
gg/bb— H/A - t+1~ ATLAS 13 [43] 200-1200 133
gg/bb— H/A — tt1~ CMS 13 [44] 90-3200 12.9

gg > HIA -1t CMS 13 [45] 200-2250 36.1

bb— HJ/A — 77~ CMS 13 [45] 200-2250 36.1

bb— HIA — 77~ CMS 8 [46] 25-80 19.7

bb — HJA — utu~ CMS 8 [47] 25-60 19.7

pp — H/IA - yy ATLAS 13 [48] 200-2400 15.4

gg—> H/A—yy CMS 8+13 [49] 500-4000 12.9

gg — HJA — yy + tiH|A (H/A — yy) CMS 8 [50] 80-110 19.7
gg— H/A — yy +ttH/A (H/A — yy) CMS 13 [50] 70-110 359
VV—>H—vyy+VH(H—yy) CMS 8 [50] 80-110 19.7
VV—>H—vyy+VH(H—yy) CMS 13 [50] 70-110 359
gg/VV - H > W*W~ ATLAS 8 [51] 300-1500 20.3
88/VV —» H —» W*W~ (Cvly) ATLAS 13 [52] 300-3000 13.2
8¢ — H— W*W~ ({vqq) ATLAS 13 [53] 500-3000 13.2
8g/VV - H —» W*W~ (bvqq) ATLAS 13 [54] 200-3000 36.1
gg/VV > H - WrW~ (evuv) ATLAS 13 [55] 200-3000 36.1
gg/VV—-H—ZZ ATLAS 8 [56] 160-1000 20.3

g8 —> H — ZZ(tlvv) ATLAS 13 [57] 300-1000 133

g8 — H — ZZ(vvqq) ATLAS 13 [58] 300-3000 13.2
gg/VV — H — ZZ(tlqq) ATLAS 13 [58] 300-3000 13.2
88/VV — H — ZZ(ttll) ATLAS 13 [59] 200-3000 14.8
88/VV — H — ZZ(Ltel + tlvv) ATLAS 13 [60] 200-2000 36.1
88/VV — H — ZZ(vvqq + tlqq) ATLAS 13 [61] 300-5000 36.1
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Table 2. Upper bounds on production cross-section times branching ratio for channels of Higgs-pair and a Higgs production in association with Z at
95% C.L..
Channel Experiment/TeV Mass range/GeV Luminosity / fb '
gg — H — hh — (yy)(bb) CMS 8 [62] 250-1100 19.7
gg — H — hh — (bb)(bb) CMS 8 [63] 270-1100 17.9
gg — H — hh — (bb)(t+17) CMS 8 [64] 260-350 19.7
gg — H — hh — bbbb ATLAS 13 [65] 300-3000 13.3
gg¢ — H — hh — bbbb CMS 13 [66] 750-3000 35.9
g8 — H — hh — (bb)(t*17) CMS 13 [67] 250-900 35.9
pp — H — hh CMS 13 [68] 250-3000 359
88 > A— hZ - (tH17)(C0) CMS 8 [64] 220-350 19.7
gg — A — hZ — (bb)(£t) CMS 8 [69] 225-600 19.7
g8 A—>hZ - (tt1t7)Z ATLAS 8 [70] 220-1000 20.3
gg — A — hZ — (bb)Z ATLAS 8 [70] 220-1000 20.3
gg/bb— A — hZ — (bb)Z ATLAS 13 [71] 200-2000 36.1
gg/bb — A — hZ — (bb)Z CMS 13 [72] 225-1000 35.9
ggoh—->AA -t i ATLAS 8 [73] 4-50 20.3
pp > h—AA > tir 1 CMS 8 [74] 5-15 19.7
pp — h— AA — (u* ) (bb) CMS 8 [74] 25-62.5 19.7
pp > h—AA - (uru ) (T 1) CMS 8 [74] 15-62.5 19.7
pp — h— AA — (bb)(t+17) CMS 13 [75] 15-60 35.9
pp > h—AA - it CMS 13 [76] 4-15 35.9
gg — A(H) — H(A)Z — (bb)(£l) CMS 8 [77] 40-1000 19.8
88— A(H) - H(A)Z — (tH17)(£0) CMS 8 [77] 20-1000 19.8

However, compared to the results of Refs. [71, 72], the
decay width I'y/my corresponding to the bound of Ref.
[78] is not clearly given. Therefore, we do not include the
experimental bound of A — hZ — (+¥77)Z channel from
Ref. [78].

4 Results and discussions

4.1 Constraints from oblique parameters and 125 GeV

Higgs signal data

In Fig. 1, we display the permitted m, and my under
the constraints of theory and oblique parameters. Since
the branching fraction of b — sy imposes a lower bound
on the mass of H=*, my- >570 GeV [26], we take 570
GeV <mpg- < 900 GeV. When either my or my are very
close to mpy:, the contributions of 2HDM to oblique para-
meters are considerably suppressed, and the other mass is
permitted to have a large mass splitting with my-. There-
fore, as shown in Fig. 1, it is not feasible that both m, and
my are less than 480 GeV, and at least one of the 4 or H
is required to have a greater mass. When either my or my
is approximately 600 GeV, the other mass may have a
large mass range, particularly for a low mass. However,

when my is significantly larger than 600 GeV and even
mpy = mpg:, my cannot be very small. The main reason is
due to the requirements of vacuum stability,
A > 0, Ay > 0, /l3 > —4/A1 4y, /13 + Ay— | /15 |> VA4 A2
(12)
To better understand this point, we assume a very
small cos(8— a) and obtain the following relations [18],

» 10ty —miyspcp)

v2/11 =m; 5 ,
c
B
2 2 o .
2, o (myy—myspeg)
Vil =my - —————,
tﬁsﬁ
(m2, —m? sgcg)
V3 = m? +2m2,. - 2m?, — 12 THBE
SpCp
(m%, —m2, sgcp)
VA = mh = 2m2. A mi + U—W,
SpCp

2 2
2, _ 2 o, (miy —myspcp)
ViAs = my —my + —————
SpCp

with 753 = tan, sz =sinf, and cg = cosB. The first two re-
quirements in Eq. (12) are simultaneously satisfied for
m?, —m2%sgcg — 0, and the last two are respectively satis-

(13)
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meters for 570 < my= <900 GeV.

fied for

2 2

2 2 2
my, +my —my > 0.

mh+mH,—m12q>O, (14)
The right relation of Eq. (14) implies that m, cannot be
very small for a very large my. Eq. (14) is obtained in the
two limits, cos(8—a)—0 and m?,—m%sgcp — 0.
In this study, we perform an exact numerical calculation
on the requirements of vacuum stability. The bounds of
Eq. (14) can be appropriately loosened by tunning
cos(B—a), 15, and m?,.

Using the survival samples in Fig. 1 and imposing the
restrictions of the 125 GeV Higgs signal data, we obtain
the scatter plots of tang and sin(B—«) in Fig. 2. Fig. 2
shows that the 125 GeV Higgs data can provide very
stringent constraints on tan8 and sin(8—a). As discussed
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(color online) Scatter plots of m4 and my satisfying constraints of vacuum stability, unitarity, perturbativity, and oblique para-

above, the Yukawa coupling with the wrong sign can be
achieved only for sin(8—a) > 0. In the left panel of Fig. 2,
tanfB and sin(8— @) are respectively required to be larger
than 5.0 and as low as 0.94 in case of wrong sign coup-
ling. When the SM-like coupling is applied, sin(8—«) is
restricted to exist in two very narrow bands of 0.994 ~ 1.0
and —1.0 ~ —0.99993, which can be seen in the left and
right panels of Fig. 2. For a given sin(8—«), tang is im-
posed a lower limit in case of the Yukawa coupling with
wrong sign, and it is required to be as low as 1.0 in case
of the SM-like Higgs coupling.

To explicitly show the dependence of my (my) on the
other parameters and the specific excluded parameter
space from each channel, we do not simultaneously scan
over my and my. In the following discussions, consider-

SM-like coupling

sin(B—o)

(color online) Scatter plots of sin(3—«a) and tang satisfying constraints of theory, oblique parameters, and 125 GeV Higgs sig-
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ing the allowed Higgs mass spectrum shown in Fig. 1, we
will respectively set my or my as 600 GeV, and the other
can have a wide mass range, especially for the low mass.
Because heavy Higgs can easily avoid the restrictions of
the LHC direct search easily, the Higgs with a moderate
and low mass is more interesting. We scan the paramet-
ers for wrong sign Yukawa coupling in the following two
scenarios:

093 <sin(B-a) < 1.0, 1 <tanB <25,

570 GeV < mpg- <900 GeV,

scenario A : myg =600 GeV, 10 GeV <my < 900 GeV,

scenario B : my =600 GeV, 150 GeV < my < 900 Ge(\ll.s)
The free parameter m?, is adjusted to satisfy the theoretic-
al constraint. Here, we employ the conventional method

[27], 0<ﬁ<g and ‘g<ﬁ‘”<7§r- 0<
cos(B—a)<land -1 <sin(B—-a) < 1.

NN

Namely,

4.2 Constraints on scenario A

We extract the permitted parameter space of scenario
A after considering the joint constraints from pre-LHC
(i.e., theoretical constraints, electroweak precision data,
flavor observables, Ry, and exclusions from the search for
Higgs at LEP), 125 GeV Higgs signal data, and the
search for additional Higgs particles at the LHC. The sur-
viving samples are projected on the planes of my4 versus
tanB and myu versus sin(8—a) in Fig. 3. In case of the
wrong sign Yukawa coupling, the restrictions mentioned
above require tanfB > 5. For this range of tang, the cross-
section of scalar 4 in the gluon fusion production is con-
siderably suppressed, and all samples are favored by the
e
24 &

r my = 600 GeV |
22| o

20
18 |
16 |
S
1-'14,
12|
10 |
sl
6+ oy

Lo b b L Y
0 100 200 300 400 500 600

m, (GeV)

Fig. 3.

A — yy and A —» HZ modes. Because the 125 GeV Higgs
signal data place large restrictions on the branching ratio
of h — AA, the LHC search for 7 — AA cannot impose
constraints on the parameter space.

The bb — A — 77~ channel excludes most of the
parameter space for large tanS and gg/bb — A — hZ for
small tanfB. Because the coupling of AhZ is proportional
to cos(B—a), the A — hZ channel tends to exclude
samples with small |sin(8—a)|. The permitted samples
are mainly distributed across several corners and narrow
bands. As shown in Table 1, the experimental bound of
A — 771t~ channel is absent for my <20 GeV and 80
<my <90 GeV. Therefore, my in these mass ranges are
permitted. Furthermore, most samples with m,4 in the
ranges of 30 ~ 120 GeV, 240 ~ 300 GeV, 380 ~ 430 GeV,
and 480 ~ 550 GeV are allowed for appropriate tang and
sin(B—a). For the last two bands, the experimental
bounds of A — hZ [72] are larger than those of the neigh-
bouring mass ranges. Therefore, in the regions of 380
<my < 430 GeV and 480 GeV < my < 550 GeV, numer-
ous samples with large sin(8—a) can accommodate the
bound of the A — hZ channel.

4.3 Constraints on scenario B

We study the permitted parameter space in scenario B
when imposing the joint restrictions (1)—(4) in Section 3.
The surviving samples are shown in the scatter plots of
mpy with respect to tanB and sin(8— «) in Fig. 4. Similar to
the discussion in scenario A, the pre-LHC and 125 GeV
Higgs signal data require tanB > 5, and all samples are
favored by the H — V'V, yy, hh, and A — HZ channels.

Fixing my = 600 GeV, the channel bb — H — 77~

1 L
my, = 600 GeV}
0.99 | -
0.98
3
e0.97
S
1@
0.96
0.95
094 - o+ L
0 100 200 300 400 500 600
m, (GeV)

(color online) Scatter plots of m, with respect to tanB and m, with respect to sin(3— ) satifying constraints of pre-LHC and 125

GeV Higgs signal data. Triangles (sky blue) and pluses (red) are excluded by A/H — "~ and A — hZ channels at the LHC, respect-

ively. Bullets (green) are permitted by various LHC direct searches.
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0.99 - — .

0.95

094 -

R L L
200 300

(color online) Scatter plots of my with respect to tanB and my versus sin(8— ) satisfying constraints of pre-LHC and 125 GeV

Higgs signal data. Triangles (sky blue) and pluses (red) are excluded by H/A — v*7~ and A — hZ channels at LHC, respectively. Bul-

lets (green) are permitted by various LHC direct searches.

provides upper bounds on tan8 and sin(8-—«). For in-
stance, tanB < 7.0 (9.2, 14,4) and sin(8—a) < 0.96 (0.98,
0.99) for my= 200 GeV (300 GeV, 600 GeV). All
samples with my < 350 GeV can accommodate the con-
straints from the channel A — hZ. For such mgvalues, the
mode A — HZ can increase the total width of 4 and con-
siderably suppress the branching ratio of A — hZ. The
channels A — 7~ and A — hZ exclude all samples with
mpy > 470 GeV, and some samples with 150 < mpy < 470
GeV survive for appropriate tan8 and sin(8 — ).

In comparison with the results of Ref. [22], recent
LHC Higgs data considerably reduce the parameter
space. For my = 600 GeV, the whole range of my < 700
GeV is permitted in Ref. [22], while m, is only allowed
to vary within several ranges in this study, namely
my <20 GeV, 30 <my <120 GeV, 240 GeV < my < 300
GeV, 380 GeV <my <430 GeV, and 480 GeV
<my <550 GeV. For my =600 GeV, the entire range of

mpy < 700 GeV is permitted in Ref. [22], while my < 470
GeV is required in this study. Such differences are mainly
due to the experimental data of gg/bb — A — hZ from
Refs. [71, 72], which are not included in Ref. [22].

5 Conclusion

We studied the status of wrong sign Yukawa coup-
ling of type II 2HDM in light of recent LHC Higgs data,
obtaining some interesting conclusions. The channels
bb— A/H — t*1~ and gg/bb — A — hZ exclude most of
the parameter space for large tanB and small tanp, re-
spectively. For my = 600 GeV, the allowed samples are
mainly distributed in several corners and narrow bands of
my <20 GeV, 30 <my <120 GeV, 240 GeV <my <300
GeV, 380 <my <430 GeV, and 480 GeV <my <550
GeV. For my = 600 GeV, my is required to be lower than
470 GeV.
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