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Abstract. In the light of ongoing experimental search efforts for the dark matter and the post-Higgs Beyond the Standard Model
(BSM) null results at the Large Hadron Collider (LHC), the Electroweak sector demands to be investigated for possible new scalar
states discoverable at the LHC fulfilling the role of the dark matter. In this work we present a symmetric two Higgs doublet model
with a discrete interchange symmetry among the two Higgs doublets (®; <+ ®;). Apart from the Standard Model (SM)-like scalar
state (h) with m;, = 125 GeV, the model has several distinguishing features including the pseudoscalar (A), the charged scalars(H™)
and the neutral scalar H, not having any direct coupling to the fermions. The neutral scalar H is assumed to have mass lighter than
the 125 GeV SM-like Higgs state h. Due to the presence of a residual Z, symmetry after the spontaneous symmetry breaking
(SSB), the neutral scalar H can emerge as a viable dark matter candidate. We discuss the constraints on such scalar dark matter
from the current direct and indirect detection experiments. As a by-product of this construction, the SM-like scalar /# ends up
having an extra invisible decay mode of 7 — HH in this model which can also influence the dark matter parameter space. We
discuss these model features in detail along with a guideline of relevant phenomenological searches at the LHC for this scenario.
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INTRODUCTION

With the discovery of a Higgs-like particle 2 with mass
my, around 125 GeV by the ATLAS and CMS experi-
ments at the LHC [1, 2], an era of exploration in the
Electroweak sector had begun. With only this stand-alone
SM-like scalar state being observed and ongoing exper-
imental searches for dark matter, it is even more vital
now to explore the scalar sector of different BSM sce-
narios in utmost detail to investigate the possibility of a
spectrum of additional scalar states fulfilling the role of
the dark matter. In this scenario, the simplest and well
motivated BSM extension to be considered are the Two-
Higgs-Doublet Models (2HDM’s) [3], in which adding a
second SU (2),, higgs doublet leads to five physical scalar
particles: two neutral scalars h,H, pseudoscalar A and
charged-scalar H*. Many versions of the 2HDMs have
been extensively studied in the past [4]. Some of the
notables include: (a) Supersymmetric two Higgs doublet
model [5], (b) Non-supersymmetric two Higgs doublet
models: (i) with only one Higgs doublet (conventionally
chosen to be ®;) with couplings to the fermions (type
I 2HDM), (ii) with both Higgs doublets having VEVs,
additionally with one doublet (conventionally chosen to

be ®,) coupling to the up type quarks only, while the
other (®1) coupling to the down type quarks only (type
II 2HDM),(iii) with one doublet(®,) coupling to the up
type quarks only and the other(®) coupling to the down
type quarks only i.e just like type II 2HDM along with
RH leptons coupling to &, (“flipped" model or type Y),
(iv) with RH quarks coupling to one Higgs doublet(d;)
and RH leptons coupling to another Higgs doublet(®;)
(“lepton-specific" or type X) and (v) with only one dou-
blet with VEVs and couplings to the fermions(“Inert Dou-
blet Model"(IDM)) [6]. Different variations of all these
models have attracted a lot of attention recently and were
investigated in view of the recent LHC data [7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] In this work,
we present a symmetric two Higgs doublet model with a
discrete interchange symmetry (®; <> ®;) with several
distinguishing features:

(i) The neutral scalar & represents the Standard Model(SM)-
like Higgs with mass my, ~ 125 GeV.

(i1) No flavor-changing neutral currents (FCNC) is present.
(iii) The other neutral scalar H can be lighter than the
SM-like neutral scalar state 4 and couples only to the
Electroweak Gauge Bosons (WT and Z) but does not cou-
ple to fermions at all.
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(iv) The charged Higgs H* and the pseudoscalar A don’t V2V, o+

couple to the fermions. H* only couples to the gauge D, = \}5< Vo, ) (3)
bosons, the neutral scalar H and pseudoscalar A. Ho— it A+ Ve,

(v) The pseudoscalar only couples to the gauge bosons
and the charged scalar H* but does not couple to either
the lighter and heavier neutral scalars (H and h).

(vi) At the LHC, the lighter scalar H can only be pro-
duced via the decays of the SM-like neutral scalar h. As
the lighter scalar H does not couple to the fermions at
all, the mass limit on H is significantly lower than the
mass limits coming from gluon-gluon fusion LHC data
for production of a generic scalar boson.

(vii) The charged Higgs H* can be produced via the
Drell-Yan process. It will be quite elusive to discover it at
the LHC with the decay products of “2 W-boson + Miss
E7" in the final state.

(viii) After the ®| <+ &, interchange symmetry is spon-
taneously broken, there is a residual Z, symmetry that
remains unbroken making the scalar states H*, H and A
Z, negative, while all other fields Z, positive. Thus the
lightest Z, negative particle (either H or A ) will be a
candidate for the dark matter in this scenario.

(ix) If the lightest scalar H is considered as the DM, the
decay channel 7 — HH will act as an extra invisible de-
cay mode for the SM-like Higgs (m; ~ 125 GeV) and a
bound in the parameter space of the effective coupling of
h and H and the mass of the lightest scalar my can be
obtained from the invisible Higgs branching ratio bound
for the SM-like state: BR;,,,;, < 26%.

(x) We also investigate the various bounds on the dark
matter parameter space; for example, bounds from Elec-
troweak precision constraints and direct and Indirect de-
tection are discussed.

(xi) The neutral Higgs H has a coupling HHZZ which can
lead to interesting decay process Z — Z*HH — ffHH
and can be tested at the proposed e e collider ILC. [22]
Below we present the Model and formalism, followed by
the phenomenological implications for this “Symmetric
two Higgs doublet model."

THE MODEL AND FORMALISM

Our proposed model is based on the Standard Model
(SM) symmetry group SU(3)¢ x SU(2)r x U(1)y with
the Higgs sector being extended minimally with two
Higgs doublets @ and ®,. We consider a discrete in-
terchange symmetry of ®; <> &, with the condition of
Vo, = Vp,. Thus the proposed framework is named "A
symmetric two Higgs doublet model".

The vacuum expectation value’s (VEV) of these Higgs
doublets are summarized helow:

1 0 1 0
D))= — (D) = — .
o \/E(Vcbl) )= (V<I>2>
In the unitary gauge, the two doublets can be written as,
V2V
1 Ve g+
1= Ve "
V2 \lhy +i52 A+ Vg,

ey

@

where Vo, = Vo, = v/v/2 and 1? = V<12>1 —&-Vq%l = (250)2
GeV where v is the vacuum expectation value (VEV) for
the Higgs field. The five physical scalar fields are 4, H,A
and H* which are respectively the two neutral scalars,
the psuedoscalar and the charged scalar. After the ®; <
@, interchange symmetry is spontaneously broken, there
is a residual Z, symmetry that remains unbroken. This
residual symmetry makes H*, H and A acquire Z, nega-
tive charges i.e H* - —H* . H— —H ;A — —A while
all other fields are Z, positive. As a result, the lightest
Z» negative particle (either H or A) can be a suitable dark
matter candidate. The most general potential with this ex-
change symmetry of ®; <> &, can be written as,

V =+m} @@ +m3, b,
A 2
— @Dy — m3dlD + 2L (qﬁrbl)

2
+ % (cp}pz)z R (qﬁcpl) (q>;q>2)

A <<I>;<I>2) (qa}bl) ()
where due to the exchange symmetry of ®; <+ ®,, we
take,
miy = myy,miy = miz, A = Ao, As = A5, Ae = Af

so that we have total 8 parameters in the potential. Mini-
mization of this potential gives us two solutions,

Vo, = Vao,, ()
m%l + m%z +
M (Ve, + Ve, + Vo, Var,) —
(A3 + A+ 25)Ve, Vap, —
A6(V, +Va,) +2A¢ Vep, Vap, =0

among which we choose the first solution of minimization
ie Vo, =Vo, =v/ v/2 = 175 GeV. From the determina-
tion of the second derivatives of the potential V referred
in Eqn(4), the first minimization solution of Eqn(5) can
be taken as a local minima along with the following con-
dition,

(M +2As+2[A8]) >0 (6)

In this work, we consider the first minimization solution
with Vo, = Vo, = v/v/2 = 175 GeV along with the con-
dition stated in Eqn(6) above. With the above minimum,
the particle masses are given by,
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2 (& +g* W
m,, f,

mi = (A3 + Mg+ As — A V22,
myy = 2mty — [ + A3+ g+ A5 +2(Ae + A0V /2,
mi =2mi, — [As+ A6 + A5,

mye =2mdy — Ay +As + A+ AV, (D)

2.2
_&V 2
_T7mz_

where the two neutral scalars 4 and H are defined as,
h = hcos(a) + HOsin(a),
H = —h%in(a) +Hcos(x) (8)

where o = the scalar diagonalising angle = /4. Also,
here tanf = Vo, /Vo, = 1.

From the assumption that we take the neutral scalar H
to be lighter than the SM-like neutral scalar 4 and mlzq <
m3, we get a condition on the linear combination of the
parameters as below

myy < M3+ Mg+ As + A + A2 /2 9)

Now as the neutral scalar / is considered as the SM Higgs-
like state with my, ~ 125 GeV, we get another condition on
the relevant parameters given by

A3+Ag+As—A =05 (10)

Also, the potential must be bounded from below and the
corresponding vacuum stability conditions are given by,

Var > A >0,vVan > A >0,

A3 > =V A, A3+ A —[As] > =/ A1 A,

Note that these conditions are only valid for As = A7 = 0.

Furthermore, from the Large Electron-Positron Col-
lider (LEP) experiment we have constraints on the Z
boson decay width and mass of the charged scalar (H*)
[23] given by,

D

my +my > myg,

m; >79.3GeV. (12)

If we now look at the Yukawa interaction Lagrangian rel-
evant under our gauge symmetry as well as the discrete
interchange symmetry of ®; <+ &, given by,

L £ (i, dp)dry
+ [P (i, dp up®,
+ [ (uig, dy ) dr®r + f22 (i, dp ) urPs,

where because of the interchange symmetry ®; <> &,
we take

I8 =1 = fa S = 12 = fa (13)
from this we can obtain the charged scalar (H*) cou-
plings, the neutral scalar (h,H) couplings and the pseu-
doscalar (A) couplings with the fermions. We find that
only the neutral scalar (/) couple to the fermions with the
couplings of f, and f;(same as in the SM) and the other
scalars (H,H™,A) do not couple to the fermions at all.
Again, looking at the gauge bosons masses and mixings
are obtained from the kinetic terms of the scalars in the
Lagrangian, we get

L2 (2u®)) (7"®)) + (2,9,) " (P',),  (14)
where, & is the covariant derivative associated with the
gauge group, given by

Dy = Oy — ig 2 A% — ig’;

5 Au By,

15)

where 1,’s are the Pauli matrices. The relevant interac-
tions of the scalar fields 4%, H°, H* and A with the gauge
bosons ( W* and Z) before the spontaneous symmetry
breaking are given by,

n0+HO
+ —
ggauge B} ngW“ Wu T (16)
2 0 0
myz h’+H
—=7ZuZ
T Al 2

m2

+ V—;'WJWJ((hO)ZnL (H)?)
my

+ 212

ZuZy () + (H°)?)

HOY—p0

V2

+ 7+
WiEH

8
- 5(8“Hi)Wj

HO 7],[0
V2
+ iﬁ(a HO)WFA+ iﬁ(a AWiHT
7 \TH u o \TH u

g
—58,1(

Now with the definition of the mass eigenstates & and H
as stated in eqn(8) with & = the scalar diagonalizing angle
=7/4 we get,

h= (' +H")/V2,H = (-’ + H®) /2 a7

Using these definitions in Eqn(16) we get the relevant in-
teractions after the SSB as,

2
o i ML A
Lyauge > gmw Wy Wy h =2 ZuZyh

m,

2
My v+ —7,2 +— 12
+72Wuwuh +v—2WuW,JH

2 2
mz 2, Iz 2

+ ﬁZMZ,Lh + ﬁZpZuH
8 +ypE 8 ++

— E(%H )W# H-— E(aﬂH)Wu H
ig +

+ E(auH:F)Wu A

+ %(a“A)W;HJF (18)
Interestingly, as seen from the above interactions, only the
SM-like scalar % has three point couplings with the gauge
bosons (W and Z) same with the couplings found in the
Standard Model (SM), where as the other neutral scalar
H does not have any three point couplings of this sort.
However, the neutral scalar H has four point couplings
with the gauge bosons (W, W, HH and Z,Z,HH). The

charged scalars (H) couple to both the neutral Higgs H
and the pseudoscalar A along with the gauge boson W+
whereas the pseudoscalar A does not couple to the neutral
scalar state H but only couples to the charged scalar (H™)
and the gauge boson W,
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From the Higgs potential, we get these relevant interac-
tions of the scalar fields 1%, H?, A and H* before the SSB,

(13 +%:+15) ((hO)Z(HO)Z

+ V(K0 H + (H°)*h°))
L Get29)
4

vacalar )

(") H® + (H)’h®)
3v((h)2HO + (H°)2h0)
V2

After the SSB the relevant interactions between the two
neutral scalars 4 and H are given by,
(A3 +2q +2s)
4
3 (2(13 +As4+2A5) +3(As + A7)
8

19)

2772
o%'calar o= h"H

yWhH?  (20)

So it can be seen from the interactions that there is a four
point coupling hhHH and a three point coupling #H H be-
tween the two neutral scalars 4 and H.

DARK MATTER CANDIDATE

As discussed before, after the ®; <> ®, interchange sym-
metry is spontaneously broken, there is a residual Z, sym-
metry that remains unbroken, as a result of which H i,H
and A to acquire Z, negative charges i.e H* — —H™ ;
H — —H ; A — —A, while all other fields acquire Z, pos-
itive charges. Thus the lightest Z, negative particle (either
the neutral scalar H or the pseudoscalar A) can be consid-
ered as a possible dark matter candidate in this frame-
work.

In this model the masses of the neutral scalar H and the
pseudoscalar A are given by,

m3; =2m, — (A + A3+ Aa + As +2(A6 + A0) V2 /2,

m3 = 2mi; — [As + Ao + A ]V2,

Assuming m%, < mi and using the condition referred in
Eqn(10) and using the bound on A, stated in Eqn(11), we
get a bound on As for the lighter neutral scalar H to be-
come the lightest Z, negative particle and fulfill the role
of the dark matter candidate in this model:

3.67 > As > 0.125 21

Hence the neutral scalar H can serve as the dark matter
as it will be the lightest scalar particle protected by the
residual Z, symmetry. The couplings of H relevant for
the dark matter interactions are given by,
My e | M 2
fgmlur D VTW/J W/J H + ﬁZ”ZHH
A3+A+ A
- A+t 5) 22

1 (22)

where the first two terms arise from gauge interaction and
the last term comes from the scalar potential. We see
from the interactions in eqn(22) that dark matter is able

FIGURE 1. Dark matter annihilation channels

to annihilate directly into a pair of W , Z or h if these
channels are kinematically open. It can also annihilate to
a pair of SM particles through the Higgs boson channel
O T N S R LA o
as well as possible gamma ray signals from the regions
of dark matter population such as dwarf galaxy or from
the galactic center. The viable dark matter H must satisfy

the correct relic abundance of dark matter obtained by the
PLANCK/WMAP collaboration [24] given by,

Quarimarterh® = 0.1199 +0.0027, (23)

where Q is the density parameter and / is the Hubble pa-
rameter in the unit of 100 km s~! Mpc~!. The dark matter
should also satisfy the Electroweak precision constraint
bounds [25], dark matter direct detection [26] and indirect
detection [27] bounds. As seen from eqn(22), the interac-
tion between a single Higgs boson 4 and a pair of dark
matter is proportional to A3s5 = A3 + A4 + As, gives rise
to dark matter nucleon elastic scattering. In the particular
case when 2mpy < my,, the same coupling also lead to de-
cay of the Higgs into a pair of dark matter, as an invisible
decay channel of the Higgs boson.

PHENOMENOLOGICAL IMPLICATIONS

There are several interesting phenomenological implica-
tions which can be tested in the next runs of LHC at 14
TeV and the proposed eTe™ collider ILC [22]. As the
neutral scalar boson & has the same couplings as the SM-
like Higgs boson, the production and decays of 4 will be
same as of the SM-like Higgs state with my, >~ 125 GeV
as seen by the LHC. Interestingly, all the other scalars
(H,H*,A) do not couple to the fermions. For the other
neutral scalar H, assuming that its mass is lighter that the
SM-like Higgs boson mass (my < my,), it can be produced
via the decays of the SM-like Higgs & (125 GeV), through
the three point coupling #HH between h and H, as seen in
equation(20). As stated previously, as the neutral scalar H
is the lightest stable Z, negative particle in the scalar par-
ticle mass spectrum, it can not decay to anything further.
So the decay of the 125 GeV £ into two lighter scalars H
will be detected as an extra invisible decay mode for the
SM-like scalar £ via the decay mode i — HH with invis-
ible decay branching ratio as large as Bri,, < 26% [28].
The expression for the partial decay width of the SM-like
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A" vs. my
1.0

—— Allowed Region

0.8

0.6

0.4

0.2

0.0 T T v T T T
0 10 20 30 40 50 60
mu(GeV)

FIGURE 2. Variation of the effective coupling A* vs the DM
mass(mpg) is shown in this figure. The shaded region corre-
sponds to the allowed region in the parameter space for A* and
my coming from the current bound for the SM-like 125 GeV
Higgs invisible decay Branching Ratio < 26%.

Higgs boson & with mass of mj, ~ 125 GeV to two lighter
neutral scalar particles H is given by,
2
1%
Tth = HH) = 50082,
* (203 +Aa +A5) +3(Ae +A¢))>

2
(1 ,4m7H)1/2

2
my

(24)

Note that the total width of the SM-like Higgs boson with
mass of 125 GeV can be expressed in our model as,

0y =Y Tyaq +Thosnn

where AA = bb, 17,88, WW*, ZZ* .c¢,yy and Y. T, _, 45 is

taken to be the total decay width of a 125 GeV SM-like
Higgs boson = 4.088 MeV [29]. The partial decay width
of I'(h — HH) adds to the invisible decay branching ratio
of the 125 GeV SM-like Higgs. So from the upper bound
of Briny, < 26% [28] for the invisible deacy Branching
Ratio of the SM-like Higgs particle, we get the following
bound on the decay width (I'(h — HH))

['(h— HH) < 1.2775 x 1073GeV

(25)

(26)

Using Eqn(24) this can be translated as a bound on the
effective coupling A* and my as,

4 2
A2 (11— ZH)12 < 0.01678 27

ny,

where A* = 2(A3 + A4 + As5) + 3(A6 + A¢) is defined to
be the effective coupling between hHH. The variation of
A* vs my is shown in Fig(2). The shaded region corre-
sponds to the allowed parameter space from the invisible
decay branching ratio bound of Brjy,,;, < 26% for the 125
GeV Higgs boson. It can be seen in Fig(2) that the ef-
fective coupling A* seems to be varying very slowly with
my for the lower neutral scalar mass(my) values while
at my = 62.5, the effective coupling A* becomes infinity.

Note that the bounds which are reflected in Figure 2 only
reflect to the invisible Higgs decay LHC bounds. In order
to study the parameter space in detail, one needs to con-
sider direct and indirect detection along with Electroweak
precision constraint bounds.

To consider the effects coming from the Electroweak Pre-

TvsS

\‘ A

015 L . .
0.05 0 005 01 015

S
FIGURE 3. Effect of the S-T Constraint on the M), , — Mg mass
split. Figure shows the color map of the M, — My mass split
in the S-T plane together with the 1-c (blue ellipse) and 20 )2
(red ellipse) confidence intervals calculated with two degrees of
freedom.

cision Tests (EWPT), we will express the EWPT bounds
in terms of three measurable quantities, called S, T, and
U, that parameterize contributions from BSM physics to
Electroweak radiative corrections [30]. The contribution
to the S and T parameters [25] in this framework can be

written as 6
= X X
727r(x§—x%)3[ fals2)

— X8 (1) + 95323 (43 f, (x2)

— 13 fy(x1))] (28)
where,
Xi= = T — 54 12l0g(x),  (29)
Mp+ My
fo =3—4log(x)
and
_ 1
T 32m2an?
s [felmpy mip) + fe(miyomiy) = fo(mp,mp)] — (30)
where,
X+ X X
ft‘: 2y_ 4 lOg(f),X7éy
X=y y
Je=0,x=y (€20)

With U fixed to be zero, the central values of S and T,
assuming a SM Higgs boson mass of my, = 125 GeV, are
given by [31]:

S =0.06+0.09,7 = 0.1+0.07 (32)

In Figure 3, we can see the allowed parameter space in
this framework with reference to the Electroweak preci-
sion bounds (S, T). The Figure 3 represents the color map
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of the (my, — my) mass split in the (S; T) plane together
with the 1-c and 20 x? confidence intervals calculated
with two degrees of freedom. One can see that EWPT
data prefer a modest (my, — mpy) mass split below about
100 GeV, which is due to the roles and respective range
of variation for the following S and T parameter bound.
It should be noted that in this framework the scalar (H)
and the pseudo-scalar (A) can be taken to be on the same
footing. We have assumed this interchangeability in the
analysis and have only accepted the physically realizable
solutions. Additionally, we have taken the absolute value
in the difference on the z-axis. The dark matter candidate
H can also be produced through the unsuppressed 4-point
coupling ZZHH as seen in Eqn(18). We consider the de-
cay process Z — Z*HH — ffHH. The decay width with
an assumption of mpy = 0 gives [32]

Y T(Z— ffHH) ~2.5x 107" GeV (33)
f

The charged scalar particle H* can be produced via Drell-
Yan process and it will be quite elusive to observe at the
LHC. As the mass of the heavier charged scalar m,jj is
greater than the mass of the neutral scalar my, H + can
decay to H* — W*H. Tt will be quite elusive to discover
H* with the decay products of "2 W-boson + Miss Er"
final states at the LHC. If the mass of the pseudoscalar A
is less than the mass of the charged scalar H*, H* can
also decay to H* — W*A. On the other hand, the pseu-
doscalar A (depending on the actual mass hierarchy) can
also decay to the charged scalar H* in association with
a W* if my > mj;. In the case of myx > my, +my 4,
the expressions for the partial decay widths of the heavy
charged scalar H* are given by,

2

C(HY > WH/A) = — 5
( /4) 6ATMEMS, .

32
* ((M121: *M121/A — M)~ 4MI%I/AMv2v>
(34

Recent ATLAS searches [33] performed for the search for
chargino direct-production has found that In the scenario
of )Zfr X1 pair production with )Zli decaying into and a Z?
and a W boson, Zli masses in the ranges 1007105 GeV,
1207135 GeV and 1457160GeV are excluded at 95% CL
for a massless 7.

SUMMARY AND CONCLUSIONS

We have presented a simple twist in the well studied
two Higgs doublet model in the form of adding an in-
terchange symmetry to the two Higgs doublets (®; «»
®,). A residual Z, symmetry that remains unbroken after
the original symmetry ®; <+ &, is spontaneously broken
making the charged scalars H*, the neutral scalar H and
the pseudoscalar A to have Z, negative charges and the
other fields remaining Z positive. This in turn makes
the lightest Z, negative neutral scalar H to be the DM
candidate. This neutral scalar H can be much lighter in

mass than the Standard Model-(SM) like neutral scalar i
(my, ~ 125 GeV). Interestingly this lighter neutral scalar H
as well as the charged scalars H* and the pseudoscalarA
do not couple to the fermions.The lighter neutral scalars
also don’t have the usual three point couplings with the
Gauge bosons(W* and Z) present in the Standard Model;
however has four-point couplings with W+ and Z. The
only channel to produce the dark matter H is through the
decays of the SM-like / having an extra invisible decay
channel through 4 — HH. The Invisible decay branch-
ing ratio can be as large as Bri,,, < 26%. We study the
parameter space of the effective coupling A* between the
neutral scalars (hHH) and the mass of the dark matter
mpy. We also comment on the Electroweak constraints in
this scenario and also the other possible phenomenology
for the charged scalars H* and pseudoscalar A and the
dark matter experimental bounds.
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