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Observing the dark scalar doublet and its impact on the standard-model Higgs boson at colliders
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If the standard model of particle interactions is extended to include a second scalar doublet [H™", (H? +
iA%)/~/2], which is odd under an unbroken Z, discrete symmetry, it may be called the dark scalar doublet,
because its lightest neutral member, say H, is one possible component for the dark matter of the
Universe. We discuss the general phenomenology of the four particles of this doublet, without assuming
that HO is the dominant source of dark matter. We also consider the impact of this dark scalar doublet on
the phenomenology of the standard-model Higgs boson £.
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L. INTRODUCTION

The canonical standard model (SM) of quarks and lep-
tons requires only one Higgs doublet (¢, ¢?), such that
¢ acquires a nonzero vacuum expectation value {(¢°) =
v = 174 GeV, from which all particles (except neutrinos)
obtain mass. Suppose a second scalar doublet [H*, (H? +
iA%)//2]is added [1], which is odd under an unbroken Z,
discrete symmetry, then there are at least two interesting
outcomes.

(I) This scalar doublet also has a conserved additive
quantum number, so that (H° + iA%)/+/2 is a mass
eigenstate, i.e., myo = myo. Such is in fact the case
of supersymmetry, where this is nothing but the
complex conjugate of a scalar lepton doublet. More
generally, it may belong to a new class of particles
[2,3] with a separately conserved additive quantum
number unrelated to lepton number.

(IT) There is no additional symmetry beyond the postu-
lated Z,, in which case myo # myo. As pointed out
[1] already in 1977, either H° or A° must then be
stable. This idea has been revived recently, first in
the context of radiative neutrino masses [4], then as a
means of understanding precision electroweak data
[5]. In any case, this specific potential new source of
dark matter of the Universe [6] is gaining more
attention [7—12]. It will also have an important bear-
ing on interpreting forthcoming data from the Large
Hadron Collider (LHC) at CERN.

In this paper we will analyze in detail the two-scalar-
doublet structure of scenario (II), which we call the dark
scalar doublet model (DSDM). Whereas there are specific
constraints from identifying H° as the sole source of dark
matter [5,9], we will take the viewpoint that there may also
be other sources of dark matter such as that coming from
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supersymmetry. For example, the first such explicit model
with two (and possibly three) different dark-matter parti-
cles has already been proposed [13]. Thus our analysis will
allow a wider range of parameter values, with the aim of
extracting the possible signals of this dark scalar doublet at
the LHC. This doublet has been called the “‘inert Higgs
doublet™ [5,9], but it is neither inert (since it has gauge and
scalar interactions) nor a contributor to the Higgs mecha-
nism (since it has no vacuum expectation value), hence we
prefer to call it the dark scalar doublet.

Consider the scalar potential of @, = (¢*, ¢°) and
&, =[H*, (H® + iA%)/~/2], with @, even and ®, odd
under an exactly conserved Z,:

V=p}o]®, + uddld, + 11 (0 D)) + 1A, (@] D, )
+ X (DD )(PID,) + A (D] D)) (@I D))
+ (@ @,)? + Ian(@lo))2 (1)

All the above parameters are necessarily real except As, but
the exact Z, symmetry (which forbids the bilinear term
(I)}LQDZ) allows us to rotate the relative phase between @,
and ®, to make As real as well. As the standard SU(2) X
U(1) gauge symmetry is spontaneously broken by (¢°) =
v = 174 GeV, the masses of the resulting scalar particles
are given by [4]

m2(h) = 2A,v%, (2)

m*(H") = uj3 + 307, (3)
m?(H%) = pu3 + (A3 + A4 + A5)0?, 4)
m*(A%) = u3 + (A3 + Ay — A5V )

The lone Higgs boson of the standard model is of course 4,
whereas H*, H°, and A° are the components of the dark
scalar doublet which interact with # and among themselves
as follows:
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Vie = SM[HYH™ + YH)? + 1A P + A3(vh + 1h?)
X[HYH™ + 3(H®)? + 3(A°)?] + §(A4 + As)
X (vh + J2)(H)? + LAy — As)(wh + 1h2)(A0)2
(6)

Being electroweak doublets, they also have gauge interac-
tions, but they do not interact directly with quarks or
leptons.

Assuming the mass hierarchy mpy= > myo0 > mppo, the
stable H° then appears as missing energy in the decays
of A® and H*. Since there is no term linear in A° or H® in
Eq. (6), the decay of A° must occur through the gauge
interaction

8
2 cosfy

Z,(H9#A® — A9+ HO). 7)

Hence the dominant decay of A° is into Hff, where f =
lepton or quark, and H° is missing energy.

As for H™, its gauge interactions with H° and A° are
given by

ig . .
EgWﬂ (HO9HH* — H* 9 HO) + gwﬂ (A%9mH*
~ H*9#A") + H.c. @®)

Hence the dominant decays of H* are into W=H° and
W*A°, with the subsequent decay of A° into Z°H? in the
latter.

The only other trilinear gauge interactions of the dark
scalars are those of H* with Z and vy. There are of course
also the quadrilinear terms required by gauge invariance.

II. LEP CONSTRAINTS
A. Z-boson decay

If myo + my < my, then Z can decay into H°A? with
the subsequent decay of A? to HOff where f is a quark or
lepton. This would appear as a rare Z decay event with
ff + missing energy in the final state. The high precision
LEP-I experiments have accumulated a sample of about
1.7 X 107 on shell Z boson decays via the gg and €€~
channels [14]. ALEPH preformed a partial analysis of an
integrated 79 pb~! to search for the rare decay Z — ff +
vy and found no event above the SM prediction [15]. To
estimate how the whole LEP-I data sample can constrain
the DSDM, we calculate the SM partial decay width of
Z— ff + v (f = ¢, £) and obtain its decay branching
ratio

BR(Z — ff + vD)
 (4.269,5,5 + 0.779¢+¢-,5) X 1077 GeV
2.494, .1 GeV
=202 X 1077,

We thus expect about (1.7 X 107) X (2.0 X 1077) ~ 3.4

qqvp
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background events from the SM. Assuming that only 4
events show up as ff + missing energy from the whole
LEP-I data sample, we deduce according to Possion sta-
tistics that only about 5 signal events are allowed at
95% C.L. in the ff + H°H° channel, i.e.,

I(Z— ff + H°H) _ 5
T T 17 X107 X0.8

~3.7x1077,

where the SM branching ratio BR(Z — ff) = 0.8 (for f =
g, €) has been used. This implies that the phase space for
Z — H°A" is very small (with a mass gap of a few MeV),
so for all practical purposes, the bound mpyo + my0 > my
should be respected [11]. The resulting lower limits on 710
for various Am o0 = myo — mypo are shown in Table 1.
Since A — H® + v is also possible, this process may
also contribute to the invisible width of the Z if myo +
m4o < myz. However, the corresponding experimental un-
certainty allows for a mass gap of a few GeV, which is not
competitive with the constraint discussed above.

B. Neutralino search at LEP

While there is no existing experimental search that can
be directly translated into a search for the dark scalars, the
search for charginos and neutralinos is very close as they
may exhibit the same collider signatures. The OPAL
Collaboration [16] has performed a search for neutralino
pair production via the process of e*e” — I ¢! in the
hadronic decay mode ¥ — ¥1Z* — %0qq where %!, de-
notes the lightest (next lightest) neutralino, respectively.
No significant excess above the SM background leads to an
upper limit on the cross section of ¥3 ¥ associated pro-
duction: 0 g0 ~ 0.1-0.5 pb for mg» ~ 50 GeV  and
My ~ 60-80 GeV (see the right-hand figure of Fig. 10 in

Ref. [16]). The L3 Collaboration [17] also performed a
similar search at /s = 189 GeV, which gives the upper
limit on the cross section as TR~ 0.1-2 pb for My ~

50 GeV and Mo ~ 60-80 GeV [see Fig. 3(a) in Ref. [17]].

The translation of the above limits on the cross section
from the neutralino to the dark scalar is not straightforward
even though they share the same topologies. The kinemat-
ics and spin correlations of ¥V 3 and A°H° pair produc-
tions are totally different. For example, the scalar pair has
to be in the p wave as it is produced via a virtual Z boson,
therefore, each scalar has large transverse momentum [18].
Furthermore, there is no spin correlation between the two
scalars. Those differences lead to different acceptances of
the kinematics cuts used by the OPAL and L3

TABLE I. Lower limits on mgo from the LEP Z-decay con-
straint for various Amopo.

Am oo (GeV) 5 10 15 20 30
myo (GeV) 43 41 38 36 31
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FIG. 1 (color online).
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(left) The 95% C.L. upper limit on BR(7 — invisible), adapted from [37]; (right) the 95% C.L. upper limit on

BR(h — bb), adapted from [38]. The label H in these figures refers to the SM Higgs boson /4, and &2 in the right-hand figure is defined

as &2 = (guzz/83%,)? (see Ref. [38] for details).

Collaborations to extract the signal from the background.
One thus cannot simply apply the OPAL and L.3 constraints
to the DSDM. In order to get the realistic limits, one has to
go through the whole analysis using the correct kinematics
and spin correlations. For a rough estimation, we now
simply compare the prediction of the DSDM to the
OPAL and L3 limits. The production cross section of
ete” — A°HO in the DSDM at /s = 208 GeV is about
028-020 pb for myp =50GeV  and myo =
60 GeV-80 GeV. It is reasonably consistent with both
OPAL and L3 constraints. Hence, we will use these masses
in the following Monte Carlo study.

C. Higgs direct search

If the Z,-odd scalars are lighter than the SM Higgs
boson, they may have a great impact on the direct search
of the latter because h — H°H® and h — A°A° may be-
come the dominant decay channels. In particular, the 7 —
H°H® channel is invisible. LEP II has performed a direct
search of the SM Higgs boson in its invisible decay mode
but found no event, thus obtaining an upper bound on this
decay branching ratio, shown on the left-hand side in
Fig. 1. Below we will use this information to find the
allowed parameter space of the DSDM. As for the & —
A%A® decay mode, it may give rise to four charged leptons
plus missing energy, resulting from A°— H'Z* —
H°¢*¢~. At LEP the SM Higgs boson is produced in
association with an on shell Z boson, i.e., ete™ — Zh,
which decays into two charged leptons or two jets. Thus, if
the SM Higgs boson decays into two A° bosons, there
could be a collider signature of six charged leptons plus
missing energy, or four charged leptons plus two jets plus
missing energy. A new scan over the accumulated data
sample at LEP to search for such a signature may prove to
be interesting.

LEP II searched the SM Higgs boson mainly via the
process e e” — Z(— £ €7 )h(— bb) as the decay h —
bb dominates for a light Higgs boson. The negative search
at LEP II gives rise to the upper bound on the decay
branching ratio of 4 — bb, shown in the right-hand side

in Fig. 1, and sets a lower limit of the SM Higgs boson
mass of mj, > 114.4 GeV. However, this limit can be re-
laxed in the DSDM because the invisible decay of the
Higgs boson may be dominant so that the decay branching
ratio into bb is highly suppressed.’

The LEP II bounds on & — invisible and & — bb com-
pete with each other. The former requires smaller invisible
decay branching ratio while the latter requires larger.
Consider now the possibility of the DSDM satisfying
both limits.

The partial decay width of hgy — bb is given by

Ncm%mh <1

_ Am2\3/2
Plhsy — bb) = =25 ——l>,
mv

2
nmj,

while the partial decay width of hgy — SS (S denoting a
member of the dark scalar doublet) is given by

v? m3
[(h— SS) =6 A2h— 5
( §9) § 167my, S m% ©)

where 6o/ = 1 and S+ = 2, and the coupling Ay is
given by

AH0=/\3+)\4+A5, )lA0=/\3+/\4_)15,

(10)
/\H+ = )\3.

From Egs. (3)—(5), the above couplings can be further
simplified as

2 _ .2 2 _ 2
My — Mo Ao = my — M3
2 ’ A° 2 )
v v

2 2

A _ mH+ Mo

HY — 5 -

v

)\HO =

(1D

Thus, the partial decay width of the SM Higgs boson, given
in Eq. (9), only depends on two parameters, mg and w,, for
a given m,,. We note that w, is not a free parameter because

'Similar studies in various models have been carried out in
Refs. [19-23].
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of the requirement of vacuum stability, i.e.,

AI,Z >0, /\3, /\3 + )l4 - |A5| > _W/AIAZ' (12)
Hence we obtain the following bound on u,,
2 2 Ay
M5 < mHO + Tmhv, (13)

which reveals the fact that the self-interaction of the dark

scalar doublet, i.e., A,, has a nontrivial impact on the SM
|

BR (inv) =

F(hSM - HOHO)
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sector. As to be shown later, the stronger the dark sector
interacts, the larger is the allowed parameter space of the
DSDM for the SM Higgs boson.

Assuming the charged Higgs boson mass is much larger
than my, and m0 — myo = 10 GeV, we now scan over the
parameter space of the DSDM. In summary, the following
conditions need to be satisfied in order to relax the LEP
limit mj;, > 114.4 GeV:

(i) LEP II bound, BR,,,,(inv), on & — invisible

(i) LEP II bound, BR,,,,(bb), on h — bb

BR (b)) =

F(h'SM - bb_) + F(hSM - HOHO) + F(hSM i AOAO)

F(hSM - bl;)

< BR,, (inv). (14)

< BR,.x(bD).

(iii)) Z-decay constraint

mz < mpgo + myo. (16)

(iv) Vacuum stability bound given in Eq. (13).

We note that the vacuum stability bound is highly corre-
lated with the bound on the decay of & — bb. It can be
understood as follows. Because of the Z-pole constraint
mpypo should be larger than 41 GeV for Am o0 = 10 GeV,
therefore, the SM-like Higgs boson has to be heavier than
82 GeV in order to open the h — H°H° mode. Bearing in
mind the fact that BR,,,,(bb) < 0.1 for a light SM-like
Higgs boson, e.g., m;, ~ 100 GeV, the LEP II bound on
h — bb now becomes

3mimy, 32 o R (mpo — p3\?
b 2h B~ < BR.x(bb) 167Tmh< 5 ) Bro,

15
HOH®) + T'(hgy, — A°A?) (15)

[

where B, = /1 —4mj/m; and Bpo = /1 — 4m?,/mj.

As By ~ 0 for a light Higgs boson, w, has to be very
large, even larger than myo, in order to satisfy the above
inequality. On the other hand, w, is also bounded from
above due to vacuum stability. It thus leads to an interesting
connection between the vacuum stability bound and the
LEP II bound on i — bb.

The allowed region of A,, which satisfies the constraints
on both BR,,,,(inv) and BR,,,,(bb), is shown in Fig. 2(a).
For the sake of illustration, we plot the allowed parameter
space of (myp, p,) for m;, = 109 and 112 GeV in Figs. 2(b)

TABLE II. Lower limits on the mass of the SM Higgs boson
derived from LEP II Higgs boson search for various Amioppo.

87v v AonHo (GeV) 5 10 15 20 30
my, (GeV) 105 106 109 110 110
A7)
1.0
(a) 150 (b) 150 (c)
osh my =109 GeV my, =112 GeV
i LEP II allowed region
0.6- 100 Green : LEPII allowed . 100r  Green : LEPII allowed
’ Z _ Z
A2 ) Yellow : h—bb <] Red : h-invisble
041 < Red : h-invisble < Gray : Z=pole excl.
50 50
Gray : Z—pole excl.
0.2f
00l 0 — ! || S—
8 8 90 95 100 105 110 115 0 10 20 30 40 50 60 0 10 20 30 40 50 60
mp (GeV) my0(GeV) mpo (GeV)

FIG. 2 (color online). (a) Allowed parameter space (gray region) of (m;, A,); (b),(c) allowed parameter space of (mgpo, u,) after
imposing the LEP II constraints on the decay branching ratio of 4 — invisible and # — bb. The region of mye < 40 GeV is excluded
by LEP Z-decay constraint. When myo > 40 GeV, the dark gray (red) region is consistent with LEP II bound on /& — invisible, the
light gray (yellow) region is consistent with LEP I bound on i — bb, and the gray (green) region is the LEP IT allowed region which is
consistent with both bounds. The region above the dashed line is excluded by the vacuum stability requirement. From top to bottom:

X, = 1.0,0.5,0.3,0.1 and A, — O.
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and 2(c). In the DSDM the lower limits of m,, are shown in
Table II for various Anmiozo.

III. IMPACT ON THE SM HIGGS SEARCH AT
COLLIDERS

At the LHC, the SM Higgs boson is mainly produced
through gluon-gluon fusion induced by a heavy (top) quark
loop. Once produced, it will decay into a fermion pair or
vector boson pair. The strategy of searching for the Higgs
boson depends on how it decays and how large the decay
branching ratio is. We present selected decay branching
ratios of the SM Higgs boson as a function of m; in
Fig. 3(a), as well as the total decay width (I'y,) in units
of GeV. If the SM Higgs boson is lighter than 130 GeV, it
decays mainly into a bottom quark pair (bb).
Unfortunately, it is very difficult to search for the Higgs
boson in this mode due to the extremely large quantum
chromodynamics (QCD) background at the LHC.
However, the 7 — yy mode can be used to detect a
Higgs boson with the mass below 150 GeV [24,25] even
though the decay branching ratio of this mode is quite
small, ~O(1073). If the Higgs boson mass (1) is in the

1vuwuuwuwuuwup 10

(a) SM
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(b) DSDM
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FIG. 3 (color online). (a) Selected Higgs boson decay branch-
ing ratios as a function of m,, in the SM; (b) selected SM Higgs
boson decaying ratios as a function of m,, in the DSDM. Here we
have chosen mpgyo =50 GeV, Amyg = 10 GeV, my- =
170 GeV, and u, = 20 GeV. The vertical axis is units of GeV
for the total decay width.
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region of 130 GeV to 2my, the h — ZZ* mode is very
useful because of its clean collider signature of four iso-
lated charged leptons. The & — WW® mode is also im-
portant in this mass region because of its large decay
branching ratio [26]. If mj;, > 2m,, the decay mode h —
ZZ — €€ '€~ is considered as the ‘“‘gold-plated”
mode which is the most reliable way to detect the Higgs
boson up to m;, ~ 600 GeV because the backgrounds are
known rather precisely and the two on shell Z bosons could
be reconstructed experimentally. For m;, > 600 GeV, one
can detect the h — ZZ — €€~ v decay channel in which
the signal appears as a Jacobian peak in the missing
transverse energy spectrum [27]. In this section we show
a few representative cases to illustrate how the new dark
scalars affect the Higgs search at the LHC. Our choice of
masses for all the particles is not necessarily constrained by
precision electroweak data [5,28]. The numerical calcula-
tion is carried out with the help of the HDECAY program
[29], after the implementation of the new decay channels in
the DSDM.

The new decay channels of the SM Higgs boson will
increase its decay width but decrease the decay branching
ratios of the usual decay modes, such as bb, WW, ZZ, and
v, etc. In Fig. 3(b) we present the relevant decay branch-
ing ratios of the SM Higgs boson as a function of its mass.
Clearly, the usual decay modes are highly suppressed once
the H°H° and A°A° decay modes open. The invisible mode
(h — H°H") dominates in the light and intermediate mass
region of m,, i.e., 100 < m; < 160 GeV. Because of the
10 GeV mass gap between H° and A°, the contribution of
the H°H° mode is much larger than that of the A°A° mode,
as shown by the black solid and dashed curves in Fig. 3(b).
It implies that the SM Higgs boson decay depends mainly
on mpyo but not myo. We also note that the yy mode is
suppressed so much that it will be very challenging to use
this mode to detect the SM Higgs boson in the mass region
of m;, ~ 100-150 GeV.

To examine the dependence of the SM Higgs decay upon
mypo, we choose sample points of mye being 40 (50,
60) GeV and present the corresponding Higgs boson total
decay width, the ratio of total decay width in the DSDM to

100 E T T 1T ‘ T T 1T ‘ T 1T 3 CTTTT ‘ T T 1T ‘ T T 1T 1] 0-8 T T 1T ‘ T T 1T ‘ T T 1T
E — my=40GeV ; F ] r 7
F mo=50GeV ()] 3 (b) 5 06— ©
; 107l ?7 m0=60 GeV é E E g g L B
g M 1 2 1 foa -
I~ 0% _ ~ 2 e = E, L i
: 1 Moz }
10'3 F ) - l 1111 l ) - 1 E 1 l 1 11 L 3 0 11 | ‘ | 11 l
50 100 150 200 50 100 150 200 50 100 150 200
m, (GeV) m, (GeV) m, (GeV)

FIG. 4 (color online).

(a) Total decay width of the SM Higgs boson as a function of m,,; (b) ratio of the total decay width of the SM

Higgs boson in the DSDM and Higgs boson in the SM; (c) decay branching ratio of the invisible decay mode of the SM Higgs boson in
the DSDM. For comparison, we choose myo = 40 (50, 60) GeV, Am o0 = 10 GeV, my= = 170 GeV, and u, = 20 GeV.
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the one in the SM (I'/T"g;) and the decay branching ratio of
the invisible decay mode [Br (invisible)] in Figs. 4(a)—
4(c), respectively. Clearly, the total decay width increases
by a big amount once the new decay channel opens. For
example, as shown in Fig. 4(b), the new invisible decay
mode can enlarge the total width by a factor of 3 for my0 =
60 GeV and m; = 130 GeV and by a factor of 2 for
mgo = 40 GeV and m;, = 100 GeV. The decay branching
ratio of the invisible mode is about 50%—65% in the mass
region my ~ 100-150 GeV  for mpyo ~ 40-60 GeV.
Needless to say, the WW mode dominates over the invis-
ible mode once the SM Higgs boson is heavier than
160 GeV, beyond which the SM Higgs boson in the
DSDM is essentially the same as that of the SM.

In the DSDM the decay mode of & — yvy receives an
additional contribution from the charged Higgs boson loop.
The partial decay width of 7 — 7y is given by [30,31]

2
Gamh

I(h—yy) = EYN;=]

ZNCQfghffﬂuz(Tf)

+ gnww A (Ty) + My Mzﬂo(TH*) ,

\/— 2

where the amplitude A ; and coupling g, ¢¢/,ww are given
in Refs. [30,31]. For the numerical calculation we also
implemented the correction from the charged Higgs boson
loop in the HDECAY program. The impact of the invisible
decay on the other regular decay modes is shown in Fig. 5.
We note that the loop correction of the charged Higgs
boson slightly suppresses the partial decay width of 7 —
vvy by about 10%, as shown in Fig. 5(a). Such a suppres-
sion makes it more difficult to search for the SM Higgs
boson via the diphoton mode. Furthermore, as an overall
effect, all the usual decay modes of the SM Higgs boson,
e.g., bb/WW/ZZ/yvy, are highly suppressed once the new
decay mode opens. In the intermediate mass regime, 130 <
my, < 160 GeV, the suppression factor can be larger than

1 00 TTTT N TTTT N TTTT N TTTT N TTTT 1 5 L N L N L
L (@ A [ ®) i
0.98 - h -> vy mode _| r All decay modes ]
5 L 4
= 096 —
—
r m+=170 GeV
0.94 F W, = 20 GeV —
092 1111 l 1111 l 1111 l 1111 l 1111 0 ) - l 11 1 1 l 1111
50 100 150 200 250 300 50 100 150 200
my (GeV) my (GeV)

FIG. 5 (color online). (a) Ratio of the decay branching ratios of
hgm — 7y in the DSDM and the SM; (b) suppression factor of
the usual decay modes compared to the SM for myo =
40, 50, 60 GeV. Here we have chosen Ami o0 = 10 GeV and
Mo =20 GeV.
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FIG. 6 (color online). Allowed parameter space of (mgo, us)
to reach the 5o discovery of the invisible Higgs decay via the
WBF process: (a) m;, = 110 GeV, (b) m;, = 150 GeV. The
region of myo < 40 GeV is excluded by LEP Z-decay constraint.
When myo > 40 GeV, the dark (red) region is for £ = 10 fb~!
while the light (yellow) region is for £ = 100 fb~'. The region
above the dashed lines is excluded by the vacuum stability
requirement. From top to bottom: A, = 1.0,0.5,0.3,0.1 and
/\2 — 0.

0.5 which definitely makes the search of the SM Higgs
boson more challenging.

On the other hand, one might search for the Higgs boson
through its invisible decay mode. For example, the weak-
boson fusion (WBF) process, gg — ¢'g'VV — ¢'g'h with
the subsequential decay to undetectable particles, i.e., h —
HOH/A®A°. The signal is thus characterized by two quark
jets, which typically stay in the forward and backward
regions of the detector and are widely separated in pseu-
dorapidity, and also by a large missing transverse momen-
tum (£7), due to the Higgs invisible decay products. It has
been shown in Ref. [32] that the WBF process can be used
to detect the invisible decay Higgs boson at 5o level, when
statistical errors only are considered, if the invisible decay
branching ratio satisfies the following condition

og X Br(h — invisible) X L
Op X .£

>5, (18)

where L denotes the integrated luminosity and o (o) the
cross section of the signal (background), respectively.
After imposing the kinematical cuts suggested in
Ref. [32], 05 =1671b and o5 = 99.4(99.7, 94.3, 89.2) b
for m;, = 110 (120, 130, 150) GeV. From the above rela-
tion, we obtain the allowed parameter region of (mp, u,)
to reach the 5o discovery as shown in Fig. 6. Most of the
parameter space can be covered for £ = 100 fb~!, c.f. the
light (yellow) region.

Unfortunately, finding or constraining an invisibly de-
caying Higgs boson signal in jj + £ event is essentially a
counting experiment since a resonance in the invariant
mass distribution of the Higgs decay products cannot be
extracted. It also depends on two or more independent
model parameters, thus one can only probe or constrain
their combination. Next we are going to examine the dark
scalar pair production at the LHC, which is complementary
to the WBF process.
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IV. COLLIDER PHENOMENOLOGY OF THE
DARK SCALAR DOUBLET

A. Production of dark scalar pair at the LHC

Since all new scalars carry a Z,-odd quantum number,
they cannot be produced singly at the collider.
Furthermore, these new scalars only couple to the Higgs
boson and electroweak gauge bosons of the standard
model. Hence they should be produced via processes of
the Drell-Yan type at the LHC as listed below:

q3 — W* — A°H™, (19)
qgq — W* — H°H=, (20)
qq — Z* — A°HC, 1)

qq— Z(y) > H'H . (22)
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FIG. 7 (color online). Contours of the cross sections (in fb
units) of A°H™ production (a) and of A°H° production (b) at the
LHC in the plane of the scalars’ masses. The red symbol X
denotes our benchmark point used in the collider study. Note that
(a) also holds for HH* production.
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In the DSDM, the vertex of V — ¢ — ¢’ is a pure gauge
coupling, where V denotes a SM gauge boson while ¢ (')
is a Z,-odd scalar. Therefore, the total cross section of each
production process depends only on the masses of the
Z,-odd scalars in the final state. In this work the matrix
elements of both signal and background processes are
calculated using MADGRAPH [33,34] while the widths of
the dark scalars are calculated in CALCHEP [35] with the
model file generated by LANHEP [36]. Agreement of both
programs has been checked at the level of dark scalar pair
production. In Fig. 7 we present the contours of the cross
sections (in fb units) of the A°’H™ and A°HO associated
production at the LHC in the plane of the scalars’ masses.
The red symbol “X” denotes one of our benchmark points,
[m o, m o, my=] =[50, 60, 175] GeV, used in the collider
study. We note that the production cross section of the dark
scalar pair at the LHC is sizable, e.g., at the benchmark
point shown in Fig. 7 the cross section of the A°H pair
production is about 3 pb while that of the A°’H~ pair
production is about 200 fb. The latter is highly suppressed
owing to the large mass of H=. Due to the same reason the
cross section of the H* H ™~ pair production is quite small in
the relevant parameter space (around the benchmark
point); it is therefore not shown in this study.

B. Decay pattern of A and H~

The decay pattern of A° and H* is completely deter-
mined by three mass spacings Amopo, Ampy+po, and
Ampgi 0, as shown in Fig. 8, where Ampyip =
my+ — mpyo and Ampy+, 0 = my+ — myo. Using the con-
straint from precision electroweak data, it has been shown
by Ref. [5] that a relationship exists between the first and
second spacing in the Z,-odd scalar spectrum

200 . ~
Ampso 7
X
(GeV) &
150 —
100 —
mo>m. o+ m, —s
m, > A H Zz
N &
50 : \\\\\\ xx& |
: I
: 1
\\ o i
L ; | |
0 50 oo 150 200
"z Am,o, 0 (GeV)

FIG. 8 (color online).
pattern of A and H.

Mass pattern that determines the decay
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(mH+ - mAn)(mH+ - mHn) = Mz,

M = 120129 GeV, (23)

which implies that the charged Higgs boson should be
heavier than both A and H° so that A can only decay
into the H°Z* mode. This is consistent with our choice. It
corresponds to the top-left corner in Fig. 8. Of course, the
precision electroweak constraint also requires the SM
Higgs to be very heavy in this case, say m;, > 400 GeV,
but that does not affect the production and decay of the
dark scalar doublet particles which are independent of m;,.
(Our view is that the masses of all the scalars being
considered here are not necessarily constrained by preci-
sion electroweak data or dark matter relic abundance be-
cause there may be other contributions. We simply explore
a set of reasonable possibilities.)

Furthermore, in order to avoid the huge QCD back-
ground at any hadron collider, one has to use the leptonic
decay mode to tag the signal event. Thus, in Fig. 9 we plot
the decay branching ratio (BR) of A® — H%¢*{~ and
H* — H%"v as a function of Amuo; and Amye o,
respectively. In these figures we have summed over two
lepton flavors (electron and muon). We note that BR(A? —
H°¢"€7) is only sensitive to Am 0. If the mass spacing
is small, say Am o0 ~ 10 GeV, the BR is about 0.09. As
the mass spacing increases, the BR decreases because the
massive quark modes, e.g., s5(cé, bb), increase. For a very
large mass spacing, the BR approaches to the BR of an on
shell Z boson. The decay of H" is a little complicated
because it can decay into two modes, HOW®) or AW,
For simplicity, we only focus on the decay mode H" —
HW®™ in this study because the H* — AW mode
involves several particles in the final state which render
the analysis of the collider signals much more complicated.
Again, we note that the BR of H* — H¢" v decreases as
the mass spacing Am -+ 5o increases because of the massive

0-09TIII{IIYI{IYIT{TTII{IIIY O.SVIIYY{ITTI{IIYYA
BR @ A" >H'+"+7 BR E ®) H >H +I +v g
r 04 ; — Ampop= 5GeV é

F F — Am,o,0=10GeV B

i i Am 0,0 =15 GeV E

0.08 |~ B — Amop=20GeV ]
r 035 Amop=25GeV

L F Am o0, 0 =30 GeV E

i 02F \/\
0.07 E E
kl 111 l 1111 l 1111 l 1111 l 111 lA 0'1 Ci 11 l 111 1 l I .

10 20 30 40 50 0 50 100 150
Am, o0 Amy 0

FIG. 9 (color online). Decay branching ratio of the A® —
HO¢" ¢~ and the H* — H°¢* v where we have summed over
two lepton flavors (electron and muon). Note that Amy+ o and
Amyogo should satisfy the electroweak precision test bound
given in Eq. (23).
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quark modes. The peaks in the figure are due to the mass
threshold of the W boson. Eventually, the BR approaches
the SM W-boson decay branching ratio, ~1/9, at the large
mass spacing regime.

In the following sections, we present the results of a
detailed Monte Carlo simulation and determine the discov-
ery potential of the Z,-odd scalars at the LHC. We find that
the A°’H*/H°H*/H*H™~ pair productions suffer from
huge backgrounds such that the dark scalar signals are
always overwhelmed. This difficulty persists even if we
lower the mass of H*. We thus focus on the A°H° asso-
ciated production in the next section.

C. A’H° production and signature

The neutral scalar bosons can be produced via the fol-
lowing process

pp— Z— AH, AY — HOZ™), Z% — ff,

(24)

which gives rise to a collider signature as ff + F. Thus,
the dominant SM background comes from two processes:

pp—ZZ/Zy, with Z—vp, Z/y— €€, (25)

pp—WtW~, with Wt —<{ty, W — {5, (26)

where two charged leptons in the WW background are
required to have the same lepton flavors. Besides these
two intrinsic (irreducible) sources, there are also other
reducible sources of background such as 7 pair production
and Wt associated production. For example, if the bottom
quark from top quark decay escapes the detector, they will
contribute to the missing transverse momentum and thus
mimic the signal events. But one can suppress these reduc-
ible backgrounds by vetoing any additional jet activity in
the central rapidity region. Hence, we focus our attention
only on the intrinsic background hereafter.

Below we choose a  benchmark  point,
[m o, m o, my+] =[50, 60, 170] GeV, to illustrate how to
discover such a signature at the LHC. In order to mimic the
detector, we first require both leptons in the final state to
satisfy the following basic cuts:

pY =15 GeV, 9] = 3.0, 27)

where p%(n) denotes the transverse momentum (rapidity)
of the charged lepton €. Here we have assumed a perfect
detector that can precisely measure the four-momenta of
the final-state leptons. The number of signal and back-
ground events, after imposing the basic cut, are given in
the second column of Table III. The number of signal
events is much less than the one of background events,
e.g., the ratio of the signal and background event (S/B) is
about 1073 where S and B denote the number of the signal
and background events, respectively. Obviously, additional
kinematical cuts are needed to enhance the ratio of signal
to background. For that, we examine the kinematics dif-
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TABLE III. Number of signal and background events, for the
benchmark points [0, m 40, my+] = [50, 60(70, 80), 170] GeV,
at the LHC with an integrated luminosity 100 fb~!. The kine-
matic cuts listed in each column are applied sequentially. Note
that we summed over two species of charged lepton, i.e., electron
and muon, for both signal and background and we also summed
over three species of neutrinos in the ZZ background.

Background Basic Optimal mee < 10 GeV
ww 1.1 X 10° 110 62

V44 2.1 x 10* 3 0

total 1.3 X 10° 113 62
Signal (m o, myo) Basic Optimal ~ m; <10 GeV
(50, 60) 117 37 37

S/B 9x 1074 0.33 0.60
S/B 0.32 3.48 470

(50, 70) 433 56 50

S/B 3.3 %1073 0.50 0.81
S/B 1.20 5.27 6.35

(50, 80) 680 38 26

S/B 52X 1073 0.34 0.42
S/\/B 1.89 3.57 33

ferences between signal and background below and find

out the optimal kinematical cuts to entangle the signal out

of the background.
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In Fig. 10 we present (normalized) kinematics distribu-
tions of both the signal event and the background event
after imposing the basic cuts, where 6¢( ¢, m¢¢) denotes
the open angle (azimuthal open angle, invariant mass) of
the two charged leptons and F; the missing transverse
momentum originated from the two dark scalars in the
final state. We note that the kinematics of the signal events
significantly differs from the one of background events in
the following aspects:

(i) Since the two charged leptons in the signal event
come from an off shell Z-boson decay, they populate
the small p7 region and they prefer to move parallel
to each other; see Figs. 10(a), 10(b), 10(e), and 10(f).
On the other hand, the charged leptons of the back-
ground events have large p7 and large open angles.

(i1) Since the two missing scalars in the signal events are

massive, one may expect a large Fr, but unfortu-
nately, the two missing scalars prefer to move back-
to-back and their combination actually results in a
small £ distribution; see Fig. 10(c). The distribution
of the ZZ background peaks around 40 GeV while
the one of the WW background peaks in the large
region.

(iii) The invariant mass distribution of the two charged
leptons of the signal events peaks around ~ % Am oo
as they come from the decay of an off shell Z boson.
The ZZ background distribution exhibits two peaks:
one is around my (from the on shell Z-boson decay)
and the other is around zero (from the virtual photon

||||||||||||||||_ TT
(a)

— AH-
— WW 4
77

I..\:\M R !

(b)

f

(©):

A

0 20 40 60 80 100
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0 20 40 60 80 100
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FIG. 10 (color online).
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(Normalized) kinematic distributions of the A°H° production for the benchmark point [m0, m 0, my+] =

[50, 60, 170] GeV (black curve), the WW process [dark gray (red) curve], and the ZZ process [light gray (green) curve] after imposing
the basic cuts. The vertical (blue) dashed line indicates the optimal kinematical cuts which can be used to suppress the SM background.
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decay). The intermediate region between the two
peaks is due to the interference effects between the
ZZ and Zvy processes. The distribution of the WW
background peaks in the large invariant mass regime.
Taking advantage of the kinematic differences between the
signal and the background, one can impose several optimal
kinematic cuts, indicated by the vertical (blue) dashed lines
in Fig. 10, to extract the signal from the background.
Based on the topological difference between the signal
and background events, we impose the following optimal
cuts to further suppress the background,

pY =40 GeV, Er = 60 GeV,

(28)
cosee = 0.9.

cosfye = 0.9,

At last, we require that the invariant mass of the two
charged leptons satisfies the following mass window cut:

0 < mye = 10 GeV. (29)

In Table III, we give the number of events at the LHC for an
integrated luminosity of 100 (fb)~! of the processes men-
tioned above as well as those of the background. The
kinematic cuts listed in each column are applied sequen-
tially. The two charged leptons in the final state can be
either electron or muon. We take it into account by sum-
ming over the two lepton species. We also summed over
three species of neutrinos in the ZZ background. In order to
generalize our study, we also examine the collider reach
when Am o0 = 20 and 30 GeV. As shown in Table III, a
statistical significance S/ VB =3 can be achieved after
imposing the optimal cuts and it is further increased after
imposing the mass window cut for Amyop = 10 and
20 GeV, but slightly decreased for Amyogp = 30 GeV
because the mass window cut, mg, < 10 GeV, also cuts
away ~32% signal events. With an integrated luminosity
300 fb~ !, all three cases can reach So significance even
before the mass window cut, therefore, LHC has a great
potential to observe the dark scalar.

We note that a competition between the basic cut and
mass window cut occurs. For example, the acceptance of
the basic cut is large but that of the mass window cut is
small for Amyono = 30 GeV. On the contrary, the accep-
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tance of the basic cut is small but that of the mass window
cut is large for Amyopo = 10 GeV. When the mass gap is
less than 5 GeV, the pr of two charged leptons is so small
that most signal events fail the basic cut, and hence there is
no hope to observe a signal with such a small mass gap at
the LHC.

V. CONCLUSION

In this work we have shown how the particles of the dark
scalar doublet may be discovered at the LHC, and how
their presence will affect the properties of the SM Higgs
boson. From present LEP data, we obtain the bound m o +
mgo > my, whereas the SM Higgs mass bound of
114.4 GeV can be relaxed down to about 106 GeV, assum-
ing that mgo — mgyo = 10 GeV. The dark scalars dramati-
cally affect the search of the SM Higgs boson in the
intermediate mass region, i.e., my;, ~ 100-150 GeV, at
the LHC when the decay mode h — H°H® opens. We
find that the decay branching ratios of the usual decay
modes of the SM Higgs boson, ie., h—
bb/WW*/ZZ*]yy, are highly suppressed, ~60%, which
makes it more challenging to observe the SM Higgs boson
in those usual decay modes. On the contrary, one could
detect the SM Higgs boson in its decay into the dark
scalars, which will escape the collider detection. We
show that it is very promising to search for the SM Higgs
boson through its invisible decay in the so-called weak-
boson fusion process [32] which can cover most of the
parameter space (myo, (o) of the DSDM at the 5o signifi-
cance. After examining the decay pattern and decay
branching ratios of the dark scalars, we consider their
discovery potential at the LHC via the process of A°H°
associated production. For myo of about 50 GeV (which is
also consistent with its being a dark-matter candidate), it
should be observable at the LHC.
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