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We discuss an extended standard model electroweak sector which contains a stable scalar dark
matter particle, the D boson. To search for the D boson at the LHC we exploit the flavor-changing
neutral current (FCNC) top quark decay, ¢ — c¢DD, mediated by the lightest standard model-
like Higgs h® in a two Higgs doublet model framework. The branching ratio for ¢ — ¢DD in
this case can be as high as 107%, after taking into account constraints arising from the D boson
relic abundance. With an integrated luminosity of 10 (100) fb™', the 14 TeV LHC can explore
values of this branching ratio that are one (two) order of magnitude smaller in ¢ production with
tt — cbl™ (¢be*) + Er. For a D boson mass < 60 GeV, mpo S 2Mz, 10 fb™! luminosity and a
branching ratio BR(t — c¢DD) ~ 10™*, the estimated number of signal events at the 14 TeV LHC
is of order 80.

PACS numbers:

I. INTRODUCTION

A large number of direct and indirect experiments are currently underway [2-13] searching for the weakly interacting
massive particle (WIMP) whose relic abundance presumably provides about 23% of the universe’s energy density [1].
The successful launch of the Large Hadron Collider (LHC) at CERN provides an unparalleled opportunity to produce
WIMPs in p-p collisions and infer their existence through large missing energy events. The interplay between exper-
iments at the LHC and the direct and indirect searches will play a crucial role in identifying the WIMP dark matter
particle.

It is almost universally agreed that the Standard Model (SM) offers no viable WIMP candidate, and therefore some
extension of this highly successful theory is warranted. One particularly simple extension is to add a SM singlet real
scalar field which yields a spin zero particle with mass on the order of the electroweak scale or less [14, 15]. An
unbroken Zs parity, under which only the scalar field is odd, makes this spin zero particle (called D boson here)
stable. For recent discussions see [16-24].

At the renormalizable level D only couples to the SM Higgs doublet. This coupling must be carefully adjusted to
reproduce the required relic density of D, while making sure that constraints arising from the direct searches are not
violated. However it is hard to achieve this within the SM+D framework [21, 22]. In order to obtain a consistent
scenario with D boson dark matter, it is desirable to consider an extension of the SM, such as the two Higgs doublet
model (2HDM) that we discuss here [21].

In this paper we propose a search for the D boson at the LHC by considering the impact D could have on rare
top decays. With a total cross section o(tt) ~ 800 pb at LHC, a large number of ¢t pairs will be produced and top
quark physics will be studied in great detail. In particular, flavor changing neutral current (FCNC) decays of the top
quark such as t — ch(7, Z, g), with branching fractions as low as 107 or so, can be explored [25]. In the presence
of D, one could envisage FCNC processes such as ¢t — ch? — ¢DD which plays an important role in our discussion
here. In the SM+D model, such processes arise at the loop level and are heavily suppressed. We therefore consider
as a concrete example a 2HDM+D model in which the FCNC process t — c¢DD arises at tree level, mediated by the
lightest SM-like Higgs boson h°. A D boson with mass < 100 GeV in this model is a plausible dark matter candidate
which is compatible with the direct searches [21, 22]. With the parameters of the model rather tightly constrained in
order to achieve this, the 2HDM+D model, as we will show, gives rise to some rather unique signatures arising from
t — ¢DD which may be detected at the LHC.

The paper is organized as follows. In Section IT we describe the 2HDM+D model. The constraints from the relic
abundance of D and the FCNC top decay into a pair of D’s are discussed in Section III. The prospects of discovering
the signal associated with this process at the LHC are outlined in Section IV. Our findings are summarized in Section
V.
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II. SCALAR DARK MATTER IN TWO HIGGS DOUBLET MODEL

The renormalizable interaction of a real scalar dark matter particle D boson with two Higgs doublet fields Hy, Ho
can be written as [23]

2
—Lp = %DD‘* + %DQ + D*(\ H{Hy + \oHY Hy + As(H{ Hy + H{H)). (1)
For simplicity, we assume that the A;’s (i = 1,2,3) are all real. Note that an unbroken Z5 symmetry under which
D — —D has been imposed to keep the D boson stable. This requires that the vacuum expectation value of D is
zero ((D) = 0). Since D couples at the renormalizable level only to the Higgs doublets, it interacts weakly with
the rest of SM fields and plays the role of stable WIMP dark matter. The two Higgs doublets, after electroweak
symmetry breaking, have physical components H{ = (—sin BH*, (vy + cosaH — sinah® —isin BA)/v/2) and HI =
(cos BH™, (vy +sin aH +cos ah® +i cos A) /+/2). Here tan 3 = vy /vy is the ratio of the vevs of the two Higgs doublets
and « is the mixing angle of the CP-even neutral Higgs fiels [26]. With Z5 unbroken, the D particles can only be
produced or annihilated in pairs through Higgs exchange. Using the above information, we obtain the mass of D and

the h°DD interaction (note that h° is the SM-like Higgs in our discussion),

m% = mg 4+ v3(A1 cos? B + \gsin® B 4 2\3 cos Bsin B), (2)
—Lpopp = [=A1cosBsina + Ao sin fcosa + Az cos(B + a)|jvh® DD = \vh’DD. (3)

Here v? = v} + v3 = (246 GeV)?, and both mp and the effective coupling \j, are free parameters in this model. The
couplings of H and A to D are: —Lppp = (A1 cosfcosa+ AgsinSsina + A\gsin(5 + «))vHDD = AgvHDD and
—Lapp = 0. For concreteness, in our numerical analysis we will neglect any contributions from H either by requiring
a sufficiently small Ay or an appropriately heavy mass my.

A two Higgs doublets extension of the SM is denoted as 2HDM I, 2HDM II and 2HDM III, where 2HDM I means
that only one linear combination of H; and Hs provides masses to both up and down type quarks. In 2HDM II H;
provides masses both to down type quarks and charged leptons, and Hs to the up quarks. Finally, in 2HDM III, both
H, and H, provide masses to up and down type quarks, and charged leptons. In 2HDM I and II, the FCNC effects
are generated at one loop level, and hence the FCNC top quark decay rate is too small to be detected at hadron
colliders, even though it can be substantially larger than that predicted by the SM. In contrast, 2HDM III offers the
possibility of a large detectable rate because of the presence of tree level FCNC. We therefore only focus on 2HDM
IIT here, and we will refer to this model as 2HDM III+D.

The Yukawa couplings of Hy, Hs to the fermions in this model are given by [27]

—Lirr = QLAYH\Ug + QLAY HoUg + QA H1 D + QLA Ho D
+ LN H ER + L)\sHoER + hee, (4)

where H; = ioaH;. The coupling of the SM-like Higgs h® to fermions reads
cos(a — fB)

COS (v sin o

—Lirr = UMY Up——h® — U M"Ug——— h° — D MeDpg h° (5)
vsin g vsin vcos 3
— ~acosla—pB) g = . sina ., = ;. cos(a—p).,
+ DpM*Dp———h” — EyM'Eg hW+EMEg——=h" + h.c.,
v cos 3 vcos f3 vcosf3

where M® a1 = (X% y; 4 X% ,)/v/2 denote the diagonal masses of the up and down type quarks and charged
leptons. The off-diagonal entries M* = \v/v/2 and M%! = X\3'v/+/2 are not fixed.

In our discussion, we follow Ref. [28] and parameterize the off-diagonal entries to have the geometric mean form
M;‘j’d’l = pfj’d’l\/m with p;; ~ 1 for concreteness, and p;; should vanish. With this parametrization for M, the
Yukawa couplings are identical to those in MSSM, if the off-diagonal elements are set equal to zero. To simplify
our analyses, we further ignore the off-diagonal elements except those involving the top quark. This parametrization,
together with the assumption of a sufficiently heavy non SM-like Higgs H allows one to satisfy a variety of experimental

constraints, for instance from quark flavor changing processes and rare B decays [29]. Note that the couplings of h°
to W, Z in 2HDM III is given by

2M32 M2
Lroww = UW sin(B — a)h’W?, Lypozy = TZ sin(8 — a)h’Z? | (6)

which will alter the Higgs decay width from its SM value.



IIT. DARK MATTER CONSTRAINTS AND TOP QUARK FCNC DECAY IN 2HDM+D MODEL

The annihilation of a pair of D’s into SM particles proceeds through s-channel h® exchange. Let us first consider
DD — h° — ff’. We parameterize the Higgs-fermion and Higgs-D interactions as

—Ly = al fLfhh° + he.+bh°D? | f=u,d,l (7)

where R(L) = (1 +~5)/2. In the 2HDM III+D we have

cos ~ ., cos(a— B)
o _ M 8
i "y sin B Y pysing (8)
d 4 sina ~ 4 cos(a—B)
%ij Ty cos B Y wcospf )
o, = gt Sno ~ij (10)
vcos vcos
b = )\h’U. (11)
The partial decay width of h° into fermions is given by
1
(R’ — ff) ZNflaff| (mho _4m§')3/2m—2+
hO
1 C
— Z Nflagg [*(mpo —m7 —m3, — 2mfmf/)\/(m,2l0 —m% —m%,)? = 2mim3], (12)
o fg

where N§ is the number of colors of the f-fermion (3 for a quark and 1 for a lepton). The sum is over fermions with
my < mp. In the non-relativistic limit the total averaged annihilation rate of a DD pair is then given by

8b> L(h° — X)
4m3, —m2,)? + mil'3 2mp

: (13)

<O'annvrel> = OgnnUrel = (

where I'(h? — X') = > [(h° — X;), with h° being a “virtual” Higgs having the same couplings as the Higgs h° to
other states, but with a mass of 2mp. The X; indicates any possible decay mode of h°. Note that the sum should also
include other decay channels, for instance h® — ~vv,gg and h® — WHW—, ZZ, if allowed by the relevant kinematics.
For a given model, I'(h® — X’) is obtained by calculating the h" width and setting the mass equal to 2mp. In
Eq. (13), vy is the average relative velocity of the two D particles. For cold dark matter the velocity is small, and
therefore to a good approximation, the average relative speed of the two D’s is vy = 2p,,.,. /mp, and s = (py —i—pf)2
is equal to 4m%.

The present relic density of D is given by pp = mps,Y,,, where s, = 2889.2 cm~? is the present entropy density.
Y, is the asymptotic value of the ratio np/sg, with Y21 = 0. 264,/9-Mp lmD<aannvrel>x?1 through the time (tem-
perature) evolution which is obtained by solving the Boltzmann equation, where T, =mp / Ty and T is the freeze-out
temperature of the relic particle. The relic density can be expressed in terms of the critical densfcy

1.07 x 109 GeV~! zp 1
MP[ \/g_* <Uannvrel> ’

where g, is the number of relativistic degrees of freedom with mass less than Ty. The freeze-out temperature T, can
be estimated through the iterative solution of the Boltzman equation [30]

45 g Mpmp{(TannVrel) 0.038 M pimp (T annVrel)
cle+2)/ — 53 Pl ~In : (15)
s [T T N

where the constant ¢, of order unity, is determined by matching the late-time and early-time solutions, and g(= 1)
counts the internal degrees of freedom of the dark matter particle (D).

It is important to note that in the SM+D model, a D boson mass range 10 GeV S mp S (50,70) GeV, with a
SM Higgs mass of (120,200) GeV, is ruled out by the upper limits on the WIMP-nucleon spin-independent elastic
cross-section from the XENONI10 and CDMSII experiments [21, 22]. However, it has been shown that the direct

Qph? ~ (14)
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FIG. 1: z; (left) and (Gannvrer) (right) vs. D mass mp with 0.108 < Qph? < 0.1158 [1].

detection constraints can be evaded if the Higgs-nucleon coupling happens to be sufficiently small due to cancelations
among the various contributions arising from the underlying Yukawa couplings. This can be realized in the 2HDM+D
model by setting tan o tan 5 ~ 0.405, without violating the relic density constraint [21]. It is shown in Ref. [21] that
by setting tanatan 8 = 0.45 in the 2HDM+D model, and for all reasonable values of the D boson mass, the D
boson-nucleon elastic cross section is smaller than O(107%%) ¢cm?, which is the upper limit from XENON10 [2] and
CDMS 1I [3, 4]. For mp 2 40 GeV and with mjo 2 120 GeV, the relevant cross section is smaller than O(1075)
cm?, which is the projected sensitivity of XENON100 [31] and SuperCDMS [32]. If tan actan 3 is greater than about
0.52, the model with low mp and mpo would be ruled out by XENON100 [33]. Thus, we employ tanatan g = 0.45
in the following analyses.

For given values of mp and Qph?, x¢ and g, and therefore also (0gnnvrer), can be determined. One can then
estimate the interaction strength b in Eq. (7). In Fig. 1 we plot z; (left panel) and (0annvre) (right panel) versus
mp, with 0.108 < Qph? < 0.1158 from cosmological observations [1]. In Fig. 2, we show the allowed range for the
parameter \, = b/v as a function of mp for several values of Higgs mass myo, and with tan 5 = 3 and 30. The D
boson mass, we note, can be as low as 1 GeV or so. Since we are interested in producing D particles and studying
their properties through the FCNC top quark decay at the LHC, we limit ourselves to a D mass below 100 GeV. Note
that as the D mass decreases, \;, becomes larger. For small enough mp, A, can approach unity, which may spoil the
applicability of perturbative calculation. Thus, we will only consider \;, S 1.

We next explore D-physics through the FCNC decay of top quark, where a major difference between 2HDM I114+D
and SM+D can show up. The decay amplitude for f; — f; DD is given by

2 N .
fila,R+al’L)f:. (16)

M(f; iDD) =
(i 1y ) s —m3 +ilpmpo

In the SM the branching ratio BR(t — ¢DD) was estimated to be < 107! in Ref. [23]. Using Eq. (7), the corre-
sponding results for the 2HDM III+D model are shown in Fig. 3. We find that the branching ratio BR(t — ¢DD)
for this case can be as large as ~ 1073, if tan 3 is sufficiently small tan 8 = 3 and the h° mass is below the h° — VV
threshold (V stands for vector bosons W and Z). With tan 8 = 30, the upper limit for BR(t — ¢DD) is ~ 107°
because top quark FCNC coupling decreases for larger tan 3 values. If the h® mass is larger than the V'V threshold,
we find BR(t — ¢DD) < 107° for small tan 3, and BR(t — ¢DD) < 1077 for large tan 3.

IV. OBSERVABILITY OF FCNC TOP DECAY t — ¢cDD AT THE LHC

In the following we discuss the search for D particles through FCNC top decay at the LHC. We are interested in
the tf pair production pp — ttX, with one of the top quarks decaying into a pair of D bosons through the FCNC
process t — ¢DD (or t — ¢DD). To circumvent potentially large QCD backgrounds, we require that the W boson
from the second top quark decays leptonically. Consequently the process we are interested in is

tt—=cbl (cblP)+Ep, L=e, p. (17)



tana tan8=0.45, tan3=3 tana tans=0.45, tan3=30

1.0 1.0

0.8r 1 0.8+ 1

06} ] 06} ]
= o4l my=200 GeV| ~ o4l my=200 GeV/

0.2 1 0.2 1

my=120 GeV my=120 GeV
007060 20 20 a0 s 6 70 8 %10 20 30 40 50 60 70 8
mp (GeV) mp (GeV)

FIG. 2: Ay in 2HDM III4+D model vs. mp with tanatan 8 = 0.45, tan 8 = 3 (left) and tan 8 = 30 (right), where the shaded
areas are for m;o =120 and 200 GeV, respectively. In 2HDM III+D, we have assumed the physical Higgs h° to be much lighter
than the other neutral scalar bosons.
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FIG. 3: The branching ratios of ¢ — ¢DD in 2HDM III4+D as a function of mp with tanatan 8 = 0.45, tan 8 = 3 (left) and
tan 8 = 30 (right). I'; denotes the total decay width of top quark, dominated by ¢ — bW.

The overall branching fraction is given by

BRMFM_Edﬁba+Eﬂ:2xng&Hwaﬂ—B&me, (18)
where the factor % is the leptonic decay branching ratio of the W boson.

For our numerical analyses, we adopt the CTEQG6L1 parton distribution function [34] and evaluate the SM back-
grounds by using the automatic package Madgraph [35]. We work at the parton-level, but simulate the detector
effects by the kinematical acceptance and employ Gaussian smearing for the electromagnetic and hadronic energies.
We employ the following basic acceptance cuts for the event selection [36, 37]

pr(€) > 15 GeV, |n(¢)| < 2.5, (19)
pT(j) > 25 GeV, |77(.7)| <3.0, (20)
Alej, AleZ > 0-4., (21)
E'r > 30 GeV. (22)

To simulate the detector effects on the energy-momentum measurements, we smear the electromagnetic and jet energies
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FIG. 4: Production cross section of pp — ttX with t£ — £ ¢ b+ E7 vs. D mass after basic cuts and My cut at 14 TeV LHC.
Branching fractions for top quark FCNC decay 2 X BR:—.pp(1 — BRt—cpp) are not included while W leptonic decay rate is
included.

o(pb) |signals|jt(£)| bt(bt) GiWE W E + ceWE | bWt + oW E|
basic cuts| 72 7.5 0.32 2.8 2.4 12.7 0.1
all cuts | 44 |0.03]1.6 x 1072|8.6 x 1072 0.01 0.05 0.05

TABLE I: tt production cross section with tt — cbl™ (EbéJr) +_ET after basic cuts and Mz cut, assuming mp = 20 GeV.
Branching fractions for top quark FCNC decay 2 X BR:—.pp(1 — BR:t—.pp) are not included, while the W leptonic decay rate
is included. For comparison, the background processes are also included with the sequential cut as indicated.

by a Gaussian distribution whose width is parameterized as [36, 37]

AEE Acal
= D beal,  Gear = 10%, beqr = 0.7%, 23
Eq JE GV : o Teal ’ (23)
AE; “
e Ghad __ o bhad, Ahad = 50%, braa = 3%. (24)

E;  \/E;/GeV

In principle, the leading SM background to our signal is from the decay of W to lepton plus two jets. For instance,
the leading irreducible backgrounds to our signal are jt(£) and jbW=* bbW=*. Also, tf production with both TW’s
decaying leptonically can be a reducible background if one of the charged leptons is not detected. This background
should be included in our analyses when the transverse momentum and pseudo-rapidity of the lepton are in the
range pr(f) < 10 GeV and |n(¢)| > 2.5. The SM backgrounds always come with W leptonic decays with missing
neutrinos. To suppress backgrounds, we veto the events with small transverse mass of the lepton and missing energy
My = \/(Ere + E71)? — (Pre + Pr)? < 90 GeV [38]. Furthermore, we take the b-quark tagging efficiency as 50% and
a probability of 0.4%(10%) for a light (c-quark) jet to be mis-identified as a b jet [36, 37]. In Fig. 4 we show the total
tt production cross section, with tf — cbl~(ebl*) + Er, versus the D mass after basic cuts and Mz cut. Assuming
mp = 20 GeV, we list in Table I the cross section values of our signal and SM backgrounds with basic cuts and My
cut separately at the 14 TeV LHC. One can see that the backgrounds are substantially suppressed.

After including the appropriate branching fractions for the individual FCNC top quark decay, the expected number
of events that we are interested in is given by

_ 2
N=Lxo(pp—ttX) x2x 9 X BRi—cpp X (1 = BRi—cpD), (25)
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where L is the integrated luminosity. In Fig. 5 we show the 5o signal significance obtained in terms of Gaussian
statistics, given by the ratio S/+/B of signal to background events with luminosities of 10 fb~! and 100 fb~'. Assuming
10 fb~! luminosity and BR(t — ¢DD) 2 10~* at 14 TeV LHC, we can expect to observe more than 80 events for
mp S 60 GeV after including all selection cuts and detector effects. With an integrated luminosity of 10 (100) fb~1
and the same D mass range, one can explore branching ratios of t — ¢DD as low as 2 x 107* (7 x 107°) at 14 TeV
LHC. The BR(t — ¢DD) > 2 x 107%(7 x 10~?) corresponds \;, value around 0.1 ~ 0.3 for tan 3 = 3 and m0 = 120
GeV. We also estimate the signal event number to be 15 with BR(t — ¢DD) = 1073 and 1 fb~! luminosity at the 7
TeV LHC. However, one cannot get 50 significance with less than 100 fb~! luminosity at 7 TeV LHC.

V. CONCLUSION

A stable SM singlet real scalar field, called the D boson, provides a plausible cold dark matter candidate that is
compatible with the relic abundance measurements. We implement this scenario in a two Higgs doublet model (type
III) extension which contains tree level flavor changing decay ¢t — ¢DD mediated by the lightest SM-like Higgs boson
h?. The existence of D can be explored at the LHC through this FCNC top quark decay, with a branching ratio
which can approach 1072 for myo < 2My,z. In tf production with t£ — ¢ b (= (¢ b ¢T) + E7, with mp < 60 GeV and
an integrated luminosity of 10 (100) fb=! at the 14 TeV LHC, one can reach 5o significance with a branching ratio
BR(t — c¢cDD) > 2 x 107 (7 x 107?).
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