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Trilepton signals in the inert doublet model
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In this work, we investigate the prospects for detecting the Inert Doublet Model via the trilepton
channel at the LHC. We present a set of representative benchmark scenarios in which all applicable
constraints are satisfied, and show that in some of these scenarios, it is possible to obtain a signal at the So
significance level or better with integrated luminosity of 300 fb~!.
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I. INTRODUCTION

The inert doublet model (IDM) is an extension of the
standard model (SM) in which the scalar sector of the
model includes, in addition to the Higgs field of the SM,
an additional SU(2); doublet (the so-called “inert dou-
blet’”), which couples only to the Higgs and electroweak
gauge sectors of the SM. This additional doublet does not
acquire a nonzero vacuum expectation value (VEV); hence
the fields of this doublet do not contribute to electroweak-
symmetry breaking, nor do they mix with those of the SM
Higgs doublet. This model was originally proposed [1] for
its applications to neutrino physics. However, the recent
observation [2] that the presence of an inert doublet can
provide the necessary correction to the oblique S and T
parameters [3] to accommodate a heavy Higgs boson, with
a mass as high as 400-600 GeV, without running afoul of
LEP constraints [4] has stimulated a great deal of renewed
interest in the model. Since then, the IDM has found a host
of additional applications to subjects as diverse as neutrino
physics [5], electroweak-symmetry breaking [6], and grand
unification [7]. Furthermore, the model is also interesting
from the point of view of dark-matter phenomenology.
Since an additional discrete symmetry is needed in order
to forbid the coupling of the inert doublet to SM fermions,
the lightest physical degree of freedom in the inert doublet,
if electrically neutral, is a viable weakly interacting mas-
sive particle (WIMP) dark-matter candidate. Analyses of
the relic abundance of this particle, often referred to as the
lightest inert particle (LIP), have been performed [8,9], and
assessments of both direct [10] and indirect (including
neutrino [11], cosmic-ray positron and antiproton [12],
and +y-ray [13]) detection prospects have been carried out.

Given the myriad implications and applications of this
model, it is natural to examine how an inert doublet might
be identified at the LHC. Certain potential signatures were
discussed in [2], and a parton-level analysis of some of
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these signatures (including a potentially observable modi-
fication of the total width of the SM Higgs boson) was
performed in Ref. [14]. In Ref. [15], a detailed, detector-
level analysis of the detection prospects in the dilepton
channel—perhaps the most promising channel in which to
search for evidence of an inert doublet at the LHC—was
performed for a set of representative benchmark points,
each corresponding to a particular region of model parame-
ter space in which the LIP was able to account for the
observed dark-matter relic abundance. This analysis
showed that an observable signal in this channel could be
obtained at the LHC with 100 fb~! of integrated luminos-
ity in a substantial number of these cases. In certain regions
of the model parameter space, additional channels, such as
gg — AA — 40 + F; [16], can also be relevant for
discovery.

Since a great many scenarios for physics beyond the
standard model (BSM) also give rise to a £" ¢~ + E;
signature, it is worthwhile to investigate other channels
which might also yield observable signals indicating the
presence of an inert doublet. In this work, we focus on the
detection prospects in the trilepton channel: €7 €~ €= +
E7. Indeed, this channel has long been regarded as one
of the most promising channels in which to look for
evidence of physics beyond the standard model, and, in
particular, of supersymmetry [17], due to its relatively
small SM background.

We begin in Sect. IT with a brief review of the inert
doublet model and a summary of the relevant theoretical
and experimental constraints. We then present a set of
benchmark scenarios in which all of these constraints are
satisfied and the LIP relic density accounts for the dark
matter abundance observed by WMAP [18]. In Sect. III,
we discuss trilepton production in the IDM and outline the
event-selection criteria we use to differentiate the trilepton
signal from the SM background. In Sect. IV, we present our
numerical results and discuss the LHC discovery potential
for each of our benchmark scenarios, and in Sect. V, we
offer some concluding remarks on the scope and implica-
tions of our results.

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.82.035009

XINYU MIAO, SHUFANG SU, AND BROOKS THOMAS

II. MODEL PARAMETERS AND BENCHMARK
POINTS

The inert doublet model is an extension of the SM in
which the fundamental scalar sector comprises not one, but
two scalar doublets, which we denote ¢ and ¢,. The first
of these doublets, ¢, can be identified with the usual
Higgs doublet of the SM. It receives a nonzero VEV of
(¢ = v/+/2 =174 GeV, and consequently bears full
responsibility both for electroweak-symmetry breaking
(EWSB) and for the generation of SM fermion masses.
By contrast, the second doublet, ¢,, does not contribute to
electroweak-symmetry breaking ((¢9) = 0); furthermore,
it is prohibited from coupling to the quarks and leptons of
the SM by a Z, parity (often called matter parity) under
which ¢, is odd, whereas all other fields in the theory
(including ¢;) are even.! This Z, symmetry also renders
the lightest physical degree of freedom contained in ¢p,—
the so-called lightest inert particle, or LIP—absolutely
stable, and hence (if neutral) a good WIMP dark-matter
candidate.

The most general CP-invariant scalar potential which
respects both SU(2); X U(l)y gauge-invariance and the
aforementioned 7, matter parity may be written in the
form

V= uilg | + uiléal® + Al |* + Al
+ A3l Py |* + A4|¢T¢2|2

+ [%(ﬂ%)z + h.c. ] (1)

After EWSB is triggered by the VEV of ¢, the physical
scalar spectrum of the model comprises the usual SM
Higgs field /& (the neutral, CP-even degree of freedom in
@), as well as four additional fields corresponding to the 4
degrees of freedom in ¢,. These include a pair of charged
scalars H™, a neutral, CP-even scalar S, and a neutral,
CP-odd scalar A. The masses of these scalars, written in
terms of the parameters appearing in Eq. (1) and the SM
Higgs VEV v, are given by

m% = 2/\11;2, )

mr. = u3 + A\v?/2, 3)

my = u3 + (A3 + Ay + A5)v?/2, “4)
mi = w3 + (A3 + Ay — A5)v?/2. 5)

It is also useful to define a pair of mass splittings 6, =
my= — mg and 6, = my — mg. Indeed, for our present
purposes, it is most convenient to characterize a given

'Such discrete symmetries arise naturally in a variety of
theoretical frameworks. For a motivation in the context of grand
unified theories, see, for example, Ref. [19].
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model in terms of  the parameter set
{my,, mg, 8, 85, Ay, AL}, where A, = A5 + A4 + A5 repre-
sents the combination of the A; in Eq. (1) which controls
the size of the 4SS and hhSS couplings.

The parameter space of the IDM is restricted by a
number of considerations. These include model-
consistency requirements, such as perturbativity and vac-
uum stability, as well as experimental constraints derived
from electroweak precision data, the results of direct
searches at LEP [20] and at the Tevatron, etc. In addition,
if we further demand that the LIP be the dominant compo-
nent of the dark matter, we must also require that its relic
density falls within the WMAP 30 bounds [18] on the
observed dark-matter relic density, and that the appropriate
constraints from dark-matter direct-detection experiments
are likewise satisfied. Since these constraints, along with
their implications for the parameter space of the IDM, have
been analyzed and discussed in detail in Refs. [9,15], we
will not recapitulate the analysis here, but simply summa-
rize the results. Note that in our analysis below, we will
assume that the CP-even scalar S is the dark-matter can-
didate. The corresponding results obtained in the case in
which A plays the role of the dark-matter candidate are
very similar.

A number of IDM parameter-space regimes exist in
which all of the aforementioned physical constraints are
satisfied, and in which the LIP can account for the observed
dark-matter abundance. In the first of these regimes,
dubbed the “LH” or ‘light-Higgs” regime, the SM
Higgs mass lies within the 114 GeV = m;, < 186 GeV
preferred by LEP constraints, and electroweak precision
data require that §; and &, be of roughly the same order.
Here, the LIP is light enough, with a mass in the range
35 GeV = mg =< 80 GeV, that its relic abundance is not
washed out by SS — WW® annihilation.

A number of benchmark points corresponding to differ-
ent possible scenarios within this regime were defined in
Ref. [15]. These were specifically chosen with the dilepton
channel in mind. The parameter assignments for some of
those points, labeled LH1-LH3, are listed in Table I. LH1
and LH2 represent scenarios in which the mass of the dark-

TABLE I. A list of benchmark points used in our analysis,
defined in terms of the model parameters {m,, mg, 8,, 82, A, }.
Dark matter relic density and collider phenomenology of the
IDM depend little on A,, which is set to 0.1 for all benchmark
points in this study.

Benchmark m,, (GeV) mg (GeV) &, (GeV) 6, (GeV) A

LH1 150 40 100 100 —0.275
LH2 120 40 70 70 —0.15
LH3 120 82 50 50 —0.20
LH6 130 40 100 70 —0.18
LH7 117 37 70 100 —0.14
LHS 120 78 70 35 —0.18
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matter candidate is light (mg ~ 40 GeV), and in which the
relationships between My,, M,, and the mass splittings &,
and 0, are givenby 6, = 6, > My zand 6, = 6, < My,
for point LH1 and LH2, respectively. Since the contribu-
tions from the SM background (and consequently the
event-selection criteria we impose) differ significantly de-
pending on whether the W and Z bosons during the decays
of the inert scalars are on- or off-shell, we also incorporate
two more benchmark points into our analysis. These
points, which we dub LH6 and LH7, respectively, represent
the situations in which 6, > My,, with 6, < M,; and 6; <
My, with 6, > M. Benchmarks LH3 and LH8 represent
scenarios in which the mass of the dark-matter candidate is
roughly mg ~ 80 GeV, and in which both §; and J, are
restricted to be lighter than My,. LH3 represents the case in
which 6; ~ &,, while LH8 represents the case when 6; >
0,. The latter case has been included primarily as it exem-
plifies the case in which SH= pair production, with H* —
AW=* — SZ*W=*, also contributes to the trilepton signal.
Note that points LH6—LH8 have been included (in addition
to the benchmark points defined in Ref. [15]) to highlight
the effect of relationships between model parameters (pri-
marily §; and &,) which have little effect on results in the
dilepton channel (the results in which are fairly insensitive
to the value of &), but have a substantial effect on results
in the trilepton channel. The additional benchmark points
LH4 and LHS5, defined in Ref. [15], have been left out of
this analysis, since each of those two points involves a
value of either 6, or §, so small (10 GeV) that the vast
majority of final-state leptons will escape detection, ren-
dering a trilepton signal essentially unobservable at the
LHC.

In the second parameter-space regime in which the IDM
successfully accounts for the observed dark-matter abun-
dance, which we dub the “HH” or ““heavy-Higgs” regime,
the Higgs mass lies within the range 400 GeV = m,;, =<
600 GeV. In this case, electroweak-precision constraints
require that &; > 0,, with &; typically larger than
150 GeV. Consequently, the charged scalars H* tend to
be quite heavy. In addition, in order to satisfy the WMAP
constraint on the dark-matter density, the LIP mass must be
mg = 75 GeV. While the prospects for detecting a dilep-
ton signature in such scenarios can be quite good [15],
depending primarily on whether or not §, < M, a trilep-
ton signature proves far more difficult to detect. The reason
for this is that the primary source of observable dilepton
events in the IDM is the pair-production process pp — SA,
the cross section for which is independent of &;. By con-
trast, the primary source for an observable trilepton signal,
as will be discussed in more detail below, is pp — H™A,
which depends on both &, and &,. The cross section for this
process is therefore substantially suppressed due to the
large value of 6;. Consequently, in what follows, we will
focus primarily on the detection prospects for the light-
Higgs scenarios alone.
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In addition to these two cases, a number of other
parameter-space regimes exist in which all constraints
are satisfied, and in which the LIP relic density reproduces
the observed dark-matter relic density [9]. However, these
scenarios do not yield observable signals in either the
dilepton or trilepton channel, generally, either because all
of the inert scalars are required to be extremely heavy, or
else because &, is required to be quite small (6, <
30 GeV), and hence the charged leptons resulting from A
decay are extremely soft. We will therefore not consider
the collider phenomenology of such models further here,
but we emphasize that they are still viable scenarios.

III. TRILEPTON PRODUCTION IN THE INERT
DOUBLET MODEL

A number of processes contribute to the overall trilepton
signal in the IDM. Here, we will concentrate on the most
promising contributions for detection: those in which one
lepton is produced via W) decay and the other two via Z*)
decay. The most significant such contributions are

(a) g3’ — AH* with A — SZ®) — S€T¢~ and H* —

SW=t) — St;
(b) q7' — SH* with H* — AW*®) — Afy and A —
Sz — sete,
the corresponding Feynman diagrams for which are shown
in Fig. 1. Note that in our analysis, we will consider the
case in which € = e, w only.

Process (a) will occur in any IDM scenario in which the
S plays the role of the LIP, whereas process (b) will occur
only in scenarios in which &; > &, and will only be size-
able when 6, < My, or 6; > 6, + My. For all the bench-
mark points listed in Table I, process (b) is sizable only for
LHS. Even in that case, it is subdominant compared to
process (a), the overall cross section for which (taking into
account all relevant decay branching ratios) is a factor of
20 larger than that for process (b). In cases in which §, >
8,, the process g’ — AH*, withA — H*W*® — H (v
and H* — SW*® — §¢p, also contributes to trilepton
production. The leptons produced in this process all
come from W) decay, and for this reason, it is difficult
to resolve this process from the SM background. For all the
benchmark points that we have selected for our study,

FIG. 1. Diagrams corresponding to the processes which pro-
vide the leading contributions to the £ ™€~ €= + E; cross section
in the IDM.
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however, the overall cross section for this process is negli-
gibly small, and can therefore be safely neglected.

Results for the LHC production cross sections for the
dominant (pp — AH™) signal process at \/s = 14 TeV, as
well as the branching fractions for H* — S¢*v and A —
S€*¢~ decay, are provided in Table II. Note that for
benchmark point LHS8, the subdominant contribution to
the trilepton signal from pp — SA™ has also been included
in our analysis.

A number of processes contribute to the SM background
for trilepton production. The most important of these is the
irreducible background from WZ/y* production, though a
number of reducible backgrounds also contribute. One
particularly important irreducible background results
from ¢7 and Wt events (including those involving additional
jets) in which both W bosons present after the decay of the
top quark(s) decay leptonically, and an additional charged
lepton results from the semileptonic decay of a b quark. We
will refer to such processes, respectively, as 7(j) and
Wt(j). Additionally, heavy-flavor processes such as
bbZ/vy* and c¢Z/vy*, can also be an important back-
ground, as recently emphasized in [21], as can ZZ —
€€ €' € events in which one of the charged leptons
goes undetected.

In our analysis, event samples both for the signal process
and for these backgrounds were generated at parton-level
using the MadGraph/MadEvent (version 4.4.32) [22] pack-
age. These events were subsequently passed through
PYTHIA (version 6.4.14) [23] for parton showering and
hadronization, and then through PGS4 [24] to simulate the
effects of a realistic detector. The one exception involves
the background from heavy-flavor processes, which is
somewhat cumbersome to analyze numerically, given the
amount of data required to obtain a statistically reliable
sample. However, as has been shown in Ref. [21], this
background can be effectively eliminated via the imple-
mentation of a stringent missing energy cut of order £7 >
50 GeV. A similarly stringent cut on the total-transverse-
momentum variable Hy should also be quite effective in
this regard. We shall therefore assume that these back-

TABLE II. Leading-order cross sections for the associated
production of AH* at the LHC, with center-of-mass energy
/s = 14 TeV, for the various benchmark points defined in
Table I. The relevant branching fractions of the scalars A and
H= are also shown.

Benchmark o,y (fb) BR(H™ — S€*v) BR(A— S€T(7)

LH1 1252 0.216 0.067
LH2 299.0 0.233 0.068
LH3 154.9 0.233 0.069
LH6 187.0 0.216 0.069
LH7 204.2 0.233 0.067
LHS8 159.4 0.226 0.070
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grounds are effectively eliminated by the £+ and Hy cuts
included among our event-selection criteria.

The #7(j) background sample used in our analysis con-
sists of a matched sample of 7 and ¢ + 1 jet events.
Matching was carried out at the MadGraph/MadEvent
level, according to M. L. Mangano’s (MLM) matching
scheme, using a Ky jet algorithm (for details, see [25]).
Our Wi(j) background was generated in an analogous
manner, and includes a pair of matched samples: one
consisting of W*7 and W*7 + 1 jet events, the other of
W™t and W™t + 1 jet events. We find that the trilepton
results obtained from these samples agree with those ob-
tained by the CMS collaboration [26] to within 10% when
similar event-selection criteria are applied.

Let us now turn to discuss those event-selection criteria,
which we apply in three successive stages or sets, in more
detail. The first set of cuts we impose (hereafter to be
referred to as our Level I cuts) is designed to mimic a
realistic detector acceptance. More specifically, we re-
quire:

(i) Exactly three charged leptons (either electrons or
muons), including one same-flavor, opposite-sign
(SFOS) pair.

(i) p%>15GeV and |5, <25 for each of these
leptons.

(iii) For lepton isolation, we require AR, > 0.4 for each
possible charged-lepton pairing, and AR, > 0.4 for
each combination of one jet and one charged lepton.

Our second set of cuts (hereafter referred to as our Level
II cuts) is designed to suppress reducible backgrounds from
SM processes which involve either hard jets or little miss-
ing transverse energy:

(i) No jets with p- > 20 GeV and pseudorapidity |n| <

3.0.

(ii) £r > 50 GeV.

As discussed above, a missing-energy cut of this magni-
tude effectively eliminates the background from heavy-
flavor processes such as bbZ/y* and c¢Z/y*. The jet
veto is quite efficient in reducing background contributions
from 7(j), Wt(j), and other processes which involve sub-
stantial hadronic activity in the central region of the detec-
tor. Indeed, after the application of the Level I + II cuts
discussed above, the dominant remaining background is
the irreducible one from WZ/v* production, as shown in
Table III. In addition, there is also a non-negligible con-
tribution (amounting to around 5% of the WZ/y* back-
ground) from residual #7(j) and W(j) events which survive
the jet veto.” Other reducible backgrounds, including those
from W + jets and heavy-flavor processes, are effectively
eliminated by this choice of cuts.

21t should be noted that before the application of any event-
selection criteria, our 77(j) sample includes 24,200,000 events, of
which 752 events survive the Level I + II cuts. This constitutes a
statistically sufficient sample.
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TABLE III.
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Cross sections for the signal process pp — AH* — "€~ ¢* + E in each of the

benchmark scenarios presented in Table I, and for the relevant SM backgrounds, after the

application of our Level I and Level II cuts.

Signal SM Background

Benchmark  Level I (fb) Level I + II (fb) Process Level I (fb) Level I + II (fb)
LH1 0.760 0.317 WZz/y* 125.767 32.949

LH2 0.817 0.290 t1(j) 38.869 1.046

LH3 0.289 0.082 Wie(j) 1.794 0.536

LH6 0.618 0.239 Total BG 166.430 34.531

LH7 1.089 0.420

LH8 0.204 0.048

After the imposition of the Level I and Level II cuts, we
impose one further battery of event-selection criteria (here-
after referred to as our Level III cuts). Unlike these first two
sets of cuts, which are applied universally to all benchmark
points used in this analysis, our Level III cuts are individu-
ally tailored to optimize the statistical significance of dis-
covery for each benchmark point. A wide variety of
possible criteria could in principle be used in this optimi-
zation process; however, we find that one particularly
useful criterion that can be used to differentiate between
signal and background events is the invariant mass My ¢,
of the requisite pair of SFOS charged leptons (which we
dub €7 and €5 ) that any event must include in order to pass
the Level I cuts. If only one SFOS pairing can be con-
structed for a given event, M, ¢, is unambiguously defined.
In cases in which more than one SFOS combination exists
and 6, = 70 GeV, the pair whose invariant mass is closest
to min(8,, M) will be identified as €5 and ¢, and that
invariant mass will be identified as M, ¢, . In cases in which
85 <70 GeV, the pair whose invariant mass is closest to
70 GeV will be so identified.’

The distribution for My ¢, peaks around M, for the
Standard-Model WZ/y* background. For the signal pro-
cess, the peak is around min(8,, M), as shown clearly in
Fig. 2 for LH1 (6, = 100 GeV, left panel) and LH3 (6, =
50 GeV, right panel). This suggests that a cut on My g,
around &, has the potential to suppress significantly the
SM background in scenarios in which 6, < M. Therefore,
in our analysis, we select events on the basis of whether
My, lies below the threshold

() Mo, = ME .

In principle, one could also introduce a minimum threshold
for My, ¢, but it turns out that the imposition of such a cut
is not particularly helpful in practice; thus we will only
make use of the above criterion in what follows.

*We choose this criterion for identifying the SFOS pair, rather
that simply selecting whichever pair has an invariant mass closer
to 8,. This is because for 6, = 70 GeV, the latter procedure
would result in more frequent misidentification of which leptons
were produced via Z/y* decay in the WZ/y* background
sample, and consequently lower statistical significance values.

Furthermore, in cases in which A — S€* €~ decay oc-
curs via an off-shell Z, the charged leptons will tend to be
more collinear than those produced from the decay of an
on-shell Z. For this reason, cuts such as

(i) cos¢pee = cosPpn

(ii) ARy = AR,
where ¢, is the azimuthal angle between the SFOS lepton
pair, can be quite effective in discriminating between
signal and background in cases in which &, <M. In
practice, we find the ARJ™ cut alone to be sufficient for
our purposes, and thus make use of this criterion
exclusively.

From the four-momentum of the remaining lepton (the
one that is not part of the € ¢, pair), which we dub €y, we
can construct an additional quantity: a transverse-mass
variable My, , which we define according to the relation

M3, = (Eq, + Er)* — (Bre, + pr)° (6)

where E; and ZbT respectively denote the foral missing
transverse energy and missing transverse momentum vec-
tor. The distribution for M7, drops sharply around My, for
the SM WZ/y* background. A similar drop also occurs for
the signal process, in cases in which the H* decays via an
on-shell W, but the presence of additional sources of E7
(the pair of LIPs) in this case results in a smoother My,
distribution that falls more gently above My,. In cases in
which &; < My, and the lepton in question comes from
off-shell W decay, the drop in My, is quite gradual and
occurs near 8. The distributions for My, , both for the
signal process and for the dominant SM backgrounds, are
shown in Fig. 3 for LH1 (6; = 100 GeV, left panel) and
LH3 (6; = 50 GeV, right panel). The evidence in this
figure suggests that in cases in which 6, > My,, imposing
a minimum threshold for My, can be helpful in reducing
the dominant WZ/v* background. Conversely, when §; <
My, an upper limit on My, can likewise be of use.
Motivated by these considerations, we allow for either a
minimum or a maximum threshold for My, in our event-
selection criteria, and only retain events for which
(i) My, = MP™ or My, = M,

depending on the benchmark point in question. As we shall
see, such cuts on My, ., and My, will turn out to be
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particularly useful in distinguishing a trilepton signal from
the dominant WZ/~* background.

It can also be useful to impose a more stringent lower
limit p7'" on the transverse momentum pr, of the charged
leptons than that imposed at Level I:

(i) pr, = p7" > 15 GeV.

Likewise, a cut on the total-transverse-momentum variable
H T

(i) Hy = HP™,

with H; defined in terms of the sum

3
Hy =Ep + Z |pre.l,

i=1

)

TABLE IV. A list of the optimized Level III cuts used in the
analysis of each of the benchmark points presented in Table I. An
entry of -’ indicates that the corresponding cut is not imposed.
For more details on the definition of the thresholds used, see text.

Benchmark MJ%  MPM MRS ARF™ HP o phe
LHI 100 GeV90 GeV - 1.6 240 GeV -
LH2 65GeV - 60GeV 13 150 GeV -
LH3 50GeV - 60GeV 12 140 GeV -
LH6 65GeV - - 1.1 200 GeV 20 GeV
LH7 100GeV - 65GeV - 200 GeV -
LH8 40 GeV - - - - -
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can also be useful in differentiating signal from back-
ground. A roster of the particular cuts implemented for
each benchmark used in our analysis is compiled in
Table IV.

IV. RESULTS

In Table V, we show the discovery potential for the
trilepton signal at the LHC (assuming a center-of-mass
energy of 14 TeV) for each of the IDM benchmark points
defined above, assuming an integrated luminosity of
300 fb~! in each of the two detectors. The best prospects
for discovery are obtained for the benchmarks LH2 and
LH6, each of which yields a statistical significance of more
than 5o. The reason why these benchmarks are compara-
tively auspicious is twofold. First, both involve a light LIP,
with a mass mg ~ 40 GeV. Second, both also feature a
mass splitting 6, ~ 70 GeV, which, on the one hand, is
small enough that A — SZ — S€* €~ decays will occur
through an off-shell Z boson, but, on the other hand, is
large enough so that the resulting charged leptons will not
generally be too soft to escape detection.

For LH7, which features a similarly light LIP, with m¢ ~
40 GeV, but for which (8, 8,) = (70, 100) GeV, the pri-
mary difficulty in resolving the signal is that the (domi-
nant) WZ/y* background cannot be suppressed by
applying a Z veto on My, , since A— SZ— S¢* €~
decays occur via an on-shell Z. Indeed, this two-body
decay mode of the A is analogous to what are often referred
to as ‘“‘spoiler” processes in the literature on trilepton
signals in weak-scale supersymmetry [17]. Thus, although
the signal cross section for LH7 after cuts is relatively
large, the unsuppressed standard-model WZ/y* back-
ground renders discovery via this channel difficult. As
for LH1, for which &,, > My ;, the standard-model
WZ/y* background can be suppressed by imposing a
lower limit on M7, . The signal cross section, however, is
very small after the imposition of this cut, which renders a
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discovery via this channel difficult for this benchmark
scenario as well.

The discovery prospects for benchmark point LH3 are
also less auspicious. One reason for this is that the LIP
mass is far heavier in this scenario, and the production
cross section is therefore appreciably lower, as indicated in
Table I1. Another is that since &, and J, are smaller for this
benchmark than for LHI and LH6, the charged leptons will
be significantly softer, and more of them will escape de-
tection. For this reason, a proportionally greater reduction
in signal events occurs as a result of our detector-
acceptance cuts, as can be seen from Table III. For bench-
mark point LHS, 9§, is smaller still, and the effect of the
Level I cuts even more severe; hence the trilepton signal is
even more difficult to resolve.

The cross sections used in this analysis were computed
at leading-order (LO). It is therefore reasonable to ask how
our results would change once next-to-leading-order
(NLO) corrections are included. We now demonstrate
that the inclusion of higher-order corrections will not
dramatically alter those results. The dominant background
for all benchmarks used in our analysis, after optimization
cuts are applied, is the irreducible background WZ/y*, as
indicated in Table V. The NLO K-factor for this process (at
/s = 14 TeV) was calculated in Ref. [27] to be K = 1.79.
An estimate of the corresponding K-factor for the ¢gg —
H=™A signal process can be obtained from that for the
analogous, Drell-Yan contribution to H=A° production in
the context of the minimal supersymmetric standard model
(MSSM), with all superpartners heavy and decoupled. This
K-factor was computed in Refs. [28] to be K = 1.20-1.30.
Thus, taking both signal and background K-factors into
account, the S/+/B results at NLO would be roughly 90—
97% of the LO results quoted in Table V. The efficiency of
our cuts is not primarily limited by event count in the most
promising benchmark scenarios; hence we expect that the
overall statistical significance for discovery for these sce-

TABLE V. Cross sections for the signal process pp — AH™ — ¢*{~¢* + E; and for the
dominant SM backgrounds from WZ/v*, t#(j) and Wt(j) production for each of the benchmark
points presented in Table I, after the application of our Level III cuts. The total background cross
section is also shown. The last two columns display the signal-to-background ratio S/B, and the
statistical significance (as given by S/+/B) corresponding to an integrated luminosity of £ =
300 fb~! in each detector at the LHC (operating at a center-of-mass energy /s = 14 TeV), after

the application of these same cuts.

Level III Cuts

Benchmark o5 (f6) Gz (fb) 0y (1) sy (b)) e (fb) S/B S//B (300 o)

LH1 0.038 0.159 0.020
LH2 0.078 0.073 0.019
LH3 0.035 0.093 0.023
LH6 0.101 0.185 0.030
LH7 0.270 7.137 0.084
LH8 0.031 0.385 0.144

0.011 0.191  0.20 2.15
0.021 0.114  0.68 5.64
0.014 0.131  0.27 2.36
0.007 0221 046 5.27
0.038 7259  0.04 2.45
0.061 0.591  0.05 1.00
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narios should not be drastically different at NLO than it is
at LO.

A few further remarks comparing and contrasting the
trilepton phenomenology of the IDM with that of super-
symmetric models are in order. Indeed, the process pp —
H*A — €"€~€* + Ep, which yields the dominant contri-
bution to the trilepton signal in the IDM is in many ways
analogous to the direct chargino-neutralino production
process pp — x9xi, with x3 — x9Z® — Y%¢*¢~ and
Xi = XIW= — %, where !, are the lightest and
second lightest neutralinos and y;i is the lightest chargino.
This channel has long been regarded as a promising dis-
covery channel for weak-scale supersymmetry. Indeed, as
was shown in [29], for certain opportune regions of pa-
rameter space, an observable signal could be obtained with
less than 30 fb~! of integrated luminosity at the LHC.
More recently, the CMS collaboration, working in the
context of minimal supergravity, has indicated that a 5o
discovery of supersymmetry could be achieved in this
channel with 30 fb~! of integrated luminosity, provided
that the gaugino mass parameter M, ,, < 180 GeV [26].

Thus, we see that given similar mass spectra, the dis-
covery prospects for the supersymmetric process are mark-
edly better than those for its IDM counterpart. This is
primarily due to the substantial difference—a relative fac-
tor of around 16—between the production cross sections
for pp — X9x;i inthe MSSM and pp — AH™ in the IDM.
This difference owes to two important distinctions between
the characteristics of the relevant particles in the two
models. The first of these is that i and x93 are Weyl
fermions, whereas H~ and A are real scalars. As a con-
sequence, the cross sections for the corresponding pro-
cesses in the two models differ by a relative factor of
roughly 4 in the high-energy limit (i.e., the limit in which
s >> m?, where m; denotes the mass of any of the particles
involved in the interaction). The second relevant distinc-
tion is that the scalar doublet ¢, of the IDM is in the
fundamental representation of SU(2), whereas the charged
and neutral Winos (which, respectively, constitute the
dominant components of i and x) in the relevant region
of SUSY parameter space) are in the adjoint representa-
tion. This translates into another relative factor of 4 be-
tween the corresponding production cross sections. The
practical consequence of this result, of course, is that
observing a trilepton signal in the IDM is far more difficult
than it is in its MSSM analogue. Indeed, we have seen that
although the trilepton channel is one of the cleanest chan-
nels in which one might hope to discover supersymmetry at
the LHC, in the IDM, this channel can only be observed in
the region of parameter space in which the LIP is light
(mg ~ 40 GeV) and the mass splitting &, is relatively large
(6, ~ 70 GeV).

While the above analysis was performed assuming a
center-of-mass energy /s = 14 TeV, it is also worthwhile
to consider how the discovery prospects would differ at an
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LHC operating energy of /s = 10 TeV. In this case, the
pp — H*A production cross sections are reduced to
roughly 60% of the values given in Table II, while the
(generally dominant) WZ/y* background drops to roughly
80% of its 14 TeV value. Since signal event count is not
generally a limiting factor in event selection, we would
expect each of the S/+/B values quoted above to drop to
roughly 65% of its 14 TeV value at a 10 TeV machine,
given identical luminosities and assuming similar cut effi-
ciencies. While this is not an imperceptible reduction, it is
by no means a severe one; thus, were our universe in fact to
resemble that described by an IDM benchmark scenario
such as LH2 or LH6, one would still expect to see evidence
of trilepton production from the decays of heavy inert
particles at the LHC, even at JE = 10 TeV. It is also worth
remarking that the trilepton signature considered here is a
particularly clean one. Consequently, it can be expected
that additional complications (from increased pileup, etc.)
which would arise in an ultra-high-luminosity environment
(such as that associated with the Super-LHC) would not
dramatically alter our results. However, that being said, it
may still be necessary to increase the minimum p¥. thresh-
old discussed in Section III and the p’ ceiling used in the
jet veto in order to deal with these complications.

V. CONCLUSIONS

The inert doublet model is a simple yet incredibly
versatile scenario for physics beyond the standard model.
Among its phenomenological advantages is that it provides
a viable WIMP dark-matter candidate in the form of the
lightest inert particle. In this work, we have investigated
the observability of a trilepton signal at the LHC in the
inert doublet model. While the first signals of an inert
doublet at the LHC are likely to appear in the dilepton
channel [15], the observation of a signal in the trilepton
channel could provide valuable additional information
about the parameter space of the model and assist in
distinguishing the IDM from other BSM scenarios which
give rise to similar signature patterns. We have shown that
at an integrated luminosity £ = 300 fb™!, it should be
possible to resolve the trilepton signal, provided that the
LIP is light (mg ~ 40 GeV), the mass splitting 0, lies
within the range 50 GeV =< 6, =< M,, and &, is small
enough (8, =< 100 GeV) that H* A production is not dras-
tically suppressed. These criteria coincide with those
which lead to the best detection prospects in the dilepton
channel as well.

It should be noted, however, that one could only hope to
observe a trilepton signal in regions of parameter space in
which the Higgs is lighter than around 180 GeV. Although
the inert doublet model can certainly accommodate a
heavier Higgs boson—indeed, among the model’s numer-
ous advantages is its ability to alleviate the little hierarchy
problem—the requisite contributions to the oblique 7" pa-
rameter needed for this owe to the existence of a sizeable
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mass splitting between H= and S. When this is the case, the
pp — AH= production cross section will be highly sup-
pressed, and the trilepton-signal contribution from this
process will consequently be unobservable at the LHC.

It is also interesting to consider how the results discussed
above would be modified by the presence of additional
inert doublets. For concreteness, let us consider a model
with two inert doublets, which we dub ¢, and ¢5 (recall
from Section II that in our notation, ¢; denotes the usual
SM Higgs doublet). Let us consider the most general case
in which ¢, and ¢5 are rendered “inert” (i.e., prohibited
from coupling to the SM fermions) by virtue of their both
being odd under the same Z, symmetry. In this case, no
symmetry prevents the corresponding fields in ¢, and ¢5
from mixing; thus the lighter and heavier physical CP-odd
scalar mass eigenstates A, and A;, will, in general, be linear
combinations of the CP-odd degrees of freedom A, and A;
contained in ¢, and ¢;, the physical charged scalars H;
and H; will be linear combinations of H5 and Hy, etc.
Assuming that S, (the lighter of the two CP-even neutral
scalars) still plays the role of the LIP, one can define a pair
of parameters 5(26) = my, — mg, and 5(2h) = my, — mg,
analogous to our &,, which represent the mass splittings
between the respective pseudoscalars and S,. Likewise,
one can define a pair of mass splittings 5(16) =my: —
mg, and S(Ih) = my= — mg, analogous to our 0.

For cases in which 6(26) = 6%’1) and 5(1(’) = 8(1h) (perhaps
due to some additional symmetry of the action which
relates ¢, and ¢3), the event topologies for all H; A; —
€€~ + E;, where i, j = {€, h}, will be similar. In particu-
lar, all such processes will give rise to similar M, ., and
My, distributions. In such cases, then, the total signal cross
section after optimization cuts are applied will essentially
be a sum of the individual contributions TH*A,» and S/+/B
will scale accordingly. Furthermore, in cases in which &5,
53 > M, and thus both A, and A;, decay via an on-shell Z,
the M, ¢, distributions will also be similar, even if b‘g and
8" differ significantly. Consequently, the total cross section
will also be a sum of the individual contributions in such
cases, provided the My, distributions, etc. are likewise
similar. However, in cases where the mass splittings differ
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significantly, and the peaks in the My ¢, and M, distribu-
tions resulting from the different signal contributions are
separated, this will no longer be true. In such cases, the set
of optimization cuts which maximize S/ \/E can differ
drastically from those which maximize this quantity in
the case of a single inert doublet, and depend intimately
on the details of the model.

In scenarios in which ¢, and ¢5 are rendered inert by
different symmetries, no mixing between the fields in these
doublets is permitted. However, as far as trilepton produc-
tion is concerned, the collider phenomenology is essen-
tially analogous to the mixed case discussed above, and the
results for any given model still depend intimately on its
mass spectrum.

As a final word, we note that although the analysis
performed in this work was conducted within the frame-
work of the inert doublet model, similar signatures involv-
ing the production of charged and neutral scalars which
subsequently decay into other, lighter, scalar particles and
SM gauge bosons appear in many other BSM scenarios.
We emphasize that our results should apply not only to
models involving one or more inert doublets, but also in
any scenario involving charged or neutral scalars which
decay into a lighter scalar particle which is neutral and
stable (on collider time scales), and hence appears in the
detector as missing energy. The observation of a clean
trilepton + E7 signal above the SM background would
be a clear indication of new physics. To determine the
precise nature of that new physics, however, and to pin
down the particle nature of the dark matter candidate will
likely require additional data from a variety of sources.
These may include complementary channels at the LHC,
signals at direct or indirect dark-matter-detection experi-
ments, or results from one of many other available experi-
mental probes of physics beyond the standard model.
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