ACFI-T13-02

Probing the Higgs Portal at the LHC
Through Resonant di-Higgs Production
Jose M. No1 and Michael Ramsey-Musolf2,3

arXiv:1310.6035v2 [hep-ph] 25 Nov 2013

1

Department of Physics and Astronomy, University of Sussex,
BN1 9QH Brighton, United Kingdom
2
Amherst Center for Fundamental Interactions
Department of Physics,
University of Massachusetts Amherst
Amherst, MA 01003 USA
and
3
Kellogg Radiation Laboratory,
California Institute of Technology
Pasadena, CA 91125 USA
(Dated: November 27, 2013)

We investigate resonant di-Higgs production as a means of probing extended scalar sectors that
include a 125 GeV Standard Model-like Higgs boson. For concreteness, we consider a gauge singlet
Higgs portal scenario leading to two mixed doublet-singlet states, h1,2 . For mh2 > 2mh1 , the
resonant di-Higgs production process pp → h2 → h1 h1 will lead to final states associated with the
decaying pair of Standard Model-like Higgs scalars. We focus on h2 production via gluon fusion
and on the bb̄τ + τ − final state. We find that discovery of the h2 at the LHC may be achieved with
−1
<
of integrated luminosity for benchmark parameter choices relevant to cosmology. Our
∼ 100 fb
analysis directly maps onto the decoupling limits of the Next-to-Minimal Supersymmetric Standard
Model (NMSSM) and more generically onto extensions of the Standard Model Higgs sector in which
a heavy scalar produced through gluon fusion decays to a pair of Standard Model-like Higgs bosons.
I.

INTRODUCTION.

Both ATLAS and CMS observe a Standard Model-like
Higgs boson with ∼125 GeV mass. While ongoing analyses show that the properties of the newly discovered particle are close to those expected for the Standard Model
(SM) Higgs boson h, the full structure of the scalar sector
responsible for electroweak symmetry-breaking remains
to be determined. It is particularly interesting to ascertain whether the scalar sector consists of only one SU(2)L
doublet (H) or has a richer structure containing additional states. Addressing this question is an important
task for future studies at the Large Hadron Collider.
An interesting avenue for the observation of additional
scalar states X occurs in Higgs portal scenarios that contain operators of the form XH † H and X 2 H † H. For
mX > 2mh , these operators enable the process pp →
X 0 → hh, where X 0 is the neutral component of X,
if X is not inert with respect to the Standard Model.
Signatures of such resonant di-Higgs production are multiparticle final states comprised of the conventional Higgs
boson decay products. Di-Higgs production also occurs
purely within the SM, though it cannot receive any enhancement due to an intermediate resonance (for studies
of Higgs self-coupling probes with di-Higgs production at
the LHC, see [1–8]).
Higgs portal scenarios are strongly motivated by cosmology. In the presence of a discrete Z2 symmetry, X 0
may be a dark matter candidate. In this case, the cubic operator is forbidden, the vacuum expectation value
(vev) of X 0 vanishes, and resonant di-Higgs production
cannot occur. In the absence of a Z2 symmetry, however,

both the cubic operator and a non-vanishing X 0 vev can
exist. Under these conditions, the presence of the X 0
may facilitate a strong first order electroweak phase transition (EWPT) as required by electroweak baryogenesis
(EWBG) (for a recent review, see [9]). In this case, one
would encounter a pair of neutral mass eigenstates h1,2
formed from mixtures of the two neutral scalar fields,
and for mh2 ≥ 2mh1 resonant di-Higgs production could
proceed (see also [10]).
In what follows, we investigate the prospects for observing such Higgs portal-mediated resonant di-Higgs
production in the context of the simplest extension of
the SM scalar sector involving one real gauge singlet, S.
This “xSM” scenario can give rise to a strong first order
electroweak phase transition as needed for electroweak
baryogenesis in regions of parameter space that would
also enable resonant di-Higgs production [11, 12]). Study
of the xSM also allows for a relatively general analysis of
Higgs portal mediated resonant di-Higgs production. In
particular the present analysis can be mapped directly
onto the “decoupling limit” mA ≫ v of the Next-toMinimal Supersymmetric Standard Model (NMSSM) [13]
as well other scenarios that include additional degrees of
freedom not directly relevant to di-Higgs production.
In this study, we concentrate on the bb̄τ + τ − final state,
motivated in part by the analogous work on SM-only nonresonant di-Higgs production as well as by the considerations discussed in section IV1 . We find that with an
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2
appropriate strategy for background reduction, discovery
of h2 at the LHC may be feasible with ∼ 50 - 100 fb−1 .
Other final states resulting from combinations of Higgs
decay products may also provide promising probes of the
Higgs portal through resonant di-Higgs production, and
we defer an analysis of these possibilities to future work2.
The discussion of our analysis leading to this conclusion is organized as follows. In Section II we review the
theoretical framework and motivation for the xSM. Section III gives the present LHC constraints and discusses
other phenomenological considerations. In Section IV
we discuss the details and present the results of our LHC
simulations and analysis, while in Section V we discuss
their implications.

II.

SINGLET SCALARS BEYOND THE SM

Singlet scalar extensions of the SM are both strongly
motivated and widely studied [15]. In the present instance, we rely on the simplest version as a paradigm for
Higgs portal interactions and the prospects for novel collider signatures. At the same time, singlet extensions of
the scalar sector are interesting in their own right. From
a model-building perspective, singlet scalars arise in various SM extensions, such as those containing one or more
additional U(1) groups that occur in string constructions
or variants on the NMSSM. Cosmology provides additional motivation. As noted above, the presence of the
singlet scalar can enable a strongly first order EWPT as
needed for electroweak baryogenesis, while imposing a Z2
symmetry on the potential allows the singlet scalar to be
a viable dark matter candidate (for early references, see,
e.g. Refs. [16, 17]). In principle, one may achieve both
a viable dark matter candidate and a strongly first order
EWPT for a complex scalar singlet extension in the presence of a spontaneously- and softly-broken global U(1)
[18, 19].
In what follows, we concentrate on the real singlet,
though many of the features discussed below will apply
to the real component of the complex singlet case as well.
The corresponding scalar potential for the SM Higgs doublet H and a real singlet scalar field S is
b2 2 b4 4
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our analysis for the xSM could be directly mapped into
that interesting scenario (recent global fits of LHC data in
the context of supersymmetric models tend to favor this
regime [20–22]). Studies of resonant di-Higgs production,
though in a different context from the present one, have
also been carried out [23–25].
Following [26], we have incorporated the last term in
(1) in order to cancel the singlet tadpole generated once
the EW symmetry is spontaneously broken, with


1
0
H= √
(2)
2 h+v
in the unitary gauge and with v = 246 GeV. Denoting
the neutral component of H by H 0 , the minimization
conditions ∂V /∂H 0 = 0 and ∂V /∂S = 0 with lead to


H 0 −2µ2 + 4λ(H 0 )2 + a2 S 2 + a1 S = 0
(3)



a1  2
2
0 2
0 2
S b2 + b3 S + b4 S + a2 (H ) =
.
v /2 − (H )
2
For positive b2−4 and a2 , H as given in (2), and λv 2 = µ2
as in the Standard Model, the scalar singlet does not develop a zero-temperature vev3 . The resulting mass term
in the potential is
 


1
h
λv 2
a1 v/2
h S
. (4)
Vmass =
S
a1 v/2 b2 + a2 v 2 /2
2
The states h and S will mix after EWSB if a1 6= 0, with
mixing angle denoted by θ. The mass eigenstates h1,2
can then be expressed in terms of h and S as
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,

(5)

where cθ ≡ cos θ and sθ ≡ sin θ with
tan θ =

x
√
1 + 1 + x2

(6)

and
x=

a1 v
(λ − a2 /2)v 2 − b2

.

(7)

The corresponding masses are

4

V (H, S) = −µ2 |H| + λ |H| +

m2± =

(1)

We note that the scalar potential of a general NMSSM
in the decoupling regime mA ≫ v (mA is the mass of the
neutral pseudocsalar) is precisely of the form (1) [13], so

As this paper was being prepared for submission, an investigation
of these other states appeared in Ref. [14]. The results of the
latter analysis differ considerably from ours, as we discuss below.
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with m2 = m+ and m1 = m− .
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Note that in [11], the finite-temperature analysis was performed
for a potential not having the linear term in S; mapping from
one case to the other amounts to performing a linear shift in the
field S at zero temperature.
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The scalar potential (1) may then be written in terms
of the following seven independent parameters: the two
scalar masses m1,2 ; the mixing angle θ; v, a2 , b3 and
b4 . Henceforth, we assume that h1 is the Higgs-like state
currently being observed at the LHC, with m1 = 125
GeV, and h2 is a heavier scalar state with m2 > 2m1 .
The quartic coupling b4 > 0 is needed to assure stability
of the potential along the S direction. The value of the
effective trilinear h2 h1 h1 coupling

0
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is clearly of vital importance to our analysis. Note that
λ and a1 are implicitly functions of m1,2 , θ, v and a2 via
Eqs. (6-8).
Considerations of the vacuum structure of the potential introduce constraints on the independent parameters of the potential. Tree-level stability for large values
of the fields h and S is ensured for positive λ, b4 and
a2 . However, allowing a2 < 0 can enable a strong first
order electroweak phase transition [11]. In this case, requiring 4λb4 > a22 maintains stability of the potential4 .
This criterion becomes dependent on the cut-off of the
low-energy effective theory after one takes into account
the renormalization group evolution of the parameters, a
consideration that we do not implement here (see, e.g.,
[19] and references therein). Note that for a2 < 0 and/or
H different from (2), one may encounter additional solutions to (3) for which the S vev does not vanish. We
require that if such additional minima exist, the hSi = 0
extremum is a the global minimum. As illustrated in
Fig. 1, doing so leads to the constraints in the (a2 , b3 )
plane for given values of m1,2 , θ, and b4 . From Eq. (9)
and the global stability region of Fig. 1, we then observe
that for each value of a2 there exists a minimum value of
λ211 consistent with the vacuum structure requirements.

III.

CURRENT CONSTRAINTS

For the process gluon-fusion mediated process pp →
h2 → h1 h1 of interest here, the magnitude of the cross
section depends critically on the mixing angle θ through
both the h2 coupling to SM quarks and the triscalar coupling λ211 . The mixing angle is constrained by the current LHC results for properties of the SM Higgs boson.
On the one hand, the cross section for pp → h1 is reduced compared to the one for a 125 GeV SM Higgs by
a factor c2θ due to the singlet-doublet mixing. On the
other, although the coupling of h1 to its decay products
is also universally suppressed by cθ , its decay branching
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FIG. 1: Absolute stability region for the EW vacuum in the
(a2 , b3 ) plane for b4 = 1, cθ = 0.812404 and m2 = 270 GeV
(solid-black), m2 = 370 GeV (dashed-red). The black dots
correspond to the benchmark scenarios used in the analysis
(see section IV).

ratios are the same as for a SM Higgs since no new decay channels are open. Consequently, the observation of
the SM-like Higgs at the LHC can be used to set a lower
bound on c2θ due to the associated signal suppression in
SM Higgs decay channels. Recent global analyses of LHC
Higgs measurements then yield c2θ > 0.66 at 0.95% C.L.
[27, 28]. From the analysis in [11] we observe that for
mixing angles in this range and m2 > 2m1 , the xSM can
lead to a strong first order electroweak phase transition.
Global fits to electroweak precision data also imply
constraints on the mixing angle and m2 . Although a
reanalysis of these constraints goes beyond the scope of
the present investigation, previous studies indicate that
significant singlet-doublet mixing is disfavored for heavier h2 [11].
Another important constraint comes from ATLAS
[29, 30] and CMS [31] direct searches for heavy scalars
decaying to W W and Z Z. As the resulting constraints
are dependent on the heavy scalar mass, we note that
in the next section we will choose as benchmark scenarios for our analysis m2 = 270 GeV and m2 = 370
GeV. ATLAS searches in the W W channel exclude h2
at 95 % C.L. for (σ × Br)/(σ × Br)SM & 0.7 for m2 ∼ 270
GeV and (σ × Br)/(σ × Br)SM & 0.4 for m2 ∼ 370
GeV, while Z Z searches exclude h2 at 95 % C.L. for
(σ × Br)/(σ × Br)SM & 0.25 for mh2 ∼ 270 GeV and
(σ × Br)/(σ × Br)SM & 0.3 for mh2 ∼ 370 GeV. The
bounds extracted from CMS searches are found to be similar. The production cross section for h2 in the present
case is given by s2θ σSM , and thus for s2θ ≤ 0.34 the constraints from W W searches are satisfied, while a mild
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reduction in the branching fraction h2 → Z Z compared
to the SM, due to the h2 → h1 h1 decay channel being
available, suffices to satisfy also the constraints from Z Z
searches.

RESONANT DI-HIGGS PRODUCTION AT
THE LHC

We now consider √
in detail resonant di-Higgs production at the LHC for s = 14 TeV. We focus on the gluon
fusion production mechanism that is by far the dominant
one for m2 in the mass range of interest for the EWPT5 .
The production mechanism is analogous to Higgs pair
production in the SM via the trilinear Higgs self-coupling
[5], except that (a) the s-channel gg → h2 → h1 h1 amplitude may be resonant in the present case (see also [10]);
and (b) the ggh2 interaction will be reduced in strength
by cθ .
Before discussing our rationale for focusing on the
bb̄τ + τ − final state, it is useful to compare the expected
magnitudes of the resonant and non-resonant di-Higgs
production cross sections for the ranges of masses and
couplings we consider below. The two most important
contributions to the non-resonant cross section arise from
the gg → h1 h1 amplitude involving the top quark box
graph and from the gg → h∗1 → h1 h1 process. The former will be reduced in strength from its SM value by c2θ ,
while the latter will be reduced by cθ ×λ111 /λSM . Taking
c2θ = 0.66 and the SM di-Higgs production cross section
from [5] for λ111 = 0 we obtain σ(pp → h1 h1 )non−res ≈ 26
fb, which lies well below our typical values for the resonant cross section: O(1) pb for m2 . 400 GeV. Depending on the choices of the remaining independent parameters, the non-resonant gg → h∗1 → h1 h1 process may
interfere constructively with the box contribution, leading to as much as a factor of two increase in the total
non-resonant cross section. The resulting cross section
nevertheless lies well below the typical resonant production cross sections for the range of m2 that we study
here, so we may safely disregard the non-resonant h1 h1
contribution in our analysis.
For the signal, we consider the bb̄τ + τ − final state since
it has a sufficiently large branching ratio to yield a significant number of events with ∼ 100 fb−1 integrated luminosity yet does not contend with insurmountable backgrounds. For the final states with the largest branching
ratio, bb̄bb̄ and bb̄W + W − , the substantial backgrounds
> 21 pb and < 900 pb cross sections, respectively, [5])
(∼
∼
are challenging at best and may be insurmountable6 . In
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We defer a study of associated production, weak boson fusion,
and tt̄h2 production to future work.
Recent analyses of generic resonant double SM-like Higgs production in the bb̄bb̄ suggest that it might be actually possible
to efficiently suppress the large bb̄bb̄ QCD background using jetsubstructure techniques [32].
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both signal and the dominant backgrounds.

< 900 pb
contrast, for the bb̄τ + τ − channel the potential ∼
+
−
<
bb̄W W background gets reduced to ∼ 20 pb due to the
small W → ℓν, τ ν branching fraction, as shown in studies
of this channel in the context of SM di-Higgs production
Another potentially promising search channel is the bb̄γγ
final state. An earlier analysis of this channel in the context of the real triplet extension of the SM [33] indicates
that discovery with ∼ 100 fb−1 of integrated luminosity
would be possible using these final state when the triplet
scalar pair production cross section is of order one picobarn. As indicated above, we defer an investigation of
this channel to future work.
For the simulation of resonant di-Higgs production,
we include both the gg → h2 → h1 h1 and gg →
h2 + j → h1 h1 + j processes in order to improve the
reliability of the kinematic distributions of the h1 bosons
and their decay products, even though we do not explicitly make use of the presence of this additional hard
jet in our analysis. For the partonic gluon fusion process, we have implemented the xSM Lagrangian together
with the scalar potential (1) in FeynRules [34, 35], including the 5-dimensional gluon fusion effective operator
Ag HGaµν Ga µν with the full LO form factor Ag that receives its leading contribution from the top quark triangle
loop. Signal events are generated in MadGraph/MadEvent
5 [36] and subsequently interfaced to Pythia [37] for parton showering, jet matching and hadronization using the
CTEQ611 parton luminosities [38] set. The events are
finally interfaced to PGS, which uses an anti-kt jet reconstruction algorithm. To set the overall normalization, we rescale our simulated K-factor K = σ(pp →
h1 h1 X)NLO /σ(pp → h1 h1 X)LO by the value computed
in Ref. [39] and updated in Ref. [40] that takes into account the full set of NLO QCD corrections.
We perform our study for two benchmark parameter
space points:
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(a) Un-boosted Scenario: m2 = 270 GeV, cθ =
0.812404, λ211 v = 325 GeV (with a2 = 0, b3 =
−293 GeV).
(b) Boosted Scenario: m2 = 370 GeV, cθ = 0.812404,
λ211 v = 325 GeV (with a2 = 0, b3 = −112 GeV).
For case (a), the di-Higgs pair is produced nearly at rest
in the h2 rest frame, so the pT distribution for each h1
is peaked well below 150 GeV, as illustrated in Fig. 2.
There we show the |~
pT | distribution of the bb̄ pair produced by one of the decaying h1 bosons along with the
corresponding dominant backgrounds (see below). For
this regime, the results obtained from the effective theory
above are expected to agree qualitatively very well with
those using the full 1-loop matrix element [5]. For case
(b) the di-Higgs pair is boosted, with the h1 pT distribution peaking near 130 GeV (see Fig. 2). In this regime,
one approaches the limit of validity of the effective theory,
so we do not consider heavier m2 . After taking int account NLO QCD corrections as discussed above, the corresponding inclusive di-Higgs production cross sections
are 808 fb (420 fb) for the unboosted (boosted) scenarios.
A.

Analysis of bb̄τ + τ − Final States

Maximizing the sensitivity to the bb̄τ + τ − produced
from h2 → h1 h1 decays entails reducing backgrounds
generated by SM QCD and electroweak processes. A
crucial step in this direction is the reconstruction of the
invariant mass of the bb̄ and τ + τ − pairs that should individually reproduce the h1 peak. The MMC technique
[41] commonly used by the ATLAS and CMS collaborations [42, 43] to reconstruct the invariant mass of a
τ + τ − system from a decaying resonance relies on maximum likelihood methods that are not possible to implement in the present analysis. Alternatively, we use the
collinear approximation [44] to reconstruct the di-tau invariant mass, which is used in experimental analyses of
boosted resonances [43]. This procedure consists of assuming that the invisible neutrinos from the τ decays are
emitted collinear with the visible products of the decay.
It is then possible to obtain the absolute value of the
missing momentum in each τ decay pmis
1,2 using the missmiss
~
ing energy vector ET
in the event and the kinematics
of the visible decay products:

pmis
=
1

miss
vis
miss
sin(φvis
2 )ET x − cos(φ2 )ET y

(10)

pmis
=
2

miss
vis
miss
cos(φvis
1 )ET y − sin(φ1 )ET x

(11)

vis
sin(θ1vis ) sin(φvis
2 − φ1 )
vis
sin(θ2vis ) sin(φvis
2 − φ1 )

One then defines:
x1,2 =

pvis
1,2
pvis
+
pmis
1,2
1,2

(12)

Description
Nbtag = 2 , Nℓ = 2
pℓT > 10 GeV
pbT > 10 GeV
∆Rbb > 0.5, |yb | < 2.5
∆Rbb > 2.1
PT,b1 > 45 GeV, PT,b2 > 30 GeV
90 GeV < mbb < 140 GeV
Collinear x1 , x2 Cuts
∆Rℓℓ > 2
HTlept < 120 GeV
30 GeV < mℓℓ < 75 GeV
30 GeV < meµ < 100 GeV
100 GeV < mcoll
τ τ < 150 GeV
ETmiss < 50 GeV
230 GeV < mcoll
bbτ τ < 300 GeV

Rationale
signal selection
lepton selection
b-jet selection
b-jet selection
Zjj, Zbb̄, tt̄ reductiona
Zjj, Zbb̄, tt̄ reductionb
h1 mass reconstructionc
mcoll
τ τ reconstruction
tt̄ reductiond
tt̄ reduction
Z-peak veto
h1 mass reconstruction
tt̄ reductione
h2 mass reconstruction

TABLE I: Event selection criteria and ordered cut flow for
background reduction in the bb̄τlep τlep channel. See: a Fig. 3,
b
Fig. 5, c Fig. 4, d Fig. 6, and e Fig. 7.

where pvis is the absolute value of the momentum of the
visible products in each τ decay. The invariant mass of
vis √
the τ + τ − pair is then obtained as mcoll
τ τ = mτ τ / x1 x2 ,
vis
with mτ τ being the invariant mass of the visible decay
products of the τ + τ − system.
The primary disadvantage of the collinear approximation (10)-(12) is that it is not well-defined when the two
τ ’s from the decay of h are emitted back-to-back in the
transverse plane (|φ1 − φ2 | ∼ π), which manifests itself
in the divergence of pmis
1,2 as |φ1 − φ2 | → π. Moreover,
in this configuration, the transverse momenta of the two
neutrinos will tend to cancel each other, generically resulting in little missing energy ETmiss , which also renders
the collinear approximation inefficient.
Imposing the collinear cut 0.1 < x1 , x2 < 1 eliminates events with a back-to-back configuration, so we
use it when selecting events used for the reconstruction
of the di-tau invariant mass, mcoll
τ τ . For the single Higgs
gluon fusion process pp → h → τ + τ − the τ leptons are
generically emitted nearly back-to-back since the Higgs
is produced almost at rest in the transverse plane. The
collinear approximation is more effective for single Higgs
production in conjunction with a high-pT jet against
which the di-tau pair recoils, thereby reducing the incidence of back-to-back τ pairs. For di-Higgs production,
the h1 decaying to the bb̄ pair takes the place of the high
pT jet, so we expect the use of the collinear approximation to be reasonably reliable in the case of our analysis
(see also Ref. [43]).
The most relevant backgrounds for the analysis of
bb̄τ + τ − final states are Zbb̄, Z + jets (with two jets
mis-identified as b quark objects) and tt̄ production (the
primary source of the large bb̄W + W − background indicated above). As we do not consider in the present analysis the possibility of jets faking hadronically decaying
τ leptons, we disregard certain possible (albeit less important) backgrounds such as bb̄W j and bb̄jj. As with
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FIG. 3: Normalized ∆Rbb distribution after event selection
(before cuts) for signal and background (“τlep τlep ”).

the signal, all background events are generated in MadGraph/MadEvent 5 and subsequently interfaced to Pythia
and PGS. The various background cross-sections are normalized to their respective NLO values via enhancement
K factors: K ≃ 1.4 for Zbb̄ [45] and K ≃ 1.5 for tt̄
[46, 47] (for Zjj, the NLO cross section is similar to the
LO one for renormalization and factorization scales chosen as µR = µF = MZ [48]). Following [49], our detector
simulation is normalized to a 70% b-tagging efficiency for
b-quark jets with |y| < 2.5 together with a 60% efficiency
for identification of hadronic τ ’s.
It is useful to organize the analysis according to the different τ -decay modes, following roughly the treatment in
Ref. [43]. We, thus, consider bb̄ plus (a) two leptonically
decaying τ s (“τlep τlep ”); (b) one leptonically decaying
and one hadronically decaying τ (“τlep τhad ”); and (c) two
hadronically decay τ s (“τhad τhad ”). After τ identification
and b-tagging, the NLO cross sections for the unboosted
(boosted) case are: (a) τlep τlep : 10.58 (5.75) fb; (b)
τlep τhad : 23.39 (12.71) fb; and (c) τhad τhad : 12.90 (7.01) fb
for a total cross section of 46.85 (25.48) fb.

B.

Leptonic (τlep τlep ) final states.

When the two τ -leptons in the final state decay leptonically (τlep τlep ), the relevant backgrounds are tt̄ →
bb̄ℓℓν ν̄, tt̄ → bb̄ℓτlep ν ν̄, tt̄ → bb̄τlep τlep ν ν̄, Z bb̄ → bb̄ℓℓ,
Z bb̄ → bb̄τlep τlep , Z jj → jjℓℓ and Z jj → jjτlep τlep .
A summary of our selection and background reduction
cuts for the unboosted case appears in Table I. For the
boosted pair case as well as for the τlep τhad and τhad τhad
final states, we will subsequently discuss modifications of
this basic set of cuts implemented in our analysis.
For the analysis of the τlep τlep channel we select events

50

100
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200

250

mbb (GeV)
FIG. 4: Normalized mbb distribution after event selection (before cuts) for signal and background (“τlep τlep ”).

containing exactly two b-tagged jets (Nbtag = 2) and two
isolated leptons (Nℓ = 2). The cuts in ∆Rbb , the pT of
the two b-tagged jets and the invariant mass reconstructions for bb̄, τ τ and bb̄τ τ significantly reduce all backgrounds (see Figs. 3, 4, 5). In addition, the Z backgrounds can be further suppressed by imposing cuts on
the dilepton invariant mass, while tt̄ is suppressed with
a combination of cuts on ETmiss , the ∆R of the reconstructed di-tau pair (see Fig. 6), and the scalar sum
of leptonic transverse momentum, HTlept . We include all
possible combinations of opposite sign leptons in our simulated samples (ee, eµ and µµ). Further reduction of the
Z backgrounds could be achieved by considering only eµ
pairs as in Ref. [43]. Doing so in the present case, however, leads to a loss√of signal without significantly improving the final S/ S + B.
For the boosted benchmark scenario, the PT of each
h1 will in general be substantially higher (see Fig. 2),
and the h1 decay products will tend to be more collimated. We accordingly modify our cuts by imposing an
upper bound on both ∆Rbb and ∆Rℓℓ together with an
increase on the PT,b1 threshold, as suggested by Figs. 3,
5 and 6. While the tt̄ distributions for ∆Rbb and ∆Rℓℓ
are relatively flat, those for the signal shift dramatically
from the large to small ∆R range when going from the
unboosted to the boosted regime (the Zbb̄ and Zjj backgrounds are reduced with separate cuts). In addition,
we find further improvement in the Zjj and Zbb̄ background reduction by requiring a relatively large |P~Tbb | as
is apparent from Fig. 2. The corresponding impact of
the cut-flow on signal and background cross sections are
given in Tables II and III for the unboosted and boosted
scenarios, respectively.
In light of the results from Tables II√and III, for both
τ -leptons decaying leptonically a S/ S + B ∼ 5 for
the unboosted benchmark scenario can be achieved with
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h2 → h1 h1
bb̄τlep τlep
Event selection (see section V.B)
7.47
∆Rbb > 2.1, PT,b1 > 45 GeV, PT,b2 > 30 GeV
4.46
h1 -mass: 90 GeV < mbb < 140 GeV
3.12
Collinear x1 , x2 Cuts
2.34
∆Rℓℓ > 2, HTlept < 120 GeV
2.08
30 GeV < mℓℓ (meµ ) < 75 (100) GeV
1.86
h1 -mass: 100 GeV < mcoll
1.05
τ τ < 150 GeV
ETmiss < 50 GeV
0.89
h2 -mass: 230 GeV < mcoll
0.81
bbτ τ < 300 GeV

bb̄ℓℓ
11209
5585
1073
438
226
136
32.5
10.5
1.19

tt̄
bb̄ℓτlep bb̄τlep τlep bb̄ℓℓ
4005
289
2013
145
405
30
164
14.1
82
7.9
49
5.7
11.4
1.63
3.37
0.56
0.39
0.12

Z bb̄
Z jj
+ bb̄τlep τlep jjℓℓ + jjτlep τlep
8028
1144
2471
153
880
47
248
18
200
16.7
11.6
0.95
3.24
0.24
3.03
0.23
0.86
0.09

TABLE II: Event selection and background reduction for the bb̄τlep τlep channel in the un-boosted benchmark scenario. We show
the NLO cross section (in fb) for the signal h2 → h1 h1 → bb̄τlep τlep and the relevant backgrounds tt̄ → bb̄τlep τlep , bb̄ℓτlep , bb̄ℓℓ,
Z bb̄ → bb̄τlep τlep , bb̄ℓℓ and Z jj → jjτlep τlep , jjℓℓ after successive cuts. A 70% b-tagging efficiency is assumed, following [49],
together with a jet fake rate of 2% (slightly more conservative than that from [49]).
h2 → h1 h1
bb̄τlep τlep
Event selection (see section V.B)
4.24
∆Rbb < 2.2, PT,b1 > 50 GeV, PT,b2 > 30 GeV
2.38
h1 -mass: 90 GeV < mbb < 140 GeV
1.89
~Tbb | > 110 GeV
|P
1.35
Collinear x1 , x2 Cuts
1.09
∆Rℓℓ < 2.3, HTlept < 120 GeV
0.80
30 GeV < mℓℓ (meµ ) < 75 (100) GeV
0.70
h1 -mass: 100 GeV < mcoll
0.60
τ τ < 150 GeV
25 GeV < ETmiss < 90 GeV
0.42
h2 -mass: 330 GeV < mcoll
0.32
bbτ τ < 400 GeV

bb̄ℓℓ
11209
3356
1396
719
293
120
85
30
18
3.25

tt̄
bb̄ℓτlep bb̄τlep τlep bb̄ℓℓ
4005
289
1202
85
512
36
264
19
107
8.8
45
4.2
30
2.45
11
0.96
6.2
0.60
1.08
0.11

Z bb̄
Z jj
+ bb̄τlep τlep jjℓℓ + jjτlep τlep
8028
1144
1166
35
452
12
208
4.9
58
1.86
9
0.14
1.51
0.019
0.24
0.003
0.18
0.003
0.025
< 0.001

TABLE III: Event selection and background reduction for the bb̄τlep τlep channel in the boosted benchmark scenario (same
assumptions as in Table II).

the decay of the more boosted τ -leptons) for the boosted
scenario, which then renders the cut on ETmiss relatively
inefficient in suppressing the tt̄ background, in contrast
to the situation in the un-boosted scenario (see Fig. 7).

(1/ σ) d σ/dP T

10-1
Z bb

Signal (m = 270 GeV)

tt
Z jj

Signal (m = 370 GeV)

2

2

C.
10-2

0

50

100
b
PT1

150

200

250

(GeV)

FIG. 5: Normalized PT,b1 distribution after event selection
(before cuts) for signal and background (“τlep τlep ”).

∼ 130 − 140 fb−1 , while the boosted benchmark scenario
requires & 1000 fb−1 . The inability to efficiently reduce
the tt̄ background in the latter case is related to the
greater amount of ETmiss in the signal events (coming from

Semileptonic (τlep τhad ) final states.

For the bb̄τlep τhad final state, we require exactly one
isolated lepton and one hadronically decaying tau (“τh ”),
where the latter is identified using the PGS detector simulator. The event selection criteria for this channel are
given by: Nbtag = 2, Nℓ = 1, Nτh = 1 , pℓT , pτT > 10 GeV,
|yb | < 2.5, ∆Rbb > 0.5, pbT > 10. The main backgrounds
arise from tt̄ with bb̄ℓτhad ν ν̄ and bb̄τlep τhad ν ν̄ produced
in the t-quark decays, and Zbb̄, Zjj with Z → τlep τhad .
The imposed cuts are similar to those applied to the
τlep τlep case, except for the di-lepton invariant mass cuts.
Instead, to reduce backgrounds associated with bb̄W W
events (largely dominated by tt̄ production), we cut on
the transverse mass of the lepton (see Fig. 8)
mℓT =

q

2pℓT ETmiss (1 − cos φℓ,miss ) < 30 GeV

(13)

with φℓ,miss being the azimuthal angle between the di-
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h2 → h1 h1
tt̄
Z bb̄
Z jj
bb̄τlep τhad bb̄ℓτhad
bb̄τlep τhad bb̄τlep τhad jjτlep τhad
Event selection (see section V.C)
19.17
5249
762
601
98
∆Rbb > 2.1, PT,b1 > 45 GeV, PT,b2 > 30 GeV
11.45
2639
384
188
10.8
h1 -mass: 90 GeV < mbb < 140 GeV
8.00
531
80
69
3.68
Collinear x1 , x2 Cuts
4.81
209
36.4
41.6
2.41
∆Rℓτ > 2
4.10
129
23.1
26.5
2.03
mℓT < 30 GeV
3.44
30.9
11.1
24.4
1.90
h1 -mass: 110 GeV < mcoll
1.56
4.97
2.05
4.92
0.38
τ τ < 150 GeV
ETmiss < 50 GeV
1.37
3.31
0.87
4.29
0.36
h2 -mass: 230 GeV < mcoll
1.29
0.39
0.17
1.21
0.13
bbτ τ < 300 GeV
TABLE IV: Event selection and background reduction for the bb̄τlep τhad channel in the un-boosted benchmark scenario. We
show the NLO cross section (in fb) for the signal h2 → h1 h1 → bb̄τlep τhad and the relevant backgrounds tt̄ → bb̄τlep τhad , bb̄ℓτhad ,
Z bb̄ → bb̄τlep τhad and Z jj → jjτlep τhad after successive cuts (same efficiency and face rate assumptions as in Table II).
h2 → h1 h1
tt̄
Z bb̄
Z jj
bb̄τlep τhad bb̄ℓτhad
bb̄τlep τhad bb̄τlep τhad jjτlep τhad
Event selection (see section V.C)
10.73
5249
762
601
98
∆Rbb < 2.2, PT,b1 > 50 GeV, PT,b2 > 30 GeV
6.02
1576
223
85
2.46
h1 -mass: 90 GeV < mbb < 140 GeV
4.77
672
94
31.5
0.84
~Tbb | > 110 GeV
|P
3.42
345
49
13.9
0.33
Collinear x1 , x2 Cuts
2.31
136
22.3
8.38
0.22
∆Rℓτ < 2.3
1.71
68
11.1
4.31
0.055
mℓT < 30 GeV
1.46
18.4
5.64
4.02
0.051
h1 -mass: 110 GeV < mcoll
1.05
4.2
1.26
0.30
0.003
τ τ < 150 GeV
25 GeV < ETmiss < 90 GeV
0.76
2.93
0.75
0.23
0.002
h2 -mass: 330 GeV < mcoll
0.63
0.60
0.15
0.026
< 0.001
bbτ τ < 400 GeV
TABLE V: Event selection and background reduction for the bb̄τlep τhad channel in the boosted benchmark scenario (same
efficiency and face rate assumptions as in Table II).
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FIG. 7: Normalized ETmiss distribution after event selection
(before cuts) for signal and background (“τlep τlep ”)

FIG. 6: Normalized ∆Rℓℓ distribution after event selection
(before cuts) for signal and background (“τlep τlep ”).

rection of missing energy and the lepton transverse momentum.
The corresponding impact of the cut-flow on signal

and background cross sections are given in Tables IV
and V for the unboosted and boosted scenarios. As for
the τlep τlep channel, the various cuts allow one to greatly
suppress the backgrounds and increase the signal significance. For the τlep τhad channel, since it is not possible to
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FIG. 8: Normalized mℓT distribution for signal and background (“τlep τhad ”).
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FIG. 10: Normalized mcoll
bbτ τ distribution for signal and background (“τlep τhad ”).

D.

Hadronic (τhad τhad ) final states.
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FIG. 9: Normalized mcoll
system in
τ τ distribution for τ τ
signal and background (“τlep τhad ”).

impose a Z-peak veto through a cut in the invariant mass
of the lepton pair, we increase the lower end of the mcoll
ττ
invariant mass signal window (from 100 GeV to 110 GeV)
in order to suppress Zbb̄ and Zjj backgrounds. The discoll
tributions for mcoll
τ τ and mbbτ τ in this channel are shown
in Figs. 9 and 10.
From the results from Tables IV√and V, we find that
for the semileptonic channel a S/ S + B ∼ 5 for the
unboosted benchmark scenario can be obtained with ∼
50 fb−1 , while for the boosted benchmark scenario the required integrated luminosity is slightly higher, ∼ 90 fb−1 .
This channel therefore appears to be promising both for
the boosted and unboosted regimes.

The selection criteria for this channel are given by two
hadronically-decaying τ -leptons (Nτh = 2), exactly zero
leptons ( Nℓ = 0), and a similar set of kinematic requirements on the τ leptons and b-jets as in the other channels: pτT > 10 GeV, |yb | < 2.5, ∆Rbb > 0.5, pbT > 10. As
compared to the semileptonic and leptonic channels, the
backgrounds for the purely hadronic channel are smaller.
The cut flows for the unboosted and boosted scenarios
are given in Tables VI and VII, respectively.
In light
√ of the results from Tables VI and VII, we obtain S/ S + B ∼ 5 with ∼ 100 fb−1 in the hadronic
channel for both the unboosted and boosted benchmark
scenarios. While this channel appears to be promising
both for both scenarios, we caution that we have not
considered other pure QCD backgrounds, such as multijet or bb̄jj production, where the jets fake a hadronically
decaying τ lepton. The reason is the difficulty of reliably quantifying the jet fake rate for these events, which
while being under 5%, depends strongly on the characteristics of the jet [49]. While we do not expect this class of
background contamination to be an impediment to signal
observation in the τhad τhad channel, we are less confident
in our quantitative statements here than for the other
final states.

V.

DISCUSSION AND OUTLOOK

Uncovering the full structure of the SM scalar sector
and its possible extensions will be a central task for the
LHC in the coming years. The results will have important implications not only for our understanding of the
mechanism of electroweak symmetry-breaking but also
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h2 → h1 h1
tt̄
Z bb̄
Z jj
bb̄τhad τhad bb̄τhad τhad bb̄τhad τhad jjτhad τhad
Event selection (see section V.D)
12.31
509
411
67
∆Rbb > 2.1, PT,b1 > 45 GeV, PT,b2 > 30 GeV
7.35
256
128
7.39
h1 -mass: 90 GeV < mbb < 140 GeV
5.14
53
47
2.52
Collinear x1 , x2 Cuts
2.57
22.8
24.5
1.42
∆Rτ τ > 2
2.04
12.4
15.8
1.19
h1 -mass: 110 GeV < mcoll
0.82
1.79
3.75
0.27
τ τ < 150 GeV
ETmiss < 50 GeV
0.75
0.60
3.39
0.26
h2 -mass: 230 GeV < mcoll
0.72
0.08
1.03
0.11
bbτ τ < 300 GeV
TABLE VI: Event selection and background reduction for the bb̄τhad τhad channel in the unboosted benchmark scenario. We
show the NLO cross section (in fb) for the signal h2 → h1 h1 → bb̄τhad τhad and the relevant backgrounds tt̄ → bb̄τhad τhad ,
Z bb̄ → bb̄τhad τhad and Z jj → jjτhad τhad after successive cuts (same efficiency and face rate assumptions as in Table II).

h2 → h1 h1
tt̄
Z bb̄
Z jj
bb̄τhad τhad bb̄τhad τhad bb̄τhad τhad jjτhad τhad
Event selection (see section V.D)
6.71
509
411
67
∆Rbb < 2.2, PT,b1 > 50 GeV, PT,b2 > 30 GeV
3.77
149
58
1.68
h1 -mass: 90 GeV < mbb < 140 GeV
2.99
63
21.6
0.57
~Tbb | > 110 GeV
|P
2.14
32.5
9.5
0.23
Collinear x1 , x2 Cuts
1.27
13.9
4.95
0.13
∆Rτ τ < 2.3
0.92
8.1
2.51
0.034
h1 -mass: 110 GeV < mcoll
0.64
1.91
0.26
0.002
τ τ < 150 GeV
25 GeV < ETmiss < 90 GeV
0.47
0.98
0.19
0.001
h2 -mass: 330 GeV < mcoll
<
400
GeV
0.39
0.23
0.03
<
0.001
bbτ τ
TABLE VII: Event selection and background reduction for the bb̄τhad τhad channel in the boosted benchmark scenario (same
efficiency and face rate assumptions as in Table II).

for the origin of visible matter and the nature of dark
matter. Extensions of the SM scalar sector that address
one or both of these open questions may yield distinctive signatures at the LHC associated with either modifications of the SM Higgs boson properties and/or the
existence of new states.
In this study, we have considered one class of Higgs
portal scalar sector extensions containing a singlet scalar
that can mix with the neutral component of the SU(2)L
doublet leading to two neutral states h1,2 . This xSM
scenario can give rise to a strong first order electroweak
phase transition as needed for electroweak baryogenesis;
it maps direction onto the NMSSM in the decoupling
limit; and it serves as a simple paradigm for mixed state
signatures in Higgs portal scenarios that contain other
SU(2)L representations. Considering resonant di-Higgs
production pp → h2 → h1 h1 , we have shown that a
search for the bb̄τ + τ − final state could lead to discovery
of this scenario with ∼ 100 fb−1 integrated luminosity
for regions of the model parameter space of interest to
cosmology. The most promising mode appears to involve
one leptonically-decay and one hadronically-decaying τ
lepton, though for m2 close to 2m1 the purely leptonic
decay modes of the τ ’s could also yield discovery as well.
For purely hadronically-decay τ leptons, the significance
obtained from our analysis looks promising, though a
more refined study of the rate for jets faking hadroni-

cally decaying τ ’s would give one more confidence in the
prospects for this mode.
The study of other final states formed from combinations of SM Higgs decay products, as suggested by the
work of Ref. [14] that appeared as we were completing
this paper, would be a natural next step. Although we
disagree with the quantitative results in that study (a
preliminary application of their basic cuts to the bb̄τ + τ −
final state yields S/B ∼ 1 rather than the ∼ 200 as these
authors find), we concur that a detailed analysis of other
novel states associated with resonant di-Higgs production
would be a worthwhile effort.
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