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1 Introduction

The discovery of the Higgs boson [1, 2] provides unprecedented opportunities in the search

for physics beyond the Standard Model (SM). More than any other state in the Standard

Model, the Higgs is a sensitive barometer of new physics. Perhaps the most familiar op-

portunity involves Higgs couplings; the rigidity of electroweak symmetry breaking in the

Standard Model uniquely determines the interactions of the SM Higgs, such that any devi-

ations in couplings would be an unambiguous indication of new physics. But the Higgs also

provides an entirely new gateway to physics beyond the Standard Model thanks to the low

dimension of the operator |H|2: it admits new marginal or relevant operators of the form

|H|2O, where O is a gauge-invariant operator with ∆O . 2. The classic example is O = φ2

were φ is neutral under the SM but enjoys a Z2 symmetry [3–7]. This Higgs Portal provides

an entirely new avenue to access physics beyond the Standard Model. Such portals are mo-

tivated not only on purely pragmatic grounds as one of only two possible marginal couplings

between the SM and SM-singlet states, but also on theoretical grounds in diverse scenarios

relating to dark matter, electroweak baryogenesis, and solutions to the gauge hierarchy

problem. Now that the Higgs boson has been discovered, the exploration of possible Higgs

Portals and their signatures has become a high priority at the LHC and future colliders.
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In this paper we consider the scalar Higgs Portal consisting of

L = LSM −
1

2
∂µφ∂

µφ− 1

2
M2φ2 − cφ|H|2φ2 (1.1)

where H is the SM-like Higgs doublet and φ is a scalar neutral under the Standard Model.1

We have taken φ to be a real scalar, but it could equally well be a complex scalar and carry

charges under additional gauge sectors. The coupling cφ can take arbitrary values, but

in Higgs Portals motivated by baryogenesis or naturalness, cφ is often O(1). The φ field

may also possess self-couplings relevant for baryogenesis or couplings to additional states

in the hidden sector, but these are in general irrelevant to determining how well the portal

coupling of (1.1) can be probed directly to discover or exclude the scalar φ.

There are many cases in which φ is relatively easy to detect. If φ acquires a vacuum

expectation value then Higgs-singlet mixing can leave direct signals in Higgs couplings

and the production and decay of a heavy Higgs state [7], both of which may be probed

effectively at the LHC and future e+e− machines. Far more challenging is the scenario

where the φ respects an unbroken Z2 symmetry, φ→ −φ, in which case there is no Higgs-

singlet mixing and the couplings of the Higgs are unaltered at tree level. After electroweak

symmetry breaking the theory consists of

L = LSM −
1

2
∂µφ∂

µφ− 1

2
m2
φφ

2 − cφvhφ2 − 1

2
cφh

2φ2 (1.2)

where m2
φ = M2 + cφv

2 in units where v = 246 GeV. The Higgs Portal coupling is the

only connection between φ and the Standard Model, and so the only available production

mode at colliders is φφ production via the Higgs boson. By assumption φ has no SM decay

modes and appears as missing energy in collider detectors. Discovering or excluding such

a Higgs Portal at pp machines requires focusing on Higgs associated production modes in

order to identify the missing energy signal.2

When mφ < mh/2 this scenario may be very efficiently probed via the Higgs invisible

width [8–13], since the Higgs can decay on-shell into φ pairs and the smallness of the SM

Higgs width ensures the rate for pp → h + X → φφ + X is large for a wide range of cφ.

When mφ > mh/2, however, the Higgs cannot decay on-shell to φφ, and φ pair production

instead proceeds through an off-shell Higgs, pp→ h∗+X → φφ+X. The cross section for

this process is then suppressed by an additional factor of |cφ|2 as well as two-body phase

space, leading to a rapidly diminishing rate and extremely challenging prospects at the

LHC. Nonetheless, this may be the only avenue for discovering or excluding Higgs Portals

above the kinematic threshold for production via an on-shell Higgs boson.

In this paper we seek to determine the prospects for exclusion or discovery of φ at

the LHC and future colliders when mφ > mh/2. For simplicity we focus on
√
s = 14 TeV

1In this work we will neglect other “portal” couplings to fermions or vector bosons neutral under the

Standard Model. Such interactions are irrelevant (and in the case of vector bosons, not even gauge invariant)

and should often be properly treated by integrating in additional states.
2Throughout we will take cφ as a free parameter with values up to rough perturbative bounds at the

relevant scale. However we do not consider RG effects which may also be interesting for constraining large

couplings by requiring the absence of Landau poles, as these depend sensitively on additional dynamics in

the hidden sector.
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at the LHC and
√
s = 100 TeV at a future pp collider; the sensitivity at lepton colliders

was studied extensively in [14]. Although the possibility of probing Higgs Portal states

via an off-shell Higgs was identified even before Higgs discovery [8, 10], collider studies

to date have been somewhat limited. In [15] the state of existing limits was established

by reinterpretation of LHC searches for invisible Higgs decays at
√
s = 8 TeV in terms

of vector boson fusion, gluon associated production, and Z associated production via an

off-shell Higgs, along with limited projections for
√
s = 14 TeV. Sensitivity to the novel

H-Higgsstrahlung mode has been studied at
√
s = 8 & 14 TeV [16], while sensitivity at√

s = 100 TeV has been broached in a limited study of vector boson fusion production [17].

Further study at
√
s = 14 & 100 TeV is strongly motivated, both to help optimize future

searches at the LHC and to establish the physics case for a future hadron collider.

The most promising channel at pp colliders is vector boson fusion (VBF) production

of φ pairs via an off-shell Higgs boson, leading to a signal with two forward jets and miss-

ing energy. Ancillary channels sensitive to the missing energy signal include gluon fusion

production (ggH) with an associated jet, tt̄ associated production (ttH), Z-Higgsstrahlung

(ZH), and the novel H-Higgsstrahlung (HH) channel giving rise to mono-Higgs plus miss-

ing energy [16]. Each has relative virtues. The cross section for ggH production is largest

at
√
s = 14, 100 TeV but the additional jet requirement and kinematic separation of sig-

nal from background reduces signal significance. The ttH cross section is significantly

smaller but grows substantially at 100 TeV, and the tt̄+ /ET final state has already proven

sensitive to invisible decays of the Higgs boson at 8 TeV [18]. The cross section for ZH

production is among the smallest of the modes and not well separated from the Z + νν

backgrounds, rendering it less promising. The h+ /ET signature of HH production is partic-

ularly interesting, as it directly probes the Higgs Portal interaction, but preliminary study

at
√
s = 8, 14 TeV [16] suggests far less sensitivity than the VBF mode [15].3 Consequently,

the balance of production cross section and background separation provided by VBF render

it the most promising of the channels, but for completeness in this work we will consider

the prospects of VBF, ggH, and ttH searches at
√
s = 14 and 100 TeV.

Note there is also a complementary, indirect means of probing this scenario through

its impact on precision Higgs coupling measurements. The interaction (1.1) leads to shifts

in the Higgs-Z coupling relative to the Standard Model that may be probed through

measurements of the Zh production cross section at future e+e− colliders [19, 20]. Precision

on δσZh is expected to approach the level of ∼ 0.32% at 1σ at circular e+e− colliders such

as CEPC/TLEP [21]. A particularly interesting question is whether significant deviations

in σZh at an e+e− collider may be followed by conclusive evidence for (1.1) at a future pp

collider.

Our paper is organized as follows: we begin in section 2 by reviewing three motivated

scenarios for physics beyond the Standard Model giving rise to Higgs Portal interactions.

This helps to motivate regions of the Higgs Portal parameter space that might be probed by

direct searches. In section 3 we outline our procedure for simulating Higgs Portal searches

3The interpretation of [16] for cφ > 1,mφ . v is also unclear, as in this regime the mono-Higgs final state

accumulates comparable contributions from both single and double insertions of the Higgs Portal interaction.
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at the LHC and future colliders in vector boson fusion, gluon associated production, and tt̄

associated production. In section 4 we present the exclusion and discovery reach for searches

at
√
s = 14 TeV and 100 TeV and discuss the implications for motivated new physics

scenarios. We conclude in section 5 and reserve some of the details of our electroweak

baryogenesis parameterization for appendix A.

2 New physics through the Higgs portal

Although the Higgs Portal is motivated purely as a leading operator through which generic

new physics might couple to the Standard Model, there are a variety of specific scenarios

for physics beyond the Standard Model (BSM) in which Higgs Portal couplings feature

prominently. These scenarios provide a motivated range of masses and couplings against

which we can benchmark the reach of Higgs Portal searches at the LHC and future colliders.

2.1 Electroweak baryogenesis

A particularly motivated scenario for Higgs Portal interactions arises in models of baryo-

genesis aimed at generating the observed asymmetry between baryons and anti-baryons.

The Standard Model famously contains the ingredients necessary for baryogenesis to occur

in principle during the electroweak phase transition, realizing the scenario of electroweak

baryogenesis (EWBG). However, while the ingredients are present for electroweak baryo-

genesis to occur in principle, in practice the parameters of the Standard Model are such

that the electroweak phase transition is too weak to realize the necessary departure from

equilibrium [22]. The phase transition may be rendered sufficiently first-order if the Higgs

couples strongly to additional light degrees of freedom, potentially connecting the Higgs

Portal to EWBG.

The general story of electroweak baryogenesis is well known. In the early universe, one

expects electroweak symmetry to be restored at high temperature [23, 24]. The net baryon

number is zero as any deviation will be washed out by electroweak sphalerons, which are

unsuppressed in the unbroken phase. As the temperature cools to near the critical temper-

ature Tc, the unbroken and broken phase become roughly degenerate. Bubbles of broken

electroweak symmetry begin to form. With sufficient CP violation [25], interactions with

surrounding particles will produce a net baryon number [26–30]. Within the bubble, elec-

troweak symmetry is broken and sphaleron transition rates are highly suppressed, such that

the generated baryon asymmetry is maintained. This requires the Boltzmann suppression

for the sphaleron to be sufficiently high [31]

e−∆Esphaleron/Tc . e−10 (2.1)

Since it is generally difficult to compute the sphaleron energy, one typically approximates

the baryon asymmetry condition by computing the thermal potential and demanding [24]

vc
Tc

& 1.0 (2.2)

where vc is the vacuum expectation of the Higgs field in the broken phase at the critical

temperature. Despite the fact that equation (2.2) is gauge dependent, we will use it as a
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leading order estimate, since even a careful result will still require two-loop calculations in

order to be reliable [31].

In the Standard Model itself, the electroweak phase transition is not strong enough to

satisfy the condition (2.2), requiring BSM states [32–38] or corrections to the SM EFT [39]

to alter the Standard Model effective potential and render the phase transition strongly

first-order. To properly influence the effective potential, the new states must be light

(in order to be relevant during the electroweak phase transition) and relatively strongly

coupled to the Higgs boson (in order to substantially alter the thermal potential). This

raises the tantalizing prospect of discovering or falsifying electroweak baryogenesis through

direct searches at colliders. If the new states possess Standard Model quantum numbers,

they may be readily detected through either direct searches or indirect effects on Higgs

couplings [40, 41]. But singlet scalars coupling through the Higgs portal are also a viable

candidate, with correspondingly weaker prospects for direct and indirect probes. In this

respect it is particularly worthwhile to study the sensitivity of the LHC and future colliders

to singlet-assisted electroweak baryogenesis.

The parameter space of singlet-assisted electroweak baryogenesis was recently consid-

ered in detail in [17] (see also [7, 40, 42–48]), and we will largely follow their discussion

here. There are two possibilities for singlet-assisted electroweak baryogenesis, correspond-

ing to a single-step and a double-step phase transition, respectively. The single-step phase

transition proceeds purely along the Higgs direction, where the role of the singlet(s) is to

correct the Higgs effective potential to render the electroweak phase transition strongly

first-order. The detailed thermal potential calculation and a rough analytic estimate is

presented in appendix A. Alternately, if M2 < 0, the universe can first undergo a transi-

tion to a vacuum along the singlet direction and then proceed to the EWSB vacuum. This

amounts to a tree-level modification of the Higgs potential and can lead to an arbitrarily

strong first-order phase transition. At the level of the Higgs Portal model in (1.1), M2 < 0

corresponds to a runaway direction, but this may be stabilized by a quartic coupling of the

form λφ4 and the strength of the phase transition dialed by adjusting λ. A third possibility

is for a one-step phase transition to proceed via thermal effects as in the MSSM, but this

occurs strictly in the two-step regime.

We illustrate the viable parameter space of EWBG in the Higgs Portal model in fig-

ure 1. A two-step transition may occur in the region corresponding to M2 < 0 (i.e.,

cφv
2 > m2

φ), with the proper ordering of the singlet vacuum and EWPT vacuum achieved

by dialing the quartic λ. For modest negative values of M2 this two-step transition is under

perturbative control, but far in the M2 < 0 region this requires nonperturbatively large λ

where we lack control but cannot definitely rule out EWBG. In the region with M2 > 0 we

plot contours of vc/Tc as a function of cφ and mφ, allowing that EWBG may occur in regions

with vc/Tc & 0.6 given unknown details of baryogenesis during the phase transition. The

details of our calculations in this region are reserved for appendix A. Our results for this

region are in good agreement with the results presented in [17]. This provides a strongly

motivated target for direct searches for Higgs Portal states at the LHC and future colliders.

– 5 –
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Figure 1. Values of vc/Tc as a function of mφ and cφ for singlet-assisted electroweak baryogenesis.

The shaded purple region indicates a runaway for the Higgs Portal model corresponding to M2 < 0,

but the runaway can be stabilized by adding a quartic coupling of the form λφ4. A perturbative

two-step phase transition may then proceed in a ∼ 50 GeV-wide penumbra at the edge of the

shaded purple region, while a two-step transition deeper in the purple region cannot be ruled out

but requires nonperturbatively large values of λ to ensure the EWSB vacuum is deeper than the

singlet vacuum [17].

2.2 Dark matter

Throughout this work we assume that φ is charged under an approximate Z2 such that

it is stable on collider timescales. However if the Z2 symmetry is exact the Higgs Portal

furnishes a dark matter candidate [3–6, 49], adding further motivation to collider searches

for the Higgs Portal above threshold. Higgs Portal dark matter is very predictive in the

sense that if φ is required to provide the entirety of the observed dark matter abundance and

this abundance arises thermally, then for a given mφ the required coupling cφ is determined.

This is shown in the solid black line in figure 2, where it can be seen that requiring the

observed DM abundance leads to relatively small couplings.4 If φ only accounts for some

fraction of the dark matter, or if it is produced non-thermally in the early Universe from

e.g. late decays of some other field, then this requires larger couplings.

4This relic abundance has been calculated using the formulae of [47].
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Figure 2. Contours of relic DM density from freeze-out through the Higgs Portal. Constraints on

the parameter space from the LUX direct detection experiment [50] are shown in dotdashed red

(labelled LUXNT) where an additional assumption is made that in regions where thermal freeze-

out over- or under-produces DM, additional fields and couplings lead to late-time DM dilution or

production to realize the observed density. On the other hand, the solid red line (labelled LUXTH)

and shaded region show the parameter space which is excluded if one only takes the Lagrangian of

eq. (1.1) and the assumption of a standard thermal history. In this case Ωφ ∝ c−2
φ and σn ∝ c2φ

thus the exclusion is almost independent of the coupling, and largely depends only on the mass.

The form of these curves in discussed in the text.

Although it only communicates with the SM via the Higgs sector, current direct detec-

tion experiments are already sensitive to Higgs Portal dark matter. In the dotdashed red

line of figure 2 the current bounds on cφ from the LUX experiment [50] are shown assuming

that φ comprises the entirety of the observed DM abundance. This assumption does not use

the prediction of thermal freeze out for dark matter genesis (the solid black line), thus such

a scenario typically requires either late-time dilution of the DM abundance to ameliorate

over-production due to small couplings, or alternatively late-time DM production to coun-

teract the over-annihilation of DM due to large couplings.5 In this case, since it is always

assumed that φ saturates the local density, regardless of the value of cφ, the direct detection

bound on the cross section will scale approximately as σLimit ∝ mφ, and the predicted cross

section scales as σDD ∝ c2
φ/m

2
φ, thus the limit line scales approximately as cφ,Limit ∝ m3/2

φ .

The complementarity of direct detection and collider probes of Higgs Portal DM can

be understood from some simple scaling arguments whenever a standard thermal history is

assumed with no entropy release or DM production below temperatures T ∼ mφ/20. In this

case regions where φ under-annihilates and is overproduced are excluded by observations.

In regions where it over-annihilates and comprises only some subcomponent of the DM the

direct detection constraints must be re-weighted to account for the reduced abundance and

it must be assumed that some other field makes up the total of the DM abundance. For

5We have used the effective Higgs nucleon coupling fN = 0.29 as found in [51, 52].
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Figure 3. The DM-nucleon scattering cross section weighted by the fractional relic density pre-

dicted by a standard thermal history RDD = σn×ρTH/ρ0 as a function of the Higgs portal coupling

cφ for a variety of masses from 100 GeV < mφ < 225 GeV (black) and 300 GeV < mφ < 500 GeV

(red), in steps of 25 GeV. Masses mφ < 2mh are shown in solid black and mφ > 2mh in dashed

red. Regions where DM is over-produced are not shown. This demonstrates that direct detection

predictions for the Higgs portal with a standard thermal history only depend very weakly on the

coupling and exclusions stronger than σn < O(1 × 10−45cm2) typically exclude the Higgs portal

with a standard thermal history independent of the coupling. The suppression with large coupling

is shown whenever the φ+ φ→ h+ h starts to dominate when kinematically accessible.

mφ < mh the DM annihilates through an s-channel Higgs, thus 〈σv〉 ∝ c2
φ and Ωφh

2 ∝ c−2
φ .

The direct detection cross section scales as σn ∝ c2
φ. Denoting the observed cosmological

dark matter density as ρ0, and the relic density predicted by standard thermal freeze out in

the early Universe by ρTH , then taking the product of this cross section with the relic den-

sity and assuming a standard thermal history in this mass range leads to overall direct de-

tection rates (RDD = σn×ρTH/ρ0) which are largely insensitive to the coupling RDD ∝ c0
φ.

In fact, this is only approximately true as the relic density contains some logarithmic de-

pendence on cφ once the Boltzmann equations are solved, as we will see. Interestingly this

implies that for the Higgs Portal with a thermal history, predicted direct detection rates in

this mass range are almost independent of the Higgs Portal coupling, and the predicted rate

essentially becomes a function of the mass only. The end result is that in regions where DM

would be thermally underproduced the constraints become weaker, as shown in the solid red

line of figure 2. The weak dependence on cφ for the thermal case is also demonstrated in fig-

ure 3 where the cross-section is weighted by the fractional density of Higgs Portal DM from

a standard thermal history to give RDD as a function of cφ. The coupling cφ is varied over

two orders in magnitude, however the direct detection rate predicted by a standard thermal

history only varies by O(10’s%). This demonstrates that over the mass range 100 GeV <

mφ < 500 GeV direct detection exclusions stronger than O(1×10−45cm2) actually exclude

the Higgs portal with a standard thermal history independent of the Higgs portal coupling.

– 8 –
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For mφ > mh annihilation can also proceed into two Higgs bosons, hence for large cφ
we have 〈σv〉 ∝ c4

φ in the limit of large cφ. Now taking the product of thermal abundance

and direct detection cross section we have RDD ∝ c−2
φ . Thus the suppression of relic density

can overcome the enhancement of scattering cross section and a standard thermal history

leads to smaller direct detection rates for larger couplings, as demonstrated in figure 3 .

On the other hand, the collider cross sections scale as c2
φ, with the exception of mono-Higgs

signals which scale as a polynomial up to c4
φ, where the c4

φ component comes from diagrams

where there is Higgs boson Bremsstrahlung off a final state φ (at parton level the diagram

is gg → h∗ → φφ∗ → φφh).

The Higgs Portal ties together aspects of cosmology and collider physics, allowing for

very different probes of this coupling depending on the symmetry structure, mass, and

thermal history of the Universe. This interplay strongly motivates exploring the Higgs

Portal over the widest mass range achievable.

2.3 Neutral naturalness

Electroweak naturalness provides another motivation for the existence of neutral weak-

scale scalars with large Higgs Portal couplings. Although most solutions to the hierarchy

problem involve new states charged under the Standard Model, it is entirely possible that

the weak scale is protected by additional degrees of freedom that are neutral under the

Standard Model and couple exclusively through the Higgs Portal. Such states arise in the

mirror twin Higgs [53] and orbifold Higgs [54] models, and more generally are consistent

with a bottom-up approach to naturalness [20].

A concrete, UV-complete realization of a Higgs Portal scenario relating to electroweak

naturalness arises in the supersymmetric completion of the twin Higgs [53, 55, 56]. Here

the weak scale enjoys double protection from the approximate global symmetry of the twin

Higgs mechanism as well as spontaneously broken supersymmetry. The role of the top

partner is shared among the conventional supersymmetric partners of the top quark (the

t̃L, t̃R), the SM-neutral fermionic top partners of the twin Higgs (the t′, t̄′), and the scalar

superpartners of the t′s (the t̃′L, t̃
′
R). Both the t′ and the t̃′ are pure singlets under the

Standard Model and couple uniquely through the Higgs Portal. In particular, the scalars

t̃′ inherit a coupling to the physical SM-like Higgs h precisely of the form

L ⊃ |yt|2vh(|t̃′L|2 + |t̃′R|2) +
1

2
|yt|2h2(|t̃′L|2 + |t̃′R|2) +O(v2/f2) (2.3)

where f � v is the order parameter of global symmetry breaking in the twin Higgs. Here

the sign of the coupling corresponds to double protection; the t̃′ serve to compensate for

radiative corrections coming from the t̃ and t′. The t̃′L,R comprise six complex scalars in

total, each with O(y2
t ) Higgs Portal coupling. If these states are approximately degenerate,

then from the perspective of collider phenomenology this is equivalent to one real scalar

with |cφ| =
√

3|yt|2 ∼ 1.7. Although the detailed naturalness of this scenario depends on

the mass scales of the t̃, t′, and t̃′, in general naturalness favors the t̃′ as close to the weak

scale as possible.
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3 Searching for the Higgs portal at pp colliders

Having motivated the parameter space for Higgs Portal interactions in a variety of scenarios,

we now turn to pp-collider studies for the Higgs Portal model (1.1) in various channels of

interest at
√
s = 14 & 100 TeV. In this section we describe our collider simulation for

searches involving vector boson fusion, monojet, and tt̄ associated production, reserving a

discussion of the results for section 4.

For the signal events, we implement the model in FeynRules, setting mh = 125 GeV.

Events are then generated at leading order using MadGraph5 v1.5.8 [57], fixing cφ = 1 and

varying values of mφ. We infer results for cφ 6= 1 subsequently, by rescaling the signal cross

section by |cφ|2. We also simulate the primary backgrounds in MadGraph5. For both signal

and backgrounds, the events are showered and hadronized using Pythia 8.186 [58], tune

4C. Detector simulation is performed using Delphes v3.1.2 with the default CMS detector

card (for 14 TeV) and the Snowmass detector card [59] (for 100 TeV). Jets are clustered

using the anti-kT algorithm [60], as implemented in FastJet v3.0.6 [61], with a cone size

of R = 0.5. All jets are required to have pTj > 30 GeV. The lepton isolation criterion in

Delphes is defined as RelIso ≡ pcone
T /pT` < 0.1, where pcone

T is the sum of hadronic pT
within a cone of R = 0.3 of the lepton. A minimal pT cut of 10 GeV is applied for all leptons.

3.1 The Higgs portal in /ET + vector boson fusion

We begin with vector boson fusion, which we expect will be the primary discovery channel

for scalars coupling through the Higgs Portal. The topology for this process is identical

to that of an invisibly-decaying Higgs produced via vector boson fusion, save that now the

intermediate Higgs is pushed off-shell. The final state is φφjj with forward jets, while the

primary backgrounds to this process are Z+jets, W+jets, tt̄ + jets, and QCD multijets.

For this search we simulate Zjj and Wjj matched up to one additional jet and tt̄ matched

up to two additional jets. We do not simulate QCD multijets due to the usual challenges

of reliably simulating multijet production, but we adopt a cut flow designed to minimize

QCD multijet backgrounds.

After requiring at least two jets in the event, we apply the following baseline cuts

pTj1(2) > 50 GeV |ηj1(2) | < 4.7 (3.1)

ηj1ηj2 < 0 |ηj1 − ηj2 | > 4.2 (3.2)

In addition to these cuts, we veto events containing an isolated e± or µ±, using the isolation

requirement as defined earlier. We also apply a central-jet veto by vetoing events containing

a third jet with pTj > 30 GeV and min ηj1,2 < ηj3 < max ηj1,2 . To isolate the signal, we

apply both a dijet invariant mass cut and a /ET cut:

√
(pj1 + pj1)2 > M∗jj /ET > /E

∗
T (3.3)

Here, M∗jj and /E
∗
T are partially optimized values for the dijet invariant mass and /ET cuts,

chosen at each value of mφ, so as to maximize S/
√
B. Finally, a cut on the azimuthal angle

between /ET and jets is imposed by demanding |∆φ/ET ,j | > 0.5. This cut has negligible
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Figure 4. An example of the loop processes contributing to the /ET +j signal from gluon associated

production at hadron colliders.

[ ]

=

[ ]

=

Figure 5. The ratio of the differential cross section for j + /ET for the full one-loop result relative

to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When pT ∼ 2mt there

can be an O(1) enhancement due to the top mass threshold in the loop. At higher pT > 2mT the

HEFT calculation may overestimate the signal rate significantly.

effects on the results in our case, but is included to ensure that QCD backgrounds are

sufficiently suppressed in realistic scenarios.

For
√
s = 14 TeV we attempt to account for the anticipated effects of pileup. We

simulate pile-up events by overlaying Na soft-QCD events, drawn from a Poisson distri-

bution with mean 〈N〉PU = 100, for each event a. The soft-QCD events are generated in

Pythia 8.186 [58]. We find that the inclusion of pileup in this manner roughly decreases

the significance by a factor of 2− 3 across different values of mφ. Given that the expected

pileup and performance of jet-grooming algorithms is entirely unknown for future colliders,

we do not estimate the effects of pileup at
√
s = 100 TeV.

3.2 The Higgs portal in /ET + j associated production

Next, we consider the sensitivity of searches for the Higgs Portal in the j + /ET channel

via gluon fusion with an associated jet. A sample diagram for this channel is depicted in

figure 4. Although this channel sets a sub-leading limit at
√
s = 8 TeV [15], the increasing

gluon partonic luminosity at higher center-of-mass energies makes it a promising channel

for future colliders. The primary backgrounds for this process are again Z+jets, W+jets,

tt̄ + jets, and QCD multijets. Here we simulate Zj and Wj matched up to one additional

jet and tt̄ matched up to two additional jets, and again do not simulate QCD multijets but

adopt a cut flow designed to minimize this background.
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As
√
s� 2mt for the majority of signal events, the HEFT calculation of gg → gh∗ →

gφφ (which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this

we perform a pT -dependent reweighting of signal events generated using the HEFT in

MadGraph5.6 For the reweighting factor the differential cross section for gg → gφφ was

calculated from the cross section for gg → gh∗ using the factorization of phase space due

to the scalar Higgs propagator

dσL,EFTgg→gφφ(mφ)

dpT
=

∫ ∞

4m2
φ

c2
φ

8π2

v2

(s̃−m2
h)2

√

1−
4m2

φ

s̃

dσL,EFTgg→gh∗

dpT
d
√
s̃ , (3.4)

where the superscripts ‘L’ and ‘EFT’ denote the one loop and EFT cross sections and

v = 246 GeV. These parton-level cross sections were convoluted with the MSTW pdfs [64]

to determine the proton-proton differential cross section. In a given pT -bin the reweighting

factor is defined as

R(pmin
T , pmax

T ,mφ) =

∫ pmax
T

pmin
T

dpT
dσLpp→gφφ(mφ)

dpT

∫ pmax
T

pmin
T

dpT
dσEFTpp→gφφ(mφ)

dpT

(3.5)

The EFT cross section σEFTgg→gh∗ was calculated using the results of [65, 66] and the cross

section incorporating the full loop functions, σLgg→gh∗ , was calculated using the FeynArts,

FormCalc, and LoopTools suite of packages [67, 68]. The renormalization and factor-

ization scales were set to the partonic CM energy. In the limit of small partonic CM

energy it was checked that the partonic EFT and loop calculations match as expected. As

demonstrated in figure 5, for high CM energies the EFT may overestimate the cross section

significantly, thus the suppression factor is significant. Also, when processes at
√
s ∼ 2mt

contribute significantly to the signal phase space the EFT calculation may underestimate

the signal by O(10’s%).

To investigate the search sensitivity in this channel, we require at least one jet in the

event and apply the following cuts to signal and background at
√
s = 14, 100 TeV:

pTj1 > 110 GeV |ηj1 | < 2.4 /ET > 300 GeV (3.6)

The restrictive ηj1 cut is chosen pragmatically to expedite the calculation of re-weighting

factors, and in practice could be relaxed. Since we do not have enough computational power

for generating enough QCD background events, we include an additional jet veto analogous

to the ones applied in CMS monojet searches [69]. A second jet with pTj2 > 30 GeV

is allowed as long as ∆Rj1,j2 < 2.4, otherwise the event is vetoed. Events containing

additional jets with pTj > 30 GeV are vetoed, as are events containing an isolated lepton

candidate. It is possible that QCD multi-jet backgrounds at
√
s = 100 TeV will favor

harder /ET cuts than those applied here, but reliable simulation of such backgrounds is

beyond the capacity of this study.

To compensate for inadequacies in the HEFT approximation in the event generation,

we finally apply the appropriate re-weighting factors as defined in (3.5). Due to the rela-

tively rapid fall-off of the jet pT spectrum in the re-weighted signal events, no meaningful

6For other recent approaches to this problem, see [62, 63].
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improvement of signal significance can be obtained from applying harder pT and /ET cuts

to the simulated backgrounds as a function of mφ.

3.3 The Higgs portal in /ET + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄+ /ET channel.

This channel sets a promising limit on invisible Higgs decays at
√
s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

There are three distinct collider signatures for the signal due to the various tt̄ de-

cay modes: fully hadronic, fully leptonic and semi-leptonic. The fully hadronic channel

leads to multiple jets with /ET , and the main background is expected to be QCD with jet

mismeasurements. The expected reach in this channel is heavily dependent on detector

performances and systematic uncertainties in the multijet QCD background, and thus we

ignore such a signal channel for a more conservative estimate for the signal reach. The fully

dileptonic channel leads to two isolated leptons along with two b−jets and /ET . The most

dominant background comes from di-leptonic tt̄. In both the signal and the background,

there are multiple sources of /ET , rendering standard kinematic variables ineffective. It

may be possible to use more general kinematic variables such as MT2 [70] for additional

background discrimination, which we did not consider as it is beyond the scope of this

paper. Given the small di-leptonic branching ratio and the lack of distinctive kinematic

handles, we ignore this signal channel in our studies. The semi-leptonic channel is the most

promising one. The signal leads to 4-jets in addition to an isolated lepton and /ET . The

dominant backgrounds are tt̄+jets and W+jets, with one W decaying leptonically. For the

background, the transverse mass, MT , from the lepton and /ET is constrainted to be less

than mW , providing a strong handle for background discrimination. In our analysis, we

also utilize the MW
T2 variable for suppressing extra /ET from jet mismeasurement [71].

To improve background statistics, we separately simulate semi-leptonic and di-leptonic

decays for the SM tt̄ background matched up to two additional jets, while we simulate

leptonic Wjj matched up to two additional jets. To extract the sensitivity in this channel,

we first apply the following requirements:

njet ≥ 4 |ηj1,2,3,4 | < 2.4 /ET > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ± with

P `T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and /ET is constrained to MT > 200 GeV and that MW
T2 > 200 GeV.

4 Results and discussion

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in sections 3.1, 3.2, and 3.3. For
√
s = 14 TeV we assume an integrated luminosity

of 3 ab−1. For
√
s = 100 TeV we consider scenarios with 3 ab−1 and 30 ab−1, respectively.
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Figure 6. Left: 95% exclusion reach in all three channels at
√
s = 14 TeV determined from

S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and monojet

channels at
√
s = 14 TeV determined from S/

√
B = 5, again neglecting systematic errors.

100 200 300 400 500 600

mφ (GeV)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

|c φ
|

√
s = 100 TeV, 3 ab−1

95% Exclusion

VBF

ggH

tt̄H

100 200 300 400 500 600

mφ (GeV)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

|c φ
|

√
s = 100 TeV, 3 ab−1

5σ Discovery

VBF

ggH

tt̄H

Figure 7. Left: 95% exclusion reach in all three channels with 3 ab−1 at
√
s = 100 TeV determined

from S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels with 3 ab−1 at
√
s = 100 TeV determined from S/

√
B = 5, again neglecting

systematic errors.

We compute the significance of a search in terms of signal events S and background events

B passing cuts as

Exclusion Sign. =
S√
S +B

Discovery Sign. =
S√
B

(4.1)

neglecting systematic uncertainties in the signal and background estimates. In principle,

systematic uncertainties in background determination could have a substantial impact at√
s = 100 TeV since S/B is quite small. However, in practice one expects data-driven deter-

mination of Z+jets and other backgrounds to substantially lower systematic uncertainties

by the 100 TeV era.
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Figure 8. Left: 95% exclusion reach in all three channels with 30 ab−1 at
√
s = 100 TeV determined

from S/
√
S +B = 1.96, neglecting systematic errors. Right: 5σ discovery reach in the VBF and

monojet channels with 30 ab−1 at
√
s = 100 TeV determined from S/

√
B = 5, again neglecting

systematic errors.
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Figure 9. Left: approximate 95% exclusion reach from the combination of VBF, ggH and tt̄H

channels with 3 ab−1 at
√
s = 14 and 3, 30 ab−1 at

√
s = 100 TeV determined from S/

√
B = 1.96,

neglecting systematic errors and correlations between channels. Right: approximate 5σ discovery

reach from the same combination at
√
s = 14, 100 TeV.

Results for the exclusion and discovery reach of the VBF, monojet, and tt̄ searches at√
s = 14 TeV are presented in figure 6. For the VBF channel at 14 TeV, our preliminary

study of pileup effects indicates that S/
√
B is reduced approximately by a factor of 2 − 3

for 〈N〉PU ∼ 100. This may potentially be mitigated through the use of next-generation

jet-grooming algorithms (see for example [72–74]). As expected, all three channels im-

prove significantly over the
√
s = 8 TeV VBF reach, while the VBF channel substantially

outperforms the monojet and tt̄ channels at
√
s = 14 TeV.
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The corresponding results for VBF, monojet, and tt̄ searches at
√
s = 100 TeV are

presented in figures 7 and 8 for the 3 ab−1 and 30 ab−1 scenarios, respectively. Here we

do not include pileup estimates, as the operating parameters and efficacy of jet-grooming

algorithms are entirely unknown. The reach of the VBF search is in fairly good agreement

with the simplified analysis in [17], with a modest reduction in sensitivity due to the

additional backgrounds considered here. Surprisingly, at
√
s = 100 TeV the monojet search

exhibits more comparable sensitivity to the VBF search for mφ . 200 GeV, due in part to

the effects of increased gluon PDF luminosity and the relatively low jet pT cuts relative

to the center of mass energy. We caution that some of this sensitivity may be an artifact

of our fixed-order calculation for the monojet signal, and furthermore neglects possible

contributions from QCD multijet backgrounds that may be appreciable in this case. On the

other hand, we have not included a K-factor for gluon fusion associated production, which

would further enhance sensitivity. On the whole, our results suggest that the monojet

+ missing energy channel may be useful at
√
s = 100 TeV and warrants further study.

In contrast, the tt̄ associated production search demonstrates relatively poor sensitivity,

though there is substantial room for improvement through the use of more sophisticated

discriminating variables such as hadronic chi-square [75].

To estimate the reach of a concerted Higgs Portal search program, we present the

approximate combined reach of VBF, monojet, and tt̄ searches at
√
s = 14 and 100 TeV in

figure 9. We obtain the combination by adding the significance of the VBF, monojet, and

tt̄ channels in quadrature, neglecting possible correlations between the two channels.

4.1 Implications for new physics

Although any reach in the Higgs Portal parameter space is valuable, it is useful to compare

the exclusion and discovery reach of searches for Higgs Portal states at pp colliders to the

range of masses and couplings motivated by the BSM scenarios discussed in section 2. In

figure 10 the combined reach at 100 TeV for both 3 and 30 ab−1 is shown relative to both

the reach of Higgs coupling measurements at a circular e+e− collider and the motivated

parameter space for electroweak baryogenesis, dark matter, and neutral naturalness.

In the case of singlet-assisted electroweak baryogenesis, the combined 2σ exclusion

reach at
√
s = 100 TeV with 30 ab−1 covers most of the region of the double-step phase

transition. While we cannot decisively exclude some parts of the double-step phase transi-

tion or the single-step phase transition with our analysis, there is clearly some sensitivity

throughout the region of viable EWBG as evidenced by the 1σ exclusion contour. Given

this sensitivity, it may well be that optimized searches at 100 TeV can conclusively ex-

clude (or possibly discover) the scenario. To the extent that this represents the most

observationally-challenging scenario for a strongly first-order phase transition, a 100 TeV

collider may be well-positioned to decisively settle the question of electroweak baryogenesis.

In the case of dark matter, collider searches for Higgs Portal states are not competitive

with dark matter direct detection for small couplings, but at cφ & 1 can exceed the exclu-

sion and discovery reach of the LUX direct detection experiment when the Higgs portal

state possesses its natural thermal abundance. In the event of a signal in future direct

detection experiments, this also suggests that direct evidence for Higgs Portal states may
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Figure 10. Combined reach of direct searches in VBF, ggH and tt̄H channels at
√
s = 100 TeV for

3 ab−1 (left) and 30 ab−1 (right) compared to select parameter spaces for motivated Higgs Portal

scenarios. In each plot the red lines denotes the 1σ exclusion, 2σ exclusion, and 5σ discovery reach

from direct searches at
√
s = 100 TeV. The region to the left of the green (yellow) line denotes

the LUX exclusion for Higgs Portal dark matter with thermal (non-thermal) abundance given by

cφ,mφ. The region to the left of the dark blue line denotes the possible parameter space for two-

step baryogenesis, while the region between the light blue and dark blue lines denotes the possible

parameter space for one-step baryogenesis (defined by vc/Tc ≥ 0.6). The purple line denotes the

2σ contour for δσZh at a future e+e− circular collider such as TLEP. The dashed gray line denotes

the effective coupling of six complex scalar top partners.

be obtained through searches at colliders. From these findings we are led to a strong sense

of complementarity between direct detection and collider probes of the Higgs Portal.

• If the Z2 symmetry is exact and a saturation of the observed DM density is assumed

(which may require a non-thermal history), then direct detection probes are likely to

be most sensitive.

• If the Z2 symmetry is exact and a standard thermal history is assumed then in

regions where Ωφ ≤ ΩDM colliders and direct detection experiments are likely to

be complementary probes, sensitive to different parameter regions due to a different

scaling behavior with the portal coupling cφ.

• If the Z2 symmetry is approximate and only stabilizes φ on the timescale τ & 10−8s

but is allowed to decay in the early Universe, or if the Z2 symmetry is exact but φ

has hidden sector decays to other neutral states then colliders are the only probes of

the Higgs Portal coupling, above or below threshold.

In the case of neutral naturalness, the 2σ exclusion reach extends out to neutral top

partners with mφ ∼ 300 GeV with 30 ab−1 at
√
s = 100 TeV. This corresponds to a fine-

tuning of the weak scale on the order of 30% from the neutral top partners alone [54], and in

complete models with neutral top partners the fine-tuning is expected to be considerably

– 17 –



J
H
E
P
0
2
(
2
0
1
6
)
1
2
7

worse. Considering that this scenario represents the worst-case scenario for electroweak

naturalness (from the perspective of collider signatures), pushing naturalness to the 30%

level in this case represents an impressive achievement.

Finally, we can compare the combined reach at 100 TeV to the sensitivity of indirect

probes of the Higgs Portal via shifts in the Zh production cross section. The leading order

shift due to (1.1) is [19, 20]

δσZh =
|cφ|2
8π2

v2

m2
h

(
1 +

1

4
√
τφ(τφ − 1)

log

[
1− 2τφ − 2

√
τφ(τφ − 1)

1− 2τφ + 2
√
τφ(τφ − 1)

])
(4.2)

where τφ = m2
h/4m

2
φ and δσZh = (σZh − σSM

Zh )/σSM
Zh . In figure 10 we compare the 2σ reach

at a future e+e− machine such as CEPC/TLEP to the 2σ exclusion reach and 5σ discovery

reach at a 100 TeV pp machine, with an eye towards determining whether observed devia-

tions in the Zh cross section may lead to the discovery of new singlet states. We use the

Snowmass projections for TLEP sensitivity at
√
s = 240 GeV [21]. The 2σ exclusion reach

of a 100 TeV machine is comparable to the equivalent reach at a circular e+e− throughout

the parameter space under consideration, with direct searches performing better at small

couplings and Zh precision performing better at larger coupings. Compellingly, we find

that the 5σ discovery reach at a 100 TeV pp machine with 30 ab−1 also exceeds the 2σ reach

at a circular e+e− collider up to mφ ∼ 200 GeV, making a 100 TeV pp machine a powerful

tool for direct discovery of a high-mass Higgs Portal in the event of suggestive hints in

precision Higgs coupling measurements. Moreover, it implies that for mφ . 200 GeV, a

100 TeV machine is capable of discovering a high-mass Higgs Portal even in the absence of

suggestive deviations in precision Higgs measurements.

5 Conclusions

The discovery of the Higgs boson brings forth qualitatively new opportunities in the search

for physics beyond the Standard Model. The Higgs Portal is one of the most salient

such opportunities. While efforts so far have focused on the production of Higgs Portal

states through the decay of an on-shell Higgs, the complementary case of producing heavier

states via an off-shell Higgs is relatively unexplored. In this paper we have commenced the

systematic study of sensitivity to Higgs Portal states above threshold at both the LHC and

potential future 100 TeV colliders. We have considered optimized searches in a variety of

associated production modes, including vector boson fusion, gluon associated production,

and tt̄ associated production. We have taken particular care to correctly treat the effects of

departure from the EFT limit in gluon associated production by appropriately re-weighting

the results of leading-order HEFT Monte Carlo simulation.

Although the reach at 14 TeV is necessarily limited, there is nonetheless sufficient sen-

sitivity to warrant optimized searches for heavy Higgs Portal states at Run 2. Searches

at 100 TeV have the potential to substantially explore the Higgs Portal in regions of pa-

rameter space strongly motivated by physics beyond the Standard Model. In particular,

regions motivated by dark matter, electroweak baryogenesis, and neutral naturalness can

be effectively covered by searches for off-shell associated production of the Higgs. At the
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level of our analysis, the most promising channel appears to be vector boson fusion, but

gluon- and tt̄-associated production may also contribute substantial significance. The per-

formance of mono-Higgs searches at 100 TeV, which we have omitted here, warrants further

study. Searches in these channels also have the potential to directly discover or exclude

Higgs Portal explanations of possible deviations in precision Higgs coupling measurements.
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A Electroweak baryogenesis

In this appendix we sketch the details of our calculation of the viable parameter space for

singlet-assisted electroweak baryogenesis. We work in the Lorentz gauge, where the gauge

fixing parameter is ξ = 1. The one-loop potential will include physical particles as well as

goldstone bosons. The thermal potential is given by

V (h, T ) = Vtree + VCW + Vthermal + Vresum (A.1)

where Vtree = −µ2h2/2 +λh4/4. VCW is the one-loop zero temperature Coleman-Weinberg

potential given by

VCW =
∑

i

(−1)F

64π2
m4
i (h)

(
log

m2
i (h)

m2
i (v)

− 3

2
+

2m2
i (v)

m2
i (h)

)
(A.2)

where the sum is over all degrees of freedom. The thermal potential is given by

Vthermal = T 4
∑

i

JF,B(mi(h)/T ) = T 4
∑

i

(−1)F

2π2

∫ ∞

0
dxx2 log

[
1− (−1)F e

√
x2+m2

i (h)/T 2
]

(A.3)

In practical calculations, we expand the thermal integral JF,B(x) up to order x6 in the small

x limit matched to bessel functions at large x. At larger temperature, there are infrared

divergences that need to be resummed. The leading order resummed term is given by

Vresum(h, T ) =
∑

i∈Boson

T

12π
Tr
[
m3
i (h) + Π

3/2
i − (m2

i (h) + Πi)
3/2
]

(A.4)

where Πi are the thermal masses. They are non-zero only for the higgs boson, goldstone,

longitudinal gauge bosons and the φ scalar. The Πi are given by

Πh = ΠGoldstone = T 2

(
3

16
g2 +

1

16
g′2 +

1

4
y2
t +

1

2
λ+

1

12
cφ

)
(A.5)

ΠS =
T 2

3
cφ ΠWL

= T 2 11

6
g2 ΠBL = T 2 11

6
g′2 .
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A.1 Analytic treatment

Given that the thermal potential is a non-analytic function of v, the dependence of the

order parameter vc/Tc on new physics is in general very complicated. Nevertheless, one

can gain some analytic understanding by studying a simplified toy example. To this end,

we follow reference [41] and consider the case of one singlet φ coupling to the Higgs, with

m2
φ = cφv

2. Ignoring all the other SM interactions, and taking the large T limit, the

thermal part of the higgs potential, Vthermal(h), can be approximated by

Vthermal(φ) '
m2
φ(h)T 2

24
−
m3
φ(h)T

12π
. (A.6)

If we ignore all the one-loop SM contribution and daisy resummation (i.e. approximating

V (h, T ) ≈ Vtree + Vthermal), vc/Tc can be computed analytically, and the condition for a a

strong first order phase transition translates to

vc
Tc

=

√
c3
φ

6πλ
' 0.4

√
c3
φ & 1 . (A.7)

We see that quite a large coupling cφ = 1.8 (equivalent to mφ = 330 GeV) is required

for baryogenesis. It is important to note that in our toy example, we have ignored many

contributions that would significantly alter the analysis. One important effect is the cubic

term in Vresum, which cancels with the one in Vthermal. First order phase transition will then

be mainly driven by a non-analytic term ∼ (m2
φ(h) + Πφ)3/2, which leads to substantially

smaller vc/Tc. This is consistent with figure 1 as a strong first order phase transition

requires cφ & 2.5. A more problematic issue with the analytic estimate is the break down of

the higher temperature approximation. Strong first order phase transition requires vc ∼ Tc,
implying that higher order terms in h in the potential will become more important. A full

numerical calculation would be needed to compute vc/Tc reliably.
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