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The Origin of Matter 

Explaining the origin, identity, and relative fractions of 
the cosmic energy budget is one of the most compelling 
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Questions for this talk: 

!  What were the character and dynamics of EWSB? 

!  Could they have facilitated baryogenesis ? 

!  If so, what are the experimental signatures ? 
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•  EWB in a Nutshell 
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I. EWB in a Nutshell 
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present

– 6 –
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a
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operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present

– 6 –

Tree-level 
barrier 

Modify TC 



EW Phase Transition: Singlets 

< φ > 

•  Tree-level barrier     

•  Possible lower TC : better for 
baryogenesis 

2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present

– 6 –

Tree-level 
barrier 

Modify TC 

•  Two Higgs-like mixed states   

•  Modified SM-like Higgs self-coupling 

•  Reduced SM-like Higgs signal 
strength 

•  Resonant di-Higgs production 

•  Exotic decays 



EWPT & LHC Phenomenology 
Signatures  m2 > 2 m1 

 m1 > 2 m2 

Light: all models 
Black: LEP allowed 

Profumo, R-M, Shaugnessy 
JHEP 0708 (2007) 010; 
arXiv: 0705.2425 

Scan: EWPT-viable 
model parameters 



EWPT & LHC Phenomenology 
Signatures  m2 > 2 m1 

 m1 > 2 m2 

Light: all models 
Black: LEP allowed 

Scan: EWPT-viable 
model parameters 

 LHC exotic final 
states: 4b-jets, 
γγ + 2 b-jets… 

€ 

h2

€ 

h1

€ 

h2

€ 

h1

€ 

h2

€ 

h1€ 

b

€ 

b 

€ 

γ

€ 

γ

Scan: EWPT-viable 
model parameters 

 LHC: reduced    
BR(h      SM) 

Profumo, R-M, Shaugnessy 
JHEP 0708 (2007) 010; 
arXiv: 0705.2425 

Mixed States: 
Precision Higgs 
studies 



EWPT & LHC Phenomenology 
Signatures  m2 > 2 m1 

 m1 > 2 m2 

Light: all models 
Black: LEP allowed 

Scan: EWPT-viable 
model parameters 

 LHC exotic final 
states: 4b-jets, 
γγ + 2 b-jets… 

€ 

h2

€ 

h1

€ 

h2

€ 

h1

€ 

h2

€ 

h1€ 

b

€ 

b 

€ 

γ

€ 

γ

Scan: EWPT-viable 
model parameters 

 LHC: reduced    
BR(h      SM) •  Modified Higgs couplings 

due to mixing 
•  2nd mixed state 

Profumo, R-M, Shaugnessy 
JHEP 0708 (2007) 010; 
arXiv: 0705.2425 

Mixed States: 
Precision Higgs 
studies 



EWPT & LHC Phenomenology 
Signatures  m2 > 2 m1 

 m1 > 2 m2 

Light: all models 
Black: LEP allowed 

Scan: EWPT-viable 
model parameters Mixed States: 

Precision Higgs 
studies 

•  Modified Higgs couplings 
due to mixing 

•  2nd mixed state 

Profumo, R-M, Shaugnessy 
JHEP 0708 (2007) 010; 
arXiv: 0705.2425 



EWPT & Singlets: Higgs Self-Coupling 
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present
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The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a
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have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.
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parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for
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at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.
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h2 → h1h1 tt̄ Z bb̄ Z jj

bb̄τlepτhad bb̄ℓτhad bb̄τlepτhad bb̄τlepτhad jjτlepτhad
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
mℓ

T < 30 GeV 3.44 30.9 11.1 24.4 1.90
h1-mass: 110 GeV < mcoll

ττ < 150 GeV 1.56 4.97 2.05 4.92 0.38
Emiss

T < 50 GeV 1.37 3.31 0.87 4.29 0.36
h2-mass: 230 GeV < mcoll

bbττ < 300 GeV 1.29 0.39 0.17 1.21 0.13

TABLE IV: Event selection and background reduction for the bb̄τlepτhad channel in the un-boosted benchmark scenario. We
show the NLO cross section (in fb) for the signal h2 → h1h1 → bb̄τlepτhad and the relevant backgrounds tt̄ → bb̄τlepτhad, bb̄ℓτhad,
Z bb̄ → bb̄τlepτhad and Z jj → jjτlepτhad after successive cuts (same efficiency and face rate assumptions as in Table II).

h2 → h1h1 tt̄ Z bb̄ Z jj

bb̄τlepτhad bb̄ℓτhad bb̄τlepτhad bb̄τlepτhad jjτlepτhad
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
|P⃗ bb

T | > 110 GeV 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
mℓ

T < 30 GeV 1.46 18.4 5.64 4.02 0.051
h1-mass: 110 GeV < mcoll

ττ < 150 GeV 1.05 4.2 1.26 0.30 0.003
25 GeV < Emiss

T < 90 GeV 0.76 2.93 0.75 0.23 0.002
h2-mass: 330 GeV < mcoll

bbττ < 400 GeV 0.63 0.60 0.15 0.026 < 0.001

TABLE V: Event selection and background reduction for the bb̄τlepτhad channel in the boosted benchmark scenario (same
efficiency and face rate assumptions as in Table II).
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FIG. 7: Normalized Emiss
T distribution after event selection

(before cuts) for signal and background (“τlepτlep”)

events (largely dominated by tt̄ production), we cut on
the transverse mass of the lepton (see Fig. 8)

mℓ
T =

!

2pℓTE
miss
T (1 − cosφℓ,miss) < 30 GeV (13)

with φℓ,miss being the azimuthal angle between the di-
rection of missing energy and the lepton transverse mo-
mentum.

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 τlepτlep channel, the various cuts allow one to greatly
suppress the backgrounds and increase the signal signifi-
cance. For the τlepτhad channel, since it is not possible to
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 dis-
tributions for mcoll

ττ and mcoll
bbττ 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 re-
quired integrated luminosity is slightly higher, ∼ 90 fb−1.
This channel therefore appears to be promising both for
the boosted and unboosted regimes.
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D. Hadronic (τhadτhad) final states.

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 require-
ments on the τ leptons and b-jets as in the other chan-
nels: 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 ob-

tain S/
√
S +B ∼ 5 with ∼ 100 fb−1 in the hadronic

channel for both the unboosted and boosted benchmark
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FIG. 10: Normalized mcoll
bbττ distribution for signal and back-

ground (“τlepτhad”).

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 multi-
jet or bb̄jj production, where the jets fake a hadronically
decaying τ lepton. The reason is the difficulty of reli-
ably quantifying the jet fake rate for these events, which
while being under 5%, depends strongly on the character-
istics of the jet [40]. While we do not expect this class of
background contamination to be an impediment to signal
observation in the τhadτhad 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 impor-
tant implications not only for our understanding of the
mechanism of electroweak symmetry-breaking but also
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 distinc-
tive signatures at the LHC associated with either mod-
ifications 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
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D. Hadronic (τhadτhad) final states.

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 require-
ments on the τ leptons and b-jets as in the other chan-
nels: 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 ob-

tain S/
√
S +B ∼ 5 with ∼ 100 fb−1 in the hadronic

channel for both the unboosted and boosted benchmark
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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 multi-
jet or bb̄jj production, where the jets fake a hadronically
decaying τ lepton. The reason is the difficulty of reli-
ably quantifying the jet fake rate for these events, which
while being under 5%, depends strongly on the character-
istics of the jet [40]. While we do not expect this class of
background contamination to be an impediment to signal
observation in the τhadτhad 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 impor-
tant implications not only for our understanding of the
mechanism of electroweak symmetry-breaking but also
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 distinc-
tive signatures at the LHC associated with either mod-
ifications 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
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
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where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present
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2.2 Tree-level interactions

The introduction of additional Higgs-scalar interactions leads to a number of possibilities for a

SFOEWPT, including new patterns of EWSB where the occurrence of multi-step transitions

to the present electroweak phase may entail such transitions. At the level of renormalizable

operators, a broad range of possibilities are embodied in the Higgs portal interactions

V (H,φ) ⊃ a1H
†φH +

a2

2
H†Hφ†φ , (2.4)

where φ may transform as either a singlet or non-singlet under SM gauge symmetries. The

simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence

of the two operators in Eq. (2.4) implies the existence of two mass eigenstates h1,2 that are

doublet-singlet mixtures. For the dynamics of the transition, for a1 < 0, the cubic interaction

introduces a tree-level barrier, effectively increasing E. The presence of a non-vanishing a2

may lead to a reduction in the value of λ̄ and a reduction in TC . For a2 > 0, the presence

of an additional contribution to the mass of the SM-like Higgs state (denoted here h1) allows

the the doublet quartic self-coupling to be smaller than in the SM, thereby allowing for a

reduction in both λ̄ and TC . For a2 < 0, one finds a direct reduction in λ̄. These features

have been analyzed in a general fashion in Refs. refs, while specific model realizations in the

NMSSM have been studied in Refs. Refs.

For φ transforming non-trivially under SU(2)L, the constraints on the electroweak ρ-

parameter imply that the vev of the neutral component of φ must be small. As the latter is

proportional to a1, the corresponding tree-level barrier between the symmetric and present

electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for

suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps

at temperature T1, the neutral component of φ gets a vev while the doublet vev vanishes. At

T2 < T1, a second transition occurs to the vacuum with vanishingly small neutral φ vev and

non-vanishing doublet vev. The first transition may be strongly first order, and in this phase

sphaleron transitions are suppressed since φ transforms non-trivially under SU(2)L. The

matter-antimatter asymmetry may be produced during this first step and preserved during

the transition at T2. A concrete realization of this possibility for φ being a real SU(2)L triplet

has been analyzed in Ref. Patel. The corresponding shape of the potential is illustrated in

Fig. 2.

Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs

self-interactions may also enable a SFOEWPT during a singlet-step transition to the present

– 6 –

Small tree-level 
barrier (ρ param) 

Controls 
2nd step 

•  Modified h ! γγ  
•  Direct production of new states 

Step 1 

Step 2 
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Direct Production: DM Limit (no vev) 

Basic signature:  Charged track disappearing 
      after ~ 5 cm   

SM Background: 
QCD jZ and jW w/ 
Z !νν & W!lν 

Trigger: Monojet 
(ISR) + large ET € 

qq →W ±* → H ±H2

€ 

qq → Z*,γ * → H +H−

Fileviez-Perez, Patel, Wang, R-M: PRD 
79: 055024 (2009); 0811.3957 [hep-ph] 



Direct Production: DM Limit (no vev) 

Basic signature:  Charged track disappearing 
      after ~ 5 cm   

SM Background: 
QCD jZ and jW w/ 
Z !νν & W!lν 

Trigger: Monojet 
(ISR) + large ET € 

qq →W ±* → H ±H2

€ 

qq → Z*,γ * → H +H−

Cuts:  large  ET    

  hard jet   

  One 5cm track 

Fileviez-Perez, Patel, Wang, R-M: PRD 
79: 055024 (2009); 0811.3957 [hep-ph] 



Direct Production: non-zero vev 

€ 

qq →W ±* → H ±H2

€ 

qq → Z*,γ * → H +H−

Cuts:  min pT(γ)> 25 GeV  
 max pT(γ)> 50 GeV  | 

η(γ) | < 2.8  ΔR > 0.4 

Basic signature:  γγ τν (large x0) or γγ b b (small x0) 

| Mγγ - MH2 | < 5 GeV 

Identification:  
For bb: b-tagging, pT(b)> 15 GeV, |η(b)| < 3.0 
For τν: soft π from hadronic decay ! Leptonic decay w/      

5 GeV < pT(l) < 40 GeV, |η(l)| < 2.8, ET > 20 GeV, edge of MT 



Direct Production: non-zero vev 

€ 

qq →W ±* → H ±H2

€ 

qq → Z*,γ * → H +H−

Basic signature:  γγ τν or γγ b b  

 a2 = 1, 0, -1 : 

Small x0 : 

Large x0 : 

 a2-dependence of H2W+W- coupling 
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Rochelle salt: 
KNaC4H4O6 4H20 

J. Valasek 



EW Phase Transition: Higgs Portal 

? 

φ

? 

φ

? 

F

? 

F1st order 2nd order 

Increasing mh  

New scalars  

Colored Scalars 

Color breaking & restoration  

Patel, R-M, Wise: arXiv 1303.1140 

Do good symmetries today 
need to be good symmetries 
in the early Universe ? No 

• O(n) x O(n): Weinberg (1974) 

•  SU(5), CP…: Dvali, Mohapatra, 
Senjanovic (‘79, 80’s, 90’s) 

•  Cline, Moore, Servant et al 
(1999) 

•  EM: Langacker & Pi (1980) 

•  SU(3)C : Patel, R-M, Wise: ArXiv 
1303.1140 



EW Phase Transition: Color & Restoration 
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? 

φ

? 

F
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F1st order 2nd order 

Increasing mh  

New scalars  

Colored Scalars (triplet) 

Color breaking & restoration  

Patel, R-M, Wise: arXiv 1303.1140 
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nonzero < LQ > 



EW Phase Transition: Color & Restoration 

1. Break 
SU(3)C 

2. Restore 
SU(3)C 

•  Spontaneous SU(3)C -breaking 
and prevention of colored relics ! 
Spontaneous B, L breaking 

•  Example: LQ interactions with 
nonzero < LQ > 

ATLAS LQ Searches 



Conclusions 

•  Determining the character & dynamics of EWSB is a 
key task for the LHC and future colliders 

•  The occurrence of a strong first order EW phase 
transition would have provided the context for viable 
baryogenesis at the weak to TeV scale 

•  Higgs portal interactions can give rise to a first order 
EW phase transition with possible novel patterns of 
EWSB: mutli-step, color-breaking and restoration,… 

•  These interactions & their dynamics could have 
abundant signatures at the LHC & beyond: modified 
Higgs couplings & decays, new states…  
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Stable S (dark matter?) 
•  Tree-level Z2 symmetry: a1=b3=0 to  

 prevent s-h mixing and one-loop s    hh    

•  x0 =0 to prevent h-s mixing xSM EWPT:  ✖ 

Signal Reduction Factor 

Production Decay 

Simplest extension of the SM scalar 
sector: add one real scalar S (SM singlet) 

EWPT: a1,2 = 0  & <S> = 0 

DM:      a1 = 0    & <S> = 0 

/ / 
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Stable S (dark matter) 
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Real Triplet 

Σ0 , Σ+, Σ-	
 ~ ( 1, 3, 0 ) 
Fileviez-Perez, Patel, Wang, R-M: PRD 
79: 055024 (2009); 0811.3957 [hep-ph] 

EWPT: a1,2 = 0  & <Σ0> = 0 

DM & EWPT: a1 = 0  & <Σ0> = 0 

/ / 

Small: ρ-param 


