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• Strong first-order EW phase transition  modifications in the Higgs sector⟹
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s

h

t t
t

e e e
FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.

The EW baryogenesis tension .
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
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electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].
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sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
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Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,
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singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
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The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
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combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as
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where yt is the top Yukawa and we defined the VEVs
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with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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1 Introduction

Electric dipole moments (EDM) provide one of the best indirect probes for new-physics. Since a
non-zero EDM requires a violation of the CP symmetry, and the Standard Model (SM) contributions
are accidentally highly suppressed, the EDM is an exceptionally clean observable to uncover beyond
the SM (BSM) physics. Indeed, if BSM physics lies at the TeV scale, we expect new interactions and
therefore new sources of CP violation to be present,1 inducing sizable EDM to be observed in the
near future. For this reason, experimental bounds on the electron and neutron EDM have provided
the most substantial constraints on the best motivated BSM scenarios, such as supersymmetry or
composite Higgs models.

The ACME experiment has recently released a new bound on the electron EDM that improve
by a factor ⇠ 8.6 their previous bound [1]:

|de| < 1.1 · 10�29 e · cm . (1.1)

1As in the SM, we can expect that any parameter of the BSM that can be complex will be complex, providing
unavoidably large new sources of CP violation.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s

h

t t
t

e e e
FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
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# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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1 Introduction

Electric dipole moments (EDM) provide one of the best indirect probes for new-physics. Since a
non-zero EDM requires a violation of the CP symmetry, and the Standard Model (SM) contributions
are accidentally highly suppressed, the EDM is an exceptionally clean observable to uncover beyond
the SM (BSM) physics. Indeed, if BSM physics lies at the TeV scale, we expect new interactions and
therefore new sources of CP violation to be present,1 inducing sizable EDM to be observed in the
near future. For this reason, experimental bounds on the electron and neutron EDM have provided
the most substantial constraints on the best motivated BSM scenarios, such as supersymmetry or
composite Higgs models.

The ACME experiment has recently released a new bound on the electron EDM that improve
by a factor ⇠ 8.6 their previous bound [1]:

|de| < 1.1 · 10�29 e · cm . (1.1)

1As in the SM, we can expect that any parameter of the BSM that can be complex will be complex, providing
unavoidably large new sources of CP violation.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s
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e e e
FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.

The EW baryogenesis tension .

Well-motivated CP source 
for EW baryogenesis : 
modified Top-yukawa 
(“Top-transport” EW 

baryogenesis)

35

1110.2876

threatened by EDM bounds

5

0.5 1 1.5 2 2.5 3
vc / Tc

0

0.25

0.5

∆
 Θ

t

0.5 1 1.5 2 2.5 3
vc/ Tc

0

0.25

0.5

∆
Θ

t

FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].
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SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s

h

t t
t

e e e
FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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1 Introduction

Electric dipole moments (EDM) provide one of the best indirect probes for new-physics. Since a
non-zero EDM requires a violation of the CP symmetry, and the Standard Model (SM) contributions
are accidentally highly suppressed, the EDM is an exceptionally clean observable to uncover beyond
the SM (BSM) physics. Indeed, if BSM physics lies at the TeV scale, we expect new interactions and
therefore new sources of CP violation to be present,1 inducing sizable EDM to be observed in the
near future. For this reason, experimental bounds on the electron and neutron EDM have provided
the most substantial constraints on the best motivated BSM scenarios, such as supersymmetry or
composite Higgs models.

The ACME experiment has recently released a new bound on the electron EDM that improve
by a factor ⇠ 8.6 their previous bound [1]:

|de| < 1.1 · 10�29 e · cm . (1.1)

1As in the SM, we can expect that any parameter of the BSM that can be complex will be complex, providing
unavoidably large new sources of CP violation.

2
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• Composite Higgs: Higgs arises due to non-zero condensate  confining PT and EWPT 
linked. Yukawa couplings depend on mixing between elementary and composite fermion  
vary during confining PT.

⟹
⟹

Bruggisser, von Harling, Matsedonskyi, 
Servant (2018)

Examples of Models Evading the Bounds



From David Weir’s website

GW sources from three contributions:

• Collision of the bubble wall Ωenv

• Sound wave as bubble pushes through plasma Ωsw

• Turbulence Ωturb

• If bubble “runaway” ( )  latent heat of PT goes into kinetic energy of wall

• Slower bubble walls  more energy goes into sound wave & turbulence
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Transitions
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http://www.apple.com/uk
https://saoghal.net/


13Institute for Particle Physics Phenomenology, Durham UniversityJessica Turner

• Faster moving wall  sound wave contribution dominates over 
turbulence  larger energy density in GWs but less efficient EWBG
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s
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t t
t

e e e
FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.

The EW baryogenesis tension .

Well-motivated CP source 
for EW baryogenesis : 
modified Top-yukawa 
(“Top-transport” EW 

baryogenesis)

35

1110.2876

threatened by EDM bounds

Gravitational Waves from First order Phase 
Transitions

Particle physics model 
 of EWBG

 :   phase transition strength

 :   inverse phase transition duration


 : nucleation temperature

 : speed of bubble wall  

α
β
TN
vw

ΩGW( f )

Work by Cutting,  
Hindmarsh, Saffin, Tranberg, Weir ….

 and  can be computed CosmoTransitions (1109.4189), 
Many people DIY, also recent work using 
neural networks: Elvet  (2103.14575) 

 hotly debated, would need its own talk!

α, β TN

vw

h
2⌦env(f) = 1.67⇥ 10�5�(vw)

✓
H⇤
�

◆2 ✓
�↵T⇤

1 + ↵T⇤

◆2 ✓100

g⇤

◆ 1
3

Senv(f,�)

<latexit sha1_base64="66QrFdh6BMvWGMMC3M7VQ1owiXI="></latexit>

Weir (1705.01783)

14

https://arxiv.org/abs/1109.4189
https://arxiv.org/abs/1109.4189
https://gitlab.com/elvet/elvet
https://arxiv.org/pdf/2103.14575.pdf
https://arxiv.org/pdf/1705.01783.pdf


Jessica Turner Institute for Particle Physics Phenomenology, Durham University

 and  can be computed CosmoTransitions (1109.4189), 
Many people DIY, also recent work using 
neural networks: Elvet  (2103.14575) 

 hotly debated, would need its own talk!

α, β TN

vw

5

0.5 1 1.5 2 2.5 3
vc / Tc

0

0.25

0.5

∆
 Θ

t

0.5 1 1.5 2 2.5 3
vc/ Tc

0

0.25

0.5

∆
Θ

t

FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1'
2
v

!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the !"t

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed !m =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-o! [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
e!ective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the e!ective-theory description
is not then obvious. Di!erent dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ! yt(vh+iv3h/"

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the
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FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts o!
quadratic divergences in the Higgs potential also a!ects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].
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SU(2)L !U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator
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f
HQ̄3(a+ ib!5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass m! (of order the confinement scale
!) and coupling g! of the strong sector resonances via
m! = g!f , where gSM ! g! ! 4" and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b "= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a "= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc # $h% |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop e"ects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
#hh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc & E/#h. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop e"ects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level e"ects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV $s% along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its e"ect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level e"ects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b "= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as
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!

yt + (a+ ib)
w

f

"

# |mt| ei!t , (7)

where yt is the top Yukawa and we defined the VEVs

v # $h% , w # $s% , (8)

with v = 246 GeV. At vanishing temperature, the phase
#t can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only e"ect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.

The EW baryogenesis tension .

Well-motivated CP source 
for EW baryogenesis : 
modified Top-yukawa 
(“Top-transport” EW 

baryogenesis)
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threatened by EDM bounds

Gravitational Waves from First order Phase 
Transitions

Particle physics model 
 of EWBG

 :   phase transition strength
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For further details see Early Universe Model Building White Paper. 
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EWBG authored by Croon, Gould & van de Vries 
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so light?
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antiparticles?
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(2018) 
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Leptogenesis via Oscillations 

• RHNs CP-violating oscillations & decays → source of lepton number and flavour 
asymmetry.

• highly degenerate GeV scale RHNs produced via scattering at T > TEW

L

H

N

L N

H

t t

L

B

L

N

H

• small Yukawa couplings → RHNs may not have equilibrated by the EWPT

Akhmedov, Rubakov & Smirnov  9803255 

Asaka & Shaposhnikov 0505013

28Institute for Particle Physics Phenomenology, Durham UniversityJessica Turner

https://arxiv.org/pdf/hep-ph/9803255
https://arxiv.org/pdf/hep-ph/0505013.pdf
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Leptogenesis via Oscillations with 2 RHNs 

• GeV-scale RHNs → rich phenomenology

⌫↵ = U↵i⌫i +⇥↵IN
c
I
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4 masses, 4 angles, 3 phases (2 masses + 3 angles + 1 phase measured)

Casas & Ibarra

(2 masses + 3 angles + 1 phase from oscillation data  5 free parameters⟹

29Institute for Particle Physics Phenomenology, Durham UniversityJessica Turner

https://arxiv.org/abs/1609.09069
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leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV
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Resonant Leptogenesis

31

• Regime where RHNs decay width similar to their mass differences  Mass range ~ TeV 
 is enhanced 

⟹
ϵ

• TeV-scale  RHNs masses can be explained gauged    produced  
at colliders and decays to RHNs which may be long lived

U(1)B−L ⟹ Z′ 

Pilaftis & Underwood (2004) Abada, Aissaoui,
(2005) Garny,  Kartavtsev & Hohenegger (2013) 
Dev, Millington, Pilaftsis, Teresi (2014)

Z
l



d

l
−
βu

q

q

N

d
u

W
−

q

q

N

W
−

'

Deppisch, Dev & Pilaftsis  (2015) 
Helo, Kovalenko & Hirsch (2014) 
Gago, Hernández, Jones-Pérez, Losada & Briceño 
(2016) Antusch, Cazzato & Fischer (2016)
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https://arxiv.org/pdf/1502.06541.pdf


Resonant leptogenesis in the Neutrino Option 
 

• Assume scale invariance above the scale of the RHN mass.
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slight preference for  
 and θ23 < 45∘ δ ∼ 180∘

M = 1.2⇥ 106 GeV

<latexit sha1_base64="dyUPpCFz0vO0BzKIkkocYaxFgVA=">AAACFHicbVC7SgNBFJ31bXxFLW0GgyAoy27w1QiihTZCBJMI2RhmJ3fN4OyDmbtiWPYjbPwVGwtFbC3s/Bsnj0KjBwYO59zDnXv8RAqNjvNljY1PTE5Nz8wW5uYXFpeKyys1HaeKQ5XHMlZXPtMgRQRVFCjhKlHAQl9C3b896fn1O1BaxNEldhNohuwmEoHgDI3UKm55sbF76ew8p4fUtcseihA0dZ3rbC/3tj2Ee8xOoZa3iiXHdvqgf4k7JCUyRKVV/PTaMU9DiJBLpnXDdRJsZkyh4BLygpdqSBi/ZTfQMDRiZm8z6x+V0w2jtGkQK/MipH31ZyJjodbd0DeTIcOOHvV64n9eI8XgoJmJKEkRIj5YFKSSYkx7DdG2UMBRdg1hXAnzV8o7TDGOpseCKcEdPfkvqZVtd8fevdgpHR0P65gha2SdbBKX7JMjckYqpEo4eSBP5IW8Wo/Ws/VmvQ9Gx6xhZpX8gvXxDSF6naI=</latexit>

• Integrate out TeV scale RHN and RG evolve: Higgs 
potential produced for M ~ 103 TeV

Brdar, et al 1905.12634 
Brivio, JT et al 1905.12642

Institute for Particle Physics Phenomenology, Durham University 32Jessica Turner

Scale invariance broken at 
quantum level

https://arxiv.org/pdf/1502.06541.pdf
https://arxiv.org/abs/1906.04132
https://arxiv.org/abs/1905.12634
https://arxiv.org/pdf/1905.12642.pdf


• UV-completion of Neutrino Option (Brdar, Emonds, Helmboldt, Lindner) 
minimal renormalisable model based on classical scale invariance

Resonant leptogenesis in the Neutrino Option 
 

• New scalar breaks scale-invariance → RHN mass and strong 1st order PT
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Brdar, Emonds,  Helmboldt, Lindner 
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See also “Probing the seesaw scale 
with gravitational waves” Okada  & Seto
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https://arxiv.org/format/1810.12306
https://arxiv.org/abs/1807.00336
https://arxiv.org/abs/1807.00336
https://arxiv.org/abs/1807.00336
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Difficult to test 
but some 

possibilities to exclude 
probe indirectly

leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV
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topological defects in GUTs 
Cosmic strings induced via U(1) symmetry breaking are ubiquitously many in many theories such as GUTs
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Strings intersect to form loops and cusps. Loop loss energy / decay via gravitational radiation 

0511159.pdf

Number of simulations based on velocity-
dependent one scale model Bennett, 
Blanco-Pillado, Bouchet, Martins, Olum, 
Ringeval, Sakellariadou, Shlaer, Shellard, 
Vanchurin, Vilenkin ……


Cui et al 
1808.08968.pdf

string tension

Kibble, Nielsen-Ole
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• Seesaw mechanism can manifest from spontaneous breaking of   
generation of cosmic string

U(1)B−L ⟹

• Highlighted by Dror et al that GWs from cosmic string network generic 
prediction of seesaw mechanism

Dror, Hiramatsu,  Kohri , 
Murayama  & White 
1908.03227

High-Scale Seesaw Mechanism 
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https://arxiv.org/format/1908.03227


• U(1)B-L used to explain inflation, leptogenesis and neutralino (DM). 

• Cosmic strings metastable due to non-perturbative production of monopoles
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viable parameter space

Buchmuller, Domcke, 
Murayama & Schmitz 
1912.03695

monopoles cosmic strings

37Institute for Particle Physics Phenomenology, Durham University 37Jessica Turner

SO(10) �! GSM ⇥ U(1)B�L �! GSM
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CP violating phase transitions

• Introduce a new scalar which undergoes a 1st order PT. This causes the 
Weinberg operator to varying in time.

LW =
�↵�(t)

⇤
`↵LHC`�LH + h.c.
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Pascoli, Turner, 
Zhou 1609.07969

https://arxiv.org/pdf/1609.07969.pdf


CP violating phase transitions

LNV
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• Use 1st order PT to make Weinberg operator dynamical in time

• Similar ideas as in (Shuve eta) 1704.01979 and (Long eta) 1703.04902 but they 
did not integrate out heavy d.o.f
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CP violating phase transitions

• This coupling can introduce CP-violation and the lepton asymmetry is generated 
by the interference of the Weinberg operator at different times.

LW =
�↵�(t)

⇤
`↵LHC`�LH + h.c.
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Outside bubble Inside bubble
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• Similar scale to the work of Long, Tesi and Wang (1703.04902)

• There will be a GW signature but frequency is too high
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plot taken from 1408.0740
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https://arxiv.org/pdf/1703.04902.pdf
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Summary

• EWBG is a viable and attractive option but EDM bounds exclude many 
models and no hints yet at new physics which modifies the Higgs sector

• Some recent developments use composite Higgs and varying Yukawas.

• While next generation of GW experiments will probe if EWPT is strongly first 
order, this is slightly in tension with EWBG. 

• Leptogenesis offers an attractive alternative and can produce GWs in the EU 
both via phase transitions & generation of cosmic strings. 

• The origin of the matter-antimatter asymmetry remains a mystery and will

     Certainly keep us busy for the coming years! 



Thank you!


