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ABSTRACT: We consider the generation of the baryon asymmetry in the two-Higgs doublet
model. Investigating the thermal potential in the presence of CP violation, as relevant
for baryogenesis, we find a strong first-order phase transition if the extra Higgs states are
heavier than about 300 GeV. The mass of the lightest Higgs can be as large as about 200
GeV. We compute the bubble wall properties, including the profile of the relative complex
phase between the two Higgs vevs. The baryon asymmetry is generated by top transport,
which we treat in the WKB approximation. We find a baryon asymmetry consistent with
observations. The neutron electric dipole moment is predicted to be larger than about
10727 ecm and can reach the current experimental bound. Low values of tan 3 are favored.
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1. Introduction

The origin of the baryon asymmetry of the universe (BAU) is still an open question in
cosmology and particle physics. New measurements of the cosmic microwave background,
combined with large-scale structure data, yield a baryon to entropy ratio of [fl]

ng = %B = (8.740.3) x 1072, (1.1)

Three necessary conditions, stated by Sakharov [J], have to be fulfilled for a dynami-
cal generation of the baryon asymmetry: baryon number violation, C and CP violation,
and departure from thermal equilibrium. In principle the standard model (SM) contains
all these requirements, and the electroweak phase transition (EWPT) provides a natural
mechanism for baryogenesis [[J]. The baryon asymmetry is generated during the phase tran-
sition by electroweak sphaleron processes. To avoid subsequent baryon number washout,
the sphaleron rate has to be suppressed after the phase transition. Hence the transition
must be strongly first order, i.e. the expectation value of the Higgs field must be larger
than about the critical temperature. In the SM there is no first-order phase transition for
Higgs masses larger than about 80 GeV [H]], far below the current experimental bound of
114 GeV [f]. The SM therefore fails to explain the baryon asymmetry. Moreover, the CP
violation in the CKM matrix is too small to produce a sufficiently large baryon number [f].
Over the years there have been many proposals to realize electroweak baryogenesis

in extended models (see, for instance, ref. [ for a review). In supersymmetric theories,
for example, a strong first-order PT can occur if the superpartner of the top quark is
lighter than about 175 GeV [f], and the baryon asymmetry can be generated by chargino
transport [f, [[(]]. Alternatively, the phase transition can be strengthened by the presence
of SM singlets in the Higgs sector [L1]]. A more general effective field theory approach can



also be followed; there the Higgs sector is augmented by dimension-six operators to induce
a first order phase transition and to provide additional CP violation [[J-[L4].

In this paper we revisit electroweak baryogenesis in the two-Higgs doublet model
(2HDM), paying special emphasis on the computation of the emerging baryon asymmetry.
So far the most detailed study of this issue (for earlier work see ref. [[[§]) was performed
in ref. [[[]. Describing the interaction between the bubble wall and the plasma in terms of
reflection and transmission coefficients, the authors concluded that the 2HDM is at best
marginally capable of generating the observed baryon asymmetry. In contrast, we demon-
strate that the WKB formalism, which is appropriate for thick walls, leads to a positive
result. This is the main result of the present work.

In addition to the SM Higgs, the 2HDM contains two extra neutral and charged Higgs
particles. If these extra states couple sufficiently strongly, their thermal loop corrections
can induce a strong first-order phase transition [[4-RI]. In addition, a complex mass
term, mixing the two Higgs doublets, provides a new source of CP violation, which fuels
baryogenesis.

We examine the EWPT in the 2HDM, including explicit CP violation, using the finite
temperature effective potential at one-loop order. In agreement with ref. [B1], we find a
strong phase transition for light Higgs masses of up to at least 200 GeV. The extra Higgses
have to be heavier than about 300 GeV, depending somewhat on the model parameters.
Turning on the CP-violating phase makes the phase transition slightly weaker. We de-
termine the profile of the bubble wall, which separates the broken and symmetric phase.
Except for the case of very strong phase transitions, we typically find thick bubble walls.
The bubble wall is characterized by a varying complex phase between the two Higgs vevs.
CP-violating interactions of the particles in the hot plasma, in particular the top quark,
with the phase boundary then lead to different semiclassical forces acting on particles and
antiparticles. Since we are dealing with thick bubble walls, we can apply the standard
WKB formalism to compute the CP-violating source terms that enter the transport equa-
tions of electroweak baryogenesis [[l, BJ]. Here we use the formalism recently laid out in
ref. [[4], which makes sure that the correct dispersion relations of the Schwinger—Keldysh
formalism [R3] are reproduced. Also a finite W-scattering rate is included in the transport
equations, which previously was set to equilibrium.

We find that a wide parameter range allows for the generation the observed baryon
asymmetry. Since the model contains only a single CP-violating phase, we can predict the
electric dipole moments of the neutron and electron. They are typically found to be below
the current experimental bounds, but should be detectable in next-generation experiments.

2. The effective Higgs potential

In its most general form, the 2HDM suffers from flavor changing neutral currents at tree-
level. To avoid this, a discrete symmetry, ®; — —®4, df — Fdf (the other fields do not
transform), is usually invoked [24], making sure that at most one Higgs doublet couples to

w_»

the up- and down-type quarks, respectively. In the case (“type II”), the down-type

quarks couple only to ®;, while the up-type ones couple to ®,. In the other case (“type



I”), ®; does not couple to the fermions at all. In the following only the coupling of the top
quark will be relevant, so that we do not need to actually distinguish between types I and
II. In section 4, where we will discuss electric dipole moments, we will focus on the type II
case.

The most general potential is [R]

Vo(®1, D) = —pi®] 1 — p30] Py — i3 (e @Dy + hoc)
A A
+71(‘I>I‘I’1)2 + 72(‘1%‘1’2)2 + X3(0]1)(21D2)

A
] + 3 ((@}%)2 + h.c.) (2.1)
and the Yukawa interactions read
[,y = yP9Q3t° +hc. +... (22)

Without loss of generality the couplings \; and the mass parameters u; can taken to
be real. The mass term ugem breaks the aforementioned Z, symmetry softly, without
reintroducing tree-level flavor violation [R€]. It can be complex, in which case the Higgs
potential breaks CP. In total, the Higgs potential contains 9 parameters, which are 3
squared masses, 5 couplings, and 1 phase. One parameter is fixed by the Z-boson mass,
leaving an 8-dimensional parameter space. The potential has to be bounded from below,
which at tree-level translates into the constraints [R(]

AM >0, Aa >0, VAA2+ 23>0, VA Ao+ A3+ £ A5 > 0. (2.3)

Let us first consider the case a = 0, i.e. the Higgs potential without CP violation. It
has been shown that in this case no charge breaking minima exist, provided the charged
Higgs mass squared is positive @]1 Later on we will assume that this result generalizes to
the one-loop level, including a small CP-violating phase. We can therefore restrict ourselves
to the neutral fields, which we parameterize as Re®} = h; and Re®) = hy. The potential
then reads

A A
Volhy, he) = —p2h2 — 1202 — 242 hihs + %hﬁ‘ + ghé + (s + M+ A)R2RE. (2.4)
In the following we focus on the somewhat simpler case
1= p3, A=A (2.5)

Moreover, this choice is favorable to generate large Higgs expectation values in the broken
phase [[[7]. The Yukawa interaction (.2) does not preserve these relations at the loop-level.
At tree-level, eq. (R.) implies the symmetry

o) — B, (2.6)

1A study of symmetry breaking in a general 2HDM has recently been presented in ref. [@]



so that the minimum is at tan 3 = (ha)/(h1) = 1. With (hy) = (h2) = h = 123 GeV the

extremal condition is then given by
—p2 — 2+ A+ A3+ M+ A)R2=0. (2.7)

The mass matrix is block-diagonal and we obtain, besides 3 massless Goldstone bosons, 5
physical Higgs bosons. They consist of a pair of charged Higgses H*, 2 neutral scalars h°
and H?, and a pseudoscalar A°, with the corresponding squared masses as follows:

mae = 2u3 — 2(Ag + A5)h?, (2.8)
mio = 2u2 — 4\sh?, (2.9)
M0 = 213 — 2(=A1 + A3 + Ay + A5)R?, (2.10)
mpo = 2\ + Az + A1+ As)h’. (2.11)

These relations can be used to define the model in terms of p3 and the 4 Higgs masses.
In the case of non-vanishing a, CP is broken. We now parametrize the neutral Higgs
fields as
DY = hie 01 ®Y = hoe', (2.12)

Note that the potential only depends on the combination 8 = 61 4+ 5. In the minimum we
can always choose the gauge such that 61 = 6 = 6/2. Still assuming the relations (P.9),
the potential of the neutral fields reads

Vo(hi, ha,0) = —p3(h? + h3) — 2u3h1ha cos(f + o) + %(h‘f + h3)
+(A3 + Mg + A5 cos(20))h3R3. (2.13)
Using the notation (f) = ¢}, we obtain two extremal conditions,
—pf — p3cos(¥ +a) + (A1 + Az + Mg+ A5 cos(29))h? = 0
p3sin(d 4+ a) — A5 sin(29)h? = 0. (2.14)
The squared Higgs boson masses take the form
mae = —2u7 +2(\ + A3)h?,
My = — 13 4 200+ A + AR 4\t 4 405 cos(20)uPh? + AN,
mf% = —2p% + 4N\ 12,

m, = —pd + 200+ A+ AR — \Jud s cos(20)3h2 +ANZRE. (215

Note that the neutral Higgs states are now mixtures, with scalar and pseudoscalar contents.
Again, these relations can be inverted to parameterize the model in terms of the Higgs
masses, ,u% and a.

At zero temperature the one-loop contribution to the effective potential is given by

Vi(®1, ®2) = (2.16)

64 Q2 ’



where m? = m?(q)l,q)g) are field dependent mass eigenvalues, n; is the corresponding

number of degrees of freedom, and ”+(—)” applies to bosonic (fermionic) contributions,
respectively. We choose @ = 246/v/2 GeV for the renormalization scale. We take only the
heaviest bosons, i.e. m; = my+, mpg,, my, (ny+ = ny, = ng, = 1), and the fermion with
the largest Yukawa coupling, i.e. m; = m; (ny = 12), into account. For the top quark mass
we have m? = <I>T<I>2 All other particles can be safely neglected, owing to their small
contributions to the one-loop effective potential.

We add counter-terms to the potential, such that the tree-level minimum and Higgs

masses are preserved at the one-loop level. This can be achieved by

Vor(®1,®9) = —0pd (@10 + Bldy) — u2(e DI dy + hoc.)

oA 02

+ (@181)7 4 T2 (2102)° + OA5 (2] 1)(9] )

5
oM DT B2 + 222 ((¢T¢2) +h.c.>. (2.17)

In the following all Higgs masses are understood as being one-loop values. As already
mentioned, the symmetry (R.4) no longer holds at the one-loop level, which we take care
of by using A1 # dAs. Three renormalization conditions are evidently given by

o(Vi + Ver) _o(Vi +Ver) o1+ Ver)

= = =0 2.18
Ohy hi=ho=h Oho hi=ho=h oo ’ ( )
0= 0=

hi=ho=h
=

meaning that the minimum of the potential V' = Vi +V} + Vo does not change with respect
to the tree-level case. Preserving the values of the Higgs masses, which we compute from
the second derivatives of V', provides another four conditions. So the coefficients of Vor
are fixed. Since the conditions related to Higgs masses include non-linearities, the resulting
equations for the counter-terms have to be solved numerically.

The 2HDM is subject to a number of experimental constraints. In the considered
parameter range, the lightest Higgs boson is SM-like, and therefore its mass has to obey
the lower LEP bound of 114 GeV [f]. The 2HDM does not respect the custodial sym-
metry of the SM. So there is the danger of large corrections to the electroweak precision
observables. These corrections can be approximately described in terms of contributions
to the self-energies, the so called “oblique” corrections. The relevant expressions for the
2HDM with CP-violation can be found in ref. [29]. To be consistent with observations,
the mass splittings between the extra Higgs states should not be much larger than the
W-mass. Later on we will set these masses equal to reduce the number of parameters.
Oblique corrections then are automatically small. Another important constraint comes
from b — s, which in the type II model requires mpy+ > 200 GeV [B(J*>. Constraints from
the muon anomalous magnetic moment [B7 and from tau decays [BJ] are not relevant for
the low values of tan 3, which we consider.

At finite temperature the one-loop contribution to the effective potential is given by

T4Z”B fB( >+T4ZnF fF( ) (2.19)

20One can also consider constraints from BS — B mixing [EI]




where np(p) counts the positive degrees of freedom for bosons (fermions). In the high
temperature limit, m/T < 1, one obtains [B4]

2 2 3 4 2
T <@> SR O O C— (2.20)
T 90 2472  127T%  64m2T1 " \ cpI?
2 2 4 2
HT T) _ —im m m_, m 9 91
F <T 720 T 1872 T eanere n<cFT2>’ (221)

with cp = 72 exp(3/2 — 27.)

when m/T is large,
fLT (%) ~_ (%)3/2 exp (_%) (1 i 15_?) ] (2.22)

In this low temperature limit the contributions from bosons and fermions have the same

Q

13.94 and cp = 16¢p, and in the low temperature limit,

asymptotic behavior.

We use these approximations because they are much more convenient to handle than
the full integral expressions of ref. [B4]. It turns out, however, that these limiting cases are
not sufficient since some states cross from the high temperature to the low temperature
regime. For an expression to be valid in the whole temperature range, we therefore use a
smooth interpolation between the low- and high-7" limits. For bosons we use eq. (R.2() for
m/T < 1.8 and eq. (2:29) for m/T > 4.5, and for fermions eq. (R.21)) for m/T < 1.1 and
eq. (B:22) for m/T > 3.4. The interpolations are made in such a way that the functions
as well as their derivatives match at the connecting points. The deviation between our
approximation and the exact solution is less than 4%. Finally, the effective potential is
given by

Ve = Vo + Vi + Ver + V. (2.23)

In Vi we also take into account the contributions of W-bosons (ny = 6) and Z-bosons
(nz = 3). In perturbation theory the strength of a strong phase transition would be
underestimated by resummation of the gauge boson contributions [Bg. Therefore we do not
resum these corrections to compensate for non-perturbative effects. In ref. [P1] the thermal
contributions of the heavy Higgs bosons have been resummed, using the high temperature
approximation for the thermal Higgs masses. We find that in the broken minimum the high
temperature approximation is often not justified for the heavy Higgs states. Ignoring this
fact, and nevertheless resumming the Higgs contributions by using thermal masses instead
of the bare masses in eq. (R.19), we find a phase transition less than 15% weaker than
in unresummed case. The effect is marginal for large heavy Higgs masses and becomes
stronger for smaller ones. Including the light Higgs and the Goldstone bosons has an even
smaller effect. In the results we present below, the Higgs contributions are not resummed.

3. The phase transition

The dynamics of the EWPT is governed by Vig(h1, ho,6,T). The critical temperature, T,
of a first-order phase transition is defined by the condition that the effective potential has



two degenerate minima, the symmetric minimum at (h;)r = (h2)r = 0 and the broken
minimum at (hy)p = v; > 0 and (he)7 = vy > 0, which are separated by an energy barrier.
The total Higgs expectation value we define by v. = \/ix/v% + v2, where the factor V2
is due to our normalization of the Higgs fields. Somewhat below T, at the nucleation
temperature T;,, bubbles of the broken phase start to nucleate and expand. Baryogenesis
takes place outside the bubbles in the symmetric phase while, inside the bubbles, the
sphaleron rate that provides (B + L)-violating processes has to be switched off. Otherwise
the baryon asymmetry will be washed out after the phase transition. In order to preserve

the created baryon asymmetry, the washout criterion [B(]
UC
£= T 21 (3.1)
must hold, i.e. the phase transition has to be sufficiently strong.

In the following we analyze the parameter space with respect to the strength £ of the
phase transition. We focus on the case of degenerate heavy Higgs masses, which reduces
the dimension of the parameter space. As noted in the previous section, this choice has the
additional benefit to keep oblique corrections automatically small. At tree-level this means
that A\ (= A2) = A3 and \y = A5. As input parameters we take ,u%,oz,mh = mpy,, and
mpg =mpg, = mg, = my+. One finds that for larger values of a (aw = 0.4 for example) the
first-order phase transition can change into a two-stage transition if the heavy Higgs mass
is sufficiently small. The potential then shows an additional local minimum. The phase
transition proceeds by a second-order phase transition from the symmetric phase to this
extra minimum, followed by a first-order phase transition to the low temperature broken
phase®. We exclude these values from the parameter space and only define the strength &
in the case of a pure first-order PT.

Another important property that enters the transport equations discussed in section
5 is the wall profile of the expanding bubbles. If the nucleating bubbles have reached
a sizable extent and expand with constant velocity, we can boost into the rest frame of
the bubble wall and assume a planar wall. In principle one has to numerically solve the
field equations of the Higgs fields, using an algorithm such as the one recently proposed in
ref. [B7. To achieve a sufficiently strong phase transition we are led to m% > m?. The
effective potential is then characterized by a valley, corresponding to the single light Higgs
field. During the phase transition the fields will follow this valley very closely, in order not
to feel the heavy Higgs masses. So we can approximate the phase transition by single field
dynamics. Numerically we determine the valley by minimizing the thermal potential at T,
with respect to ho and 6 at fixed values of hy between the symmetric and broken phase.
For a simple ¢? model, with one real scalar field ¢ and a broken minimum at ., the wall
profile is exactly described by a kink solution,

o(z) = % (1 - tanhLi> : (3.2)

w

3The second-transition is in general too weak to avoid baryon number washout. Also, the non-zero Higgs
vev outside the bubbles would lead to a suppression of the sphaleron rate and therefore also of the baryon
asymmetry. So the two-stage transition does not allow us to generate the baryon asymmetry.



with a wall thickness Ly, = \/v2/(8V}), where V}, is the height of the potential barrier and z
is the coordinate orthogonal to the wall. We use this approximation for L,, determining V}
as the maximal height of the potential barrier along the valley connecting the two minima.

Let us now briefly discuss the behavior of Ly, and & with the input parameters. We
require my > 115 GeV to be consistent with the LEP bound on the Higgs mass. For
increasing mjy and keeping the other parameters fixed, the wall thickness decreases, while
the PT becomes stronger. This somewhat counter-intuitive result is due to the fact that
the larger Higgs masses (R.15) come from larger quartic couplings. So this limit actually
does not lead to the decoupling of the heavy states. At some point perturbation theory
will finally break down. Later on, when computing the baryon asymmetry, we will face
another constraint. The gradient expansions is justified only for thick bubble walls, so we
will require LT, > 2. In practice this leads to an upper bound on my similar to the
perturbativity constraint.

In figures fl-ff constant lines of ¢ and Ly, are shown in the dependence of mj, and my
for different values of ;3 and a. The influence of the CP-violating phase a on ¢ and Ly,
is rather small, as can be seen from figures [l and Bl For small values of &, or large values
of Ly, the lines are marginally shifted upwards. This behavior continues for increasing
«. If we choose a = 0.4 the effect is negligible above £ =~ 1.5, but below £ ~ 1.3 the PT
changes into a two-stage one. The effect of increasing ,u% is a shift to higher values for my.
The comparison of ,u% = 10000 GeV? and 20000 GeV?, e.g. figures ] and B, shows that the
range of my is moved to higher values, while the extent shrinks by around 20 GeV. Using
a larger value of ,u% means that the same quartic couplings lead to heavier Higgses. The
strength of the phase transition is more governed by the size of the quartic couplings than
by the actual value of mp. Notice that here the bound on the charged Higgs mass from
b — s, which we discussed above, is automatically satisfied in the case of a strong phase
transition.

As stated in the previous section, in this analysis we neglect the lightest Higgs boson
due to its small contribution to the effective potential. This a conservative prescription,
as including the lightest Higgs state, the phase transition turns out be slightly stronger.
The influence of the lightest Higgs depends on the strength of the phase transition and
is almost independent of my. For & ~ 1, including the lightest Higgs state enhances the
strength of the phase transition, i.e. £ by about 9%. For a stronger phase transition of
& ~ 2 the increase drops to about 3%. This behavior is expected, as in the latter case the
dynamics is much more dominated by the heavy Higgs states. In any case the effect of the
lightest Higgs state is within the errors of the one-loop approximation.

In figures [] and P the one-loop corrections A = max|dA;/);| to the quartic couplings,
i.e. the size of the counter-terms with respect to the tree-level terms, range from 15% for
mpg = 300 GeV to 50% for mpy = 440 GeV. This means that in the case of a very strong
phase transition, perturbation theory starts to break down and sizable corrections to our
results have to be expected. For & ~ 1 higher-order corrections are well under control.
These results agree with the findings of ref. [R1]. In conclusion, we find that a wide range
of parameters fulfills the requirements of electroweak baryogenesis.

Up to now we have only discussed observables involving the fields h; and hs. However,



also the CP-violating phase 6, which varies along the bubble wall from 8y, to Opr, is
essential for baryogenesis. According to the above discussion, we compute the #-profile
approximately by minimizing the thermal potential at T, with respect to ho and 6 at fixed
values of hy between the symmetric and broken phase. As a representative example we
show in figure fla the f-profile parametrized by hy for the set 3 = 10000 GeV? and a = 0.2.
There, 6 changes from Osyy = —0.29 to Oy = —0.06, which is indicated by the dotted
lines. In a simplified manner, we describe the 0-profile by a kink ansatz, i.e.

0(2) = O — a0 (1 + tanh i) , (3.3)
2 Ly

using the derived wall thickness Ly, and Af = Oy — Osym. The CP violation in the Higgs

sector gives rise to complex fermion masses, which change while the particles pass through

the bubble wall. We only take into account the top quark as the heaviest fermion. With

our parametrization (R.12) of the neutral Higgs components, one finds for the complex top

mass

Mi(2) = yha(2) e/ = yth(z) sin Br €)% = my(z) (), (3.4)
V2

where (O is the angle between hy and ho at T, i.e. tan By = wvg/v1, which is less, but
rather close to 1. The top Yukawa coupling y; is chosen such that the top mass at zero
temperature is 173 GeV. In general, the change in 02(= 6;) along the bubble wall is given
by Afy = Af/(1 + tan® Br), assuming that tan Br is constant along the wall [Bg]. So
there is an additional suppression for Ay for large tan 3. M; enters the computation of
the baryon asymmetry; in particular, the derivative of 6;(z) induces the CP-violating the
source term. Therefore a large value of Af enhances the baryon asymmetry. As shown in
figure fib, Af strongly depends on my,. Raising mj, or my does increase the change in 6.
We also find that Af depends almost linearly on the coupling «, whereas the influence of
,u% is small. Notice that Af can be larger than the input phase a.

4. Electric dipole moments

CP violation induces electric dipole moments (EDMs). The latest experimental limits for
the neutron [BY] and electron [iJ] EDMs at 90% confidence level are

|dn| < 3.0 x 10720 ecm, (4.1)
|do| < 1.6 x 10727 ecm.

In the standard model the only source of CP violation originates from the Kobayashi-
Maskawa matrix in the quark sector. Contributions to the EDMs arise first at the three-
loop level, which results in a natural suppression, several orders of magnitude below current
bounds. EDMs are therefore an ideal probe of new physics.

In the 2HDM, EDMs are induced by scalar—pseudoscalar mixing in the neutral Higgs
sector. The contributions to the EDMs can be computed in terms of parameters Im(2),

which measure the degree of CP non-conservation and which are the imaginary parts of



Higgs fields normalization constants [t1]. The four CP-violating parameters
Im(Zo;), Im(Zo;), Im(Zy;), Im(Zy), (4.3)

where ¢ indicates each of the four neutral Higgs bosons, enter the calculation of the EDMs.
They can be expressed in terms of components of the neutral Higgs mass matrix eigenvec-
tors. The Goldstone boson does not contribute to these factors, since the corresponding
Z’s are real. Thus, the sum can be restricted to the three massive neutral bosons. Note
that the parameters respect in addition the sum rules []]

which means that CP violation vanishes if the masses of the neutral Higgs bosons are
degenerate.

In the 2HDM the dominant contributions to the electron EDM are two-loop ampli-
tudes, which were first computed by Barr and Zee [2. They demonstrated that the effect
is enhanced with respect to the standard one-loop contributions [EJ]. Further two-loop
diagrams, including the W-boson, were taken into account in investigations by Gunion and
Vega [[i4], Chang et al. [i], as well as Leigh et al. [ig]. In this work we use the results of
Chang et al., ignoring some minor corrections discussed in ref. [i]. We end up with the
following contributions

de/e = (de/e)Hﬂw + (de/e)HZPY + (de/e)gffy—fyloop

t—loop t—loop
HZ H HZ
+ (de/e)W!{oop + (de/e)GZYOOp + (de/e)Gfl’z/)op' (45)

When computing the EDM of the neutron one has to deal with hadronic effects, which
make its relation to the partonic EDMs difficult. Various proposals have been made in the
literature how to perform this calculation (see ref. [i7] for a recent review). The dominant
contributions to the neutron EDM come from the color EDMs (CEDMs) of the constituent
quarks dy, k = u,d [ig,

L~ - 1~ - -
LD _§dkgswko-;wGw/’75¢k = §dkgs¢k0,uqu/7pk, (4.6)
and from Weinberg’s three-gluon operator [{1]
1 .
£ w Feas, GG, (4.7)

The QCD-corrected coefficients d,,, d; and w are given by 2-loop calculations [E-p1].
Using the results of [[£7], based on QCD sum rule techniques, the neutron EDM reads

(dn/€)(dy,dg) = (1 £ 0.5)(0.55d, + 1.1dy) (4.8)

and

I(dn/€)(w)] = 22 MeV |w]. (4.9)

,10,



Thus there is an error of about 50% in (d,,/€)(dy,dy) and furthermore an error of about
100% in (d,/e)(w). Moreover, it is not possible to determine the sign of (d,/e)(w). For-
tunately, this latter contribution turns out to be small (typically a 1% correction). The
same is true for the contributions of the quark EDMs d,, and dy (typically a 10% correc-
tion).

Let us now discuss the relevance of the electron and neutron EDMs for the 2HDM.
One finds that in the analyzed parameter region the value of d. is about five to thirty
times smaller than the experimental limit of 1.6 x 10727 ecm. Thus, there emerges no
additional constraint on the parameters. Let us focus on the importance of the different
contributions to d. and on the dependence of d. on the input parameters. Since an EDM
arises because of CP violation, we expect a larger value for an increasing CP phase a.
Indeed we find that d. approximately doubles if we change o from 0.2 to 0.4. Also rais-
ing ,u% enhances d.. Concerning the single contributions to d. the largest ones originate
from the top- and W-loops, with (de)w—_100p > 0 whereas (de)i—100p < 0. The absolute
value of (de)i—1oop is somewhat smaller, but of similar magnitude as (de)w_1o0p. SO the
sum is a factor of about 5-10 smaller than each individual contribution, and is then of
the same order of magnitude as the Goldstone-loop contribution. Thus, all three parts
are important for the electron EDM. We observe this behavior in the whole analyzed
parameter region. We also investigate the dependence of d, on the Higgs masses. For
increasing both, my and my, the value of d. decreases. This tendency becomes apparent
in figure | where we compare lines of constant electron and neutron EDMs in the mj—
myr plane. We find that the larger ,u%, the weaker is the dependence on the heavy Higgs

mass.

Similar to the electron EDM, the one of the neutron also lies below its experimen-
tal bound of 3.0 x 10726 ecm in the analyzed parameter region. But in contrast to d,
it almost reaches this experimental limit. However, note that d, has quite a large er-
ror of about 50%, as pointed out. The limit of 3.0 x 107?% ecm is just saturated in
the case of ,u% = 20000 GeV? and a = 0.4, for small Higgs masses. However, since the
error band is large, there actually arises no constraint. For larger values of ,u% or «,
the neutron EDM of course increases and may exceed the measured bound in a wider
mass range. The dependence of the neutron EDM on the input parameters is quite
similar to that of the electron EDM. The lines of constant d,, run approximately par-
allel to those of d. in the my—mp plane; the slope is just a little flatter. We also
find roughly a doubling for a change in « from 0.2 to 0.4. The dominant contribution
arises from the color EDM of the down-quark, which is about a factor 3.5 larger than
the one due to the up-quark CEDM. The part |d,,(w)| arising from the three-gluon op-
erator is roughly an order 1% correction and can therefore be neglected. In summary,
for the considered parameter ranges, both the electron and neutron electric dipole mo-
ments lie below the experimental limits. The value of d. is about one order of mag-
nitude below the observational bound, and because of the large error in the theoret-
ical determination of d,, it also does not definitely exceed the bound set by experi-

ments.
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5. Transport equations

In this section we discuss the evolution of the particle distributions during the phase tran-
sition. The CP-violating interactions of particles in the plasma with the bubble wall create
an excess of left-handed quarks over the corresponding antiquarks. This excess diffuses into
the symmetric phase, where the left-handed quark density biases the sphaleron transitions
to generate a net baryon asymmetry.

Using the semiclassical WKB formalism [[, [[4, BJ], we obtain different dispersion
relations for particles and antiparticles in the space-time dependent background of the
Higgs expectation values. The dispersion relations then lead to force terms in the transport
equations. The WKB method is justified when the de Broglie wavelength of the particles
in the plasma is much shorter than the bubble wall thickness [P3]. Hence the condition
LT > 1 has to be satisfied to legitimate an expansion in derivatives of the background
Higgs fields. As demonstrated in section [ we find that a large part of the parameter space
does fulfill this condition.

In the 2HDM, baryogenesis is driven by top transport. So we can focus the discus-
sion on the case of a single Dirac fermion, with a space-time dependent mass ReM(z) +
i7°ITmM (z), where M(z) = m(z)e?®). The dispersion relation to first order in gradients

is given by [[[4, R3]

0'm?

2EyEy.’
where Ey = y/p? + m? and Ey, = 1/p2 + m? in terms of the kinetic momentum. The prime

denotes the derivative with respect to z, and the upper and the lower sign corresponds to

E:EoiAE:EQZFS (51)

particles and antiparticles, respectively. The spin factor s = 1 (—1) for z-spin up (down)
is related to the helicity A\ by s = Asign(p.). Note that eq. (5.1]) is the dispersion relation
in a general Lorentz frame, in contrast to the one derived in ref. [fJ]. For the group velocity
of the WKB wave-packet one obtains

D 0 m?
Vgr = E—Z (1 + SEESE()) : (5.2)

The semiclassical force acting on the particles,

(m2)/ L (mzar)/ 9/m2(m2)/

F=—
*T T 2B, T *2E Ry, | AE3Ey

(5.3)

results from the canonical equations of motion. It was the main result of ref. [I4] that the
expressions for the dispersion relation (p.1)), the group velocity (p.3), and the semiclassical
force (p.3) agree with the full Schwinger—Keldysh result [23].

In the semiclassical approximation the evolution of the particle distributions f; is
described by a set of classical Boltzmann equations. We assume a planar wall moving with
constant velocity vy,. Hence, in the rest frame of the wall, the distributions f; only depend
on z, p, and p = |p|, due to the translational invariance parallel to the wall. For each fluid
of particle type ¢ we have

(vg20: + F.0p.) fi = Ci[f], (5.4)
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without any explicit time dependence, as we are looking for a stationary solution. The
C, are the collision terms describing the change of the phase-space density by particle
interactions that drive the system back to equilibrium. We introduce perturbations around
the chemical and kinetic equilibrium with the fluid-type truncation in the rest frame of the

wall [{]
1
fi(Zapz,p) = eﬁ["/w(EhLUwpz)*ﬂi] +1 + 6fi(2,pz,p) (55)

where 8 = 1/T and v, = 1/4/1 — 02, and plus (minus) refers to fermions (bosons). Here
the chemical potentials u;(z) model a local departure from the equilibrium particle density
and the perturbations § f; describe the movement of the particles in response to the force.
The latter do not contribute to the particle density, i.e. [ d®p 6f; = 0. To first order in
derivatives the perturbations are CP-even and equal for particles and antiparticles. But to
second order they have CP-even and CP-odd parts, which we treat separately, i.e.

Wi = Mite + 120 + [i2es 0fi = dfite + 0fi20 +dfize, (5.6)

so that the perturbations to second order for particles differ from those for antiparticles.

In order to compute the asymmetry in the left-handed quark density, we expand the
Boltzmann equation in gradients. In the model under consideration, the most important
particle species are top and bottom quarks, as well as the Higgs bosons. The other quark
flavors and the leptons can be neglected thanks to their small Yukawa couplings. In a
first step we assume baryon number conservation. We take into account W -scatterings,
the top Yukawa interaction, the strong sphalerons, the top helicity flips and Higgs number
violation with rates '/, I'y, I'ss, I'y, and I'y, respectively, where the latter two are only
present in the broken phase. After the left-handed quark asymmetry is computed, the
weak sphalerons, with the rate I'y, convert it into a baryon asymmetry.

We follow the computation and notation presented in ref. [I4]. We weight the Boltz-
mann equations with 1 and p,/Ey, and perform the momentum average. Accordingly
“plasma velocities” appear in the following, which are defined as w; = ((p,/Eo)df;). We
end up with the transport equations for chemical potentials of left-handed SU(2) doublet
tops fit2, left-handed SU(2) doublet bottoms fu 2, left-handed SU(2) singlet tops e 2,
Higgs bosons pi, 2, and the corresponding plasma velocities

Buw K1, 1414 5 + Bvw Kot (m) e, + 3up
=30y (pe2 + prge 2 + pn2) — 600 (pee,2 + pee 2) — 30w (pie,2 — pio,2)
=30 [(1 + 9K )2 + (L 4+ 9K p) o2 + (1 — 9K ) e 2] = 0

3o K1 ity o + 3ty o
=30y (kn,2 + pree 2 + pn2) — 30w (w2 — pit,2)
=30 [(1 + 9K )2 + (1 4+ 9K p)pp2 + (1 — 9K ) pge 2] = 0

Bvw K1 1ffe o + 3w Ko (m7) pige 2 + 3uje
=30y (pe,2 + pn2 + 2peee 2 + 2p0p,2) — 600, (pe,2 + fire 2)
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—3L[(1+ 9K )2 + (1 4+ 9K 1 p)pp2 + (1 — 9K ¢ ) pge 2] = 0

4vy Ky pji, 2 + 41t o
=30y (1,2 + pp2 + 2pee 2 + 2p 2) — AT ppp 2 = 0 (5.7)

— 3Kyt 5 + 3UWR5¢U272 + 3uy Ko 1(m?) ug 2 + 3T5%uy 0 = S
—3Ky 0 + 3vwf{5,bu;),2 + 30 U2 = 0
—3K4,t,u£c,2 + 3’UWR’5¢’U,£C72 + 3Uwf~(6,t(m?)’ut0,2 + 3F%0‘Eu#72 = St

—AKypptf, o + 4UWI~(57hu'h,2 + ATy, 5 = 0. (5.8)

Here the second-order perturbations label the difference between particles and antiparticles,
i.e. o = oo — fi2o and ug = ug, — U2y On the r.h.s., S; denotes the source term of the top
quark,

Sy = —v Kg(m?0}) + vy Kofim? (m?)'. (5.9)

The source term of the bottom quark, which is suppressed by mg /m? ~ 1073, has been
neglected. The Higgs bosons do not have a source term to second order in gradients. The
various thermal averages K; in eqgs. (5.7), (F-§) and (f.9) are defined similarly to ref. [[[4].
We include the position dependence of the K;. The damping of u; 2 can be approximated
by the total interaction rate, I'f°". In the numerical evaluations we have included a term
30w (ug,2—up,2) which affects results only at the few percent level. Contrary to the transport
equations in ref. [[4] we have doubled the degrees of freedom of the Higgs bosons to account
for the second Higgs doublet in the model.

Using baryon number conservation, the chemical potential of left-handed quarks can
be expressed in terms of the solutions of the transport equations jis 2, pp2 and pue o,

1
pBL = Hqr2 + figp2 + 5 (He2 + pn2)
1 1
= 5(1 + 4K ) pie2 + 5(1 + 4K p) pp,2 — 2K g fuge 2. (5.10)

Now, in a second step, the weak sphalerons convert the left-handed quark number into a
baryon asymmetry.

6. The baryon asymmetry

The baryon asymmetry is obtained by [f]

405T o
np = nB we / dz pp, (z)e 7. (6.1)

s An2vgg.T 0

I'ws is the weak sphaleron rate, which is only present in the symmetric phase, and g, =
106.75 is the effective number of degrees of freedom in the plasma. The exponent v =
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4515/ (4vy,) accounts for the relaxation of the baryon number in case of a slowly moving
wall.

In our evaluation we use the values I, = 1.0 x 1079 for the weak sphaleron rate [57],
I'ys = 4.9 x 10747 for the strong sphaleron rate B3, ry=42x 10737 for the top Yukawa
rate [B4), T';y, = m?(z,T)/(63T) for the top helicity flip rate [54], and I'y, = m3, (2, T')/(507)
for the Higgs number violation rate [p4]. Furthermore the total interaction rate can be ex-
pressed by the diffusion constant, F%Ot = (D;K1;)/Ka,;, where the quark diffusion constant
is given by D, = 6/T [p4] and the Higgs diffusion constant by Dj, = 20/T [{]. The finite
W -scattering rate we approximate as I'yy = I'{°". The bottom quark and the Higgs bosons
are taken as massless.

Figure [ displays the baryon asymmetry as a function of the wall velocity vy, for
one typical parameter set. The solid line indicates the solution when using the full set
of transport equations (5.7) and (F.§). If we resubstitute Ey, — Ep in the dispersion
relation (f.]), the group velocity (F.3) and the semiclassical force (f.9), i.e. going back to
these quantities as determined in ref. [fJ], the resulting baryon asymmetry is substantially
reduced (dashed line). This confirms the recent result that performing the boost back to
a general Lorentz frame has a sizable effect and should not be neglected [I4]. In addition
we have improved the transport equations by keeping a finite W-scattering rate. If these
interactions were in equilibrium, ng would be considerably overestimated for vy, < 0.1
(dotted curve). We could also show that taking the Higgs bosons into account or not
does not play a significant role. The same holds for the source terms proportional to the
first-order perturbations 11 and w1, which we have neglected in the current paper. Their
effect on the total baryon asymmetry is less than 10% in the model under consideration.

Let us finally discuss the dependence of np on the Higgs masses. Figure ] shows
contours of constant baryon asymmetry in the mp—mp plane, where we have fixed the
parameters p3 = 10000 GeV? and o = 0.2. For each mass combination we determine all
quantities relevant for the phase transition, such as &, tan 87, Ly, Osym and Oy to put
them into the transport equations. There is only a mild vy dependence of the baryon
asymmetry (cf. figure [f]), so we consider only one wall velocity, vy, = 0.1. In addition, the
(é=1)-contour of figure [ is also shown for orientation. As we increase my, leaving my,
fixed, the asymmetry becomes larger. This behavior results from the m? ~ £¢2 dependence
of the top source term. Accordingly the baryon asymmetry becomes larger for a stronger
phase transition. If we increase my, leaving the heavy Higgs mass fixed, np becomes
smaller and reaches a minimum at mj, ~ 150-160 GeV, similar to the behavior of L,,. But
in general there is only a minor dependence on the light Higgs mass. In this parameter
setting it is possible to generate the observed baryon asymmetry for a heavy Higgs mass
between 320 and 330 GeV and a light Higgs mass up to 160 GeV. Since np is more or
less proportional to the CP-violating phase «, the measured value can also be explained
for other values of the parameters if we adjust . Then the heavy Higgs mass should be
somewhat larger.

Comparing figures ] and [], we can use the baryon asymmetry to predict the EDMs.
We see that for £ ~ 1 and mp = 115 GeV the neutron EDM is a factor of about 2 above the
experimental bound, which including the theoretical uncertainties is marginally tolerable.
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The electron EDM is a factor of about 5 below the experimental bound. Moving along the
(¢ = 1)-contour to the largest Higgs mass of 190 GeV, we find |d.| ~ 0.03 x 1072 cm
and |d,| ~ 0.7 x 10726¢ cm. Finally, taking mj, = 190 GeV and mpy = 400 GeV, we find
|de] ~ 3 x 107 e cm and |d,| ~ 0.09 x 10726 cm. So the experimental bound on the
neutron EDM starts to cut into the parameter space of the model. Improving the bound
by an order of magnitude would probe the larger part of the parameter space. The electron
EDM is typically one to two orders of magnitude below the current bound.

In this paper we focused on the case tan( = 1. As we discussed in the context of
eq. (B-4), larger values of tan 8 will lead to a smaller value of the baryon asymmetry, since
the change in 6 is then mostly due to a change in 61 rather than 5. Extrapolating from
the example of figure i, we estimate that for tan 3 2 10, successful baryogenesis should in
any case be in conflict with the EDM bounds. It would be interesting to check this issue
by direct evaluations.

So there exists a wide range of realistic parameters where the computation of np is
under control, and which yields the observed baryon asymmetry.

7. Conclusions

We have studied electroweak baryogenesis in the 2HDM, focusing on the case of tan 5 = 1
and degenerate extra Higgs states. Evaluating the thermal Higgs potential in the one-
loop approximation, we find a first-order phase transition, which is strong enough to avoid
baryon number washout. This is achieved by the loop-contributions of the extra Higgs
states, provided they are sufficiently strongly coupled. Taking ,u% = 10000 GeV?, this
happens for a heavy Higgs mass mpy > 300 GeV. The mass of the light, SM-like Higgs,
mp, can be up to 200 GeV, or even larger. The Higgs potential allows the introduction of
a single CP-violating phase, which has only a minor impact on the strength of the phase
transition. In our example, if my reaches about 500 GeV, the phase transition becomes
very strong, while the perturbative description starts to break down. These findings are in
agreement with those of ref. [21].

We have computed the properties of the phase boundary. The walls are typically
thick, but the width decreases with larger my from L, ~ 15T, ! to about 27, 1. We
also compute the profile of the relative complex phase between the two Higgs vevs, which
changes by an amount Af between the broken and the symmetric phase.

This phase shift leads to a CP-violating source term for the top quark, which drives
the generation of the baryon asymmetry. We compute the source term in the WKB ap-
proximation and solve the resulting transport equations, using the formalism of ref. [[[4].
We find that for typical parameter values the baryon asymmetry is in the range of the
observed value. The explicit CP phase in the Higgs potential has to be taken between
1072 and unity. For larger values of my the baryon asymmetry increases, as the phase
transition becomes stronger and the wall thinner. Our result differs from those of ref. [[L].
There the baryon asymmetry in the 2HDM was computed using the method of reflection
and transmission coefficients. In the regime of thick walls, this method is known not to give
the leading contribution to the baryon asymmetry, which explains the different results.
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We have also computed the EDMs of the electron and neutron. Since there is only
a single complex phase in the model, we can predict |d.| and |d,| in terms of the baryon
asymmetry and the Higgs masses. We find that |d,| > 107%"¢ cm. For the smallest al-
lowed values of my, and my, |d,| can slightly exceed the experimental bound. Improving
the neutron EDM sensitivity by an order of magnitude would test a substantial part of
the parameter space of the model. The electron EDM is typically one to two orders of
magnitude below the bound. These values are for tan 3 = 1. Extrapolating our results
suggests that for tan 8 > 10, the 2HDM cannot produce the observed baryon asymmetry
without being in conflict with the EDM constraints. In any case, the 2HDM can explain
the baryon asymmetry for a considerable range of the model parameters.

It would be interesting to extend our investigations to cover the full parameter space,
in particular the case tan 3 > 1. Since for larger values of my higher-order corrections
to the effective potential become more and more important, these contributions should be
studied in more detail, most reliably on the lattice. Our proposal is testable at the LHC
in the sense that at least one Higgs state should be observed. Furthermore, CP violation
may be detectable in top pair production [f5, B1]]. Stringent tests could be performed at a
future eTe™ linear collider, where for instance deviations in the Higgs self-coupling could
be detected [pq].
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Figure 1: Lines of constant £ and Ly, in the my-mpy-plane for p3 = 10000 GeV? and o = 0. In
addition, the line of the relative size of the one-loop corrections A = max|d\;/X\;| = 0.5 is shown.
The Higgs masses are given in units of GeV.
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Figure 2: The same plot as in figure ﬂ, but for the set p3 = 10000 GeV? and a = 0.2.
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Figure 3: The same plot as in ﬁguresﬁl and E, but for p3 = 20000 GeV? and a = 0.2
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Figure 4: The phase 6 and the difference A for the set u3 = 10000 GeV?, a =0.2.

(a) The change of # during the PT, as a function of hy (given in GeV), at fixed m; = 150 GeV,
mpyg = 350 GeV.

(b) A@ versus my, (given in GeV) for my = 330 GeV (solid) and 400 GeV (dashed).
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Figure 5: Lines of constant neutron (solid) and electron EDMs (dashed) for the set w3

10000 GeV?, o = 0.2, d, is given in units of 10726 ecm, d, in units of 10727 ecm, and Higgs

masses in GeV. The lower dotted line indicates the bound £ = 1, the upper one Ly, = 2.
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Figure 6: The solid line represents np as a function of the wall velocity for m; = 125 GeV,
mpy = 350 GeV, uZ = 10000 GeV? and a = 0.2. This parameter setting determines L, = 4.5/T
and £ = 1.6. The dashed line would be the asymmetry when we substitute Fy, — FEy in the
dispersion relations. The dotted curve corresponds to the case where the W-scatterings are in

equilibrium.
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Figure 7: Contours of constant g in the mp—mg plane for u% = 10000 GeV? and o = 0.2. The
Higgs masses are given in units of GeV and np in units of 10711,
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