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Abstract The Minimal Linear o Model is a useful theoreti-
cal laboratory. One can investigate in a perturbative renormal-
isable model the properties of the Higgs boson as a pseudo-
Goldstone boson, the phenomenological effects of the radial
mode of the field s which spontaneously breaks the global
SO(5) symmetry and the validity of conclusions based on
the Effective Field Theory approach with the field s in the
spectrum, after the decoupling of heavy degrees of freedom.
In this paper all those issues are discussed in the framework
of the Minimal Linear o Model with CP violating phases
leading to pseudoscalar components in the effective Stan-
dard Model Yukawa couplings. Also the character of the
electroweak phase transition in the presence of the field s
is investigated.
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1 Introduction

There has been some interest in perturbative models with the
Higgs boson as a pseudo-Goldstone boson from an extended
symmetry, both non-supersymmetric [1—4] and supersym-
metric [5—11]. Apart from investigating the Higgs boson
properties in renormalisable beyond the Standard Model
(BSM) scenarios, their simplest versions permit for study-
ing the phenomenological role of an additional electroweak
(EW) singlet s whose vacuum expectation value (VEV) vg
breaks spontaneously the extended global symmetry. The
physical scalar spectrum consists of two mass eigenstates
(we denote them by / and o) of the mass matrix which mixes
the radial mode of s and the neutral component of the Higgs
doublet (it is natural to assume vg > vy Where vy, is the VEV
of the Higgs doublet). Since the presence of the scalar o
in the spectrum restores perturbative unitarity and assuming
that the other degrees of freedom are heavier, one can dis-
cuss such perturbative scenarios in the effective field theory
(EFT) approach. Besides those from the SMEFT [12,13], it
has to include operators, beginning with dim 5, that are built
out of the scalar s and the SM fields. In such a model inde-
pendent approach it is interesting to investigate the potential
phenomenological role of the additional to SMEFT opera-
tors whose contribution depends on vg > vp.! Furthermore,

! There is a vast literature in various contexts on the models with addi-
tional scalar electroweak singlet coupled to the Higgs field but the phe-
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itis interesting to compare the extended EFT approach with a
complete model which determines the correlations between
different operators in the EFT approach.

The Minimal Linear ¢ Model (MLoM) [14] is in this
respect a useful laboratory. It is a rare example of an explicit
non-supersymmetric perturbative renormalisable BSM with
a rich structure.”

The scalar potential of the MLo M is based on the assump-
tion of the underlying global S O (5) symmetry, which is bro-
ken spontaneously SO(5) — SO (4) by a scalar quintuplet
of SO(5) and explicitly by a small number of soft terms
(for the first through discussion of such a potential in the
context of the fine-tuning and naturalness problems of the
SM see Ref. [22]). One can then investigate the phenomeno-
logical effects of the mass eigenstate o, mainly coinciding
with the radial mode of the fifth component of the scalar
quintuplet, which breaks spontaneously SO(5). Since the
presence of the scalar o in the spectrum restores perturba-
tive unitarity, one can consistently discuss the hierarchy of
masses Mg < M fermion once the model is completed with
a heavy vector-like fermion spectrum, which is the case in
the MLo M. In turn, one can investigate the EFT description
of the model, with dim 5 and dim 6 operators present, after
integrating out the heavy fermions, estimate the validity of
the EFT approach and also compare it with the SMEFT.

With the question about the possibility of the electroweak
baryogenesis in mind, the main goal of this paper is twofold.
Firstly, we generalise the MLo M Lagrangian, which was pre-
viously taken to be strictly CP conserving, to have arbitrary
complex Lagrangian parameters, that is to have additional
to the SM sources of CP violation. Secondly, after updating
the phenomenological constraints on the parameters of the
scalar potential we discuss the electroweak phase transition
in the model. One important particular aspect of the potential
is a flat direction in the limit of no explicit breaking of the
SO(5) symmetry.

Concerning the first issue we focus on the predictions of
the model on the CP violation in the effective SM fermion
Yukawa couplings. It is well known that they are most
strongly constrained by the electron Electric Dipole Moment
(EDM). After introducing complex Lagrangian parameters,
we compare the electron EDM bounds on the imaginary parts
of the Wilson coefficients for different dim 5 and dim 6 oper-
ators treated as independent with those obtained when they
are correlated by the model, pointing out the limitations of the
effective description. With regard to the electroweak phase
transition issue, we confirm the naive expectation that in the

nomenology of the special case of a radial mode of a field breaking a
global symmetry, in a minimal perturbative model, is rarely discussed.

2 The option of the Higgs boson as a pseudo-Goldstone is most often
discussed in low energy models viewed as remnants of some kind of
strong dynamics (Composite Higgs (CH) [15-25]).
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presence of the flat direction in the potential and only a weak
explicit breaking of the SO(5) symmetry imposed by the
phenomenological constraints, the Higgs potential does not
have a tree level barrier. Furthermore the Coleman-Weinberg
loop and thermal effects are by far too weak to give a strong
enough electroweak baryogenesis.

The MLo M has already been highly investigated in sev-
eral different directions: its low-energy features have been
studied in Ref. [26], after projecting it to the so-called Higgs
Effective Field Theory Lagrangian [27-40]; the possibility
to solve the strong CP problem within the MLo M has been
analysed in Refs. [41-43]; the phenomenology associated to
the lightest exotic fermions has been illustrated in Ref. [44].

The structure of the paper can be read out in the table of
contents.

2 The minimal linear o model

The global symmetry group of the MLoMis SO(5) xU(1)x,
where the last Abelian factor ensures the correct hypercharge
assignment for the SM fields. The gauge sector coincides
with the one of the SM, while the scalar spectrum contains
a real scalar field ¢ in the fundamental representation of
SO (5). The fermionic sector contains elementary fermions
with the same quantum numbers as in the SM and exotic
vector-like quarks in the trivial and fundamental representa-
tion of SO(5).

The scalar field ¢ has five components which can be iden-
tified with the three would-be-longitudinal components of
the SM gauge bosons 7;, i = 1, 2, 3, the Higgs field h and
the additional scalar field s, singlet under the SM group:

¢ = (1, 1, 73, h, 8)" =554 =(0,0,0,h, )",
2.1

where the last expression holds in the unitary gauge and
unbroken phase.

The exotic fermions have U (1)x charges equal to 2/3 or
—1/3 and are associated to the up-type and down-type sec-
tors, respectively. The proto-Yukawas are couplings between
the SO(5) quintuplet vector-like quarks (VLQs) v, the sin-
glet VLQs x and the scalar field ¢. The scalar field ¢ only
couples directly to the exotic fermions, and in particular does
not have direct couplings with the SM fermions. Therefore
the SM Higgs couples to the SM fermions only through the
mediation of the exotic fermions [20,45,46]. This structure
is in line with one possible dynamical explanation of the hier-
archical pattern of the SM Yukawa couplings, by mixing the
SM chiral fermions with heavy exotic vector-like fermions
with flavour-anarchical Yukawa couplings [47]. With the
electroweak baryogenesis in mind and since the electron



Eur. Phys. J. C (2021) 81:538

Page 30f 19 538

EDM constraints are the strongest for the third generation
Yukawas,?> we focus only on those.

The charged lepton sector can also be described by adding
a copy of the down-quark Lagrangian with exotic fermions
with U(1)x = —1. For shortness, terms including charged
leptons will not be shown explicitly and only comments will
be added when necessary.

Table 1 summarises the scalar and exotic fermion fields
appearing in the model with their transformation properties
under SO(5) x U(1)x.

The MLo M is a perturbative renormalisable model but it
does not address the question of the stability of the SO (5)
breaking scale. It can then be viewed as a “low-energy” renor-
malisable effective theory, valid below some naturalness cut-
off scale where new physics cuts off the quadratic divergence
destabilising that scale.

2.1 The scalar sector

The spontaneous breaking of SO (5) to SO (4) and of the EW
symmetries is described by the scalar potential V (¢) [14,22]:
V(g) =)\(¢>T¢>—f2)2+af3s —BfPn, 22)
where f is the scale at which the SO(5) breaking takes
place for « = B = 0. The last two terms, proportional to
o and B, are the soft terms which break the SO (5) symmetry
explicitly. Those terms provide the potential for the Gold-
stone bosons present in the spectrum after the SO(5) —
SO (4) breaking and are in principle calculable as quantum
Coleman-Weinberg corrections in terms of the Lagrangian
parameters of the gauge and fermion sector, that also break
SO (5) explicitly. They are sufficient to absorb the dominant
one-loop Coleman-Weinberg contributions (see Ref. [42] for
a different treatment). Since our fermion sector is not com-
plete (we do not consider the first two generations), in this
section we take them as free parameters and determine their
range consistent with the available phenomenological con-
straints. After introducing our fermion sector, we return to
the question of the compatibility of their values with the
Coleman-Weinberg calculation.

Another interesting aspect of the potential in Eq. (2.2)
is the compatibility of the phenomenologically acceptable
range of the parameters with the naturalness and fine-tuning
criteria discussed in detail in Ref. [22]. Since those concepts
are only of a qualitative nature, guided by the discussion in
Ref. [22], we consider the scale A,,; ~ O(10) f as anaccept-
able upper bound for the effective MLoM and the onset of
new physics. This implies in particular the upper bound A 4,
for the physical masses of the exotic fermions introduced in

3 See Ref. [48] for the discussion on how the electron EDM bounds
apply to the other generations.

the next section. Similarly, guided by Ref. [22], one expects
the values A, @, 8 ~ O(1) to be acceptable from the fine-
tuning perspective.

Equipped with those qualitative considerations, we now
proceed to the phenomenological analysis of the potential in
Eq. (2.2).

With the symmetry breakings, h and s acquire non-
vanishing VEVs:

h=1:1+vh,

s=8+vs, (2.3)

where the normalisation has been chosen to match Eq. (2.1).
While these two VEVs are undefined if « = 0 = 8, their
general expression turns out to be

2 2
2 _ 2« 2 _ 2, “ B
= f g e f <1 Py + 2)\) , (2.4)
with
vi =g (1 + ﬁ) ) (2.5)
S 2A

We see that the effective scale vg of the SO(5) breaking
depends also on the soft breaking parameters « and 8.

The SO (5) breaking requires that f2 > 0, while imposing
that the Higgs arises as a GB leads to |vy| < |vg]: it follows
that

2ﬁ2(1+£)<a2<4ﬂ2<1+§>.

(2.6)

Once the symmetries are broken, a non diagonal 2 X 2 mass
matrix can be read out from Eq. (2.2). The mass eigenstates
h and o, after diagonalising this mass matrix, can be defined
as

h=hcosy —&siny, o=nhsiny+8cosy, 2.7)
where the mixing angle is given by

4
tan2y = th Us (2.8)

3v v - f2

The mass eigenvalues are complicated expressions of the
parameters appearing in the scalar potential and of the scalar
VEVs.

Itis useful to express the different parameters of the scalar
potential in terms of the Fermi constant G, the scalar masses,
the mixing angle y:

@ Springer
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Table 1 Transformation

(2/3) (2/3) (=1/3) (=1/3)
properties of the scalar and ¢ v X v X
exotic fields under
SO(5 5 5 1 5 1
SO(5) x U(1)x. The )
superscripts (2/3) and (—1/3) Uhx +2/3 +2/3 —-1/3 —-1/3
on the fermionic fields refer to
the top and bottom quark sectors
1
‘U]:zl = A=0.2
\/5 Gg A=06
. a/d=1
e — Un sm(2)/)(m(27 - m%) B/A=1
s 2 2 2 _ 2 =
ms + ny (ma mh) cos(2y) No SO (5) breaking
02 2 2 ATLAS WW +ZZ
A= m <1 + COt2 y m_2‘> Higgs data
8v m _ .
h o C N\,
2.2 co. N\,
ﬁ _ megmy @ ’\.\
4% sin’y md + cos? y m} — 2m2m2 - e
o? sin?(2y)(m2 — m3)?
4% 4(sin?y md + cos?y m} — 2m7m2) N T
2 (in2 4 2 4 2.2 Te-Iliiaol
f2 vy (sm y my + cos”y my —thmg) 2.9) Iz
- . 2 ! '
(sin® y m2 + cos? y m3) , , ,
05 1.0 1.5 2.0

As Gf and my, are fixed experimentally, the two free param-
eters are the mass of the singlet o and of its mixing angle
with the Higgs boson. Figure 1 collects the present bounds
on the parameter space (11, sin> ).

The red horizontal line corresponds to the upper bound on
sin® y that universally suppresses the couplings of / to the
SM particles with respect to their SM values and it comes
from the 125 GeV Higgs signal strengths at the LHC by
ATLAS and CMS. Very recent ATLAS results from a /s =
13 TeV analysis of Higgs signal strengths with 80 fb=! of
integrated luminosity [49] set the bound

sin”y < 0.09 (2.10)

at 95% C.L. using a x? fit to the ATLAS data by assuming
a universal suppression of Higgs couplings. The whole red
shaded region is then excluded by this data.

The blue region is the excluded area due to searches of
heavy scalars decaying into SM gauge boson pairs. In order
to derive this bound, it is useful to introduced an effective
Higgs-singlet mixing angle sin” yr as the ratio between the
cross sections for the gluon fusion production of o in the
MLoM and for the gluon fusion production of a SM-like
scalar h,,_, with mass m,

0(gg = 0)MLoM

. .11
0(88 = hm,)sm

sin? yefr =
In principle, such a bound should also take into account the
VLQ loop contributions to gg — o, whose expressions can
be found in Ref. [14]. Neglecting the VLQ loop contributions,
one simply has sin” yefr = sin” y. Figure 1 shows the 95%

@ Springer

m, (TeV)

Fig. 1 Constraints on the mass (1, ) and mixing angle (sin? y) of the
new singlet scalar o (see text for details)

C.L. limits in sin? y as an excluded blue area, after such an
identification and using the latest /s = 13 TeV ATLAS
search for scalar resonances in di-boson final states with 36
fb~! of integrated luminosity [50]. The inclusion of the exotic
fermion contributions is discussed in Ref. [44].

Finally, Fig. 1 highlights the impact of theoretical con-
straints on the MLoM parameter space: the area under
the yellow curve is ruled out when requiring spontaneous
symmetry breaking of the MLoM SO (5) group. Note that
v% /f?* = & = 1 (with £ the non-linearity parameter typically
introduced in CH models), depicted by the orange line, and
even regions where vﬁ > f? are not excluded by experimen-
tal bounds.

Figure 1 also shows some contours of constant values of
the SO (5) coupling A and of theratiosa/A = 1and B/A = 1.
We collect below the values of all the parameters of the scalar
potential in Eq. (2.2) for a few chosen points on the plot, for
sin® y = 0.08:

ms =0.7TeV — 1L =0.11, 8 =0.83, o = 3.36,
f =293 GeV, vg =590 GeV

me =15TeV — 1A =0.40, 8 =0.17, « = 0.35,
f =733 GeV, vg =768 GeV
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my =2.0TeV — L =0.69, 8 =0.15, o = 0.30,
f =791 GeV, vg =795 GeV.
(2.12)

We conclude that the scalar potential parameter range
allowed by the phenomenological constraints is in very good
agreement with the fine-tuning criteria discussed earlier.

2.2 The Fermionic sector

We are interested in the exotic fermion masses in the range
Mg < M fermion < Anar Where the upper bound comes from
the expected cut-off for our effective perturbative model. The
part of the Lagrangian describing fermion interactions can be
written as follows [14]

Lr=qrilba, +trilPtr+ briPbr+
n E(2/3) [i1p — Ms] XeTR)
+ 7(2/3) [l¢ _ Ml] X(2/3)
AT
+ 7(*1/3) [lm _ Mi] X(*1/3)

(2/3) 2/3 (2/3)
—[le oxs” + v, 0

—(=1/3)

2/3
¢X(/)

YT g CUD g1y 173

+ Al( Aézx/g)w(ZB))

N ( ACP: ) b A

—i—A/ ( A;X15/3)1//( 1/3)>

+ ALy (Ag;‘1/3)bR)+ AT P pg ~|—h.c.i|.
(2.13)

where the U (1) charge of the exotic fermion fields ¥ and
x has been made explicit throughout. The one associated to
the charged lepton is very similar to the down-quark one with
exotic leptons having U(1)x = —1. The canonical kinetic
terms for the SM quarks appear in the first line, where g,
for the left-handed (LH) SU (2) -doublet, t g and by for the
RH SU (2) singlets. The second and third lines describe the
kinetic and mass terms for the exotic fermions. The forth line
presents the proto-Yukawa interactions between the exotic
quarks and the scalar quintuplet ¢. The last two lines con-
tain the mixed terms describing the SM-exotic quark inter-
actions: those terms proportional to A(l/)2 explicitly break the
SO(5) symmetry and the spurions [51;55] Ajrys and Asx
are introduced to formally restore the SO (5) invariance:

AC _ 00100
25 7 \00010)°
ACY3 _ <10000>

25 01000
A@/D(=1/3)

el =(00001)" (2.14)

According to the fermion partial compositeness paradigm no
direct elementary fermion couplings to ¢ are allowed.

The mass parameters M @) 15 can be taken as real: indeed,
if they were complex, then the sum between the mass terms
and their hermitian conjugates would end up with the real
part of the mass parameters. On the other hand, the rest of

0 0) | giey”
parameters should be taken as complex: Yio = [Yin 12

N _ A
and A5 3 = ‘A1,2,3
it is possible to reduce the number of phases to the minimum
set of 4 phases: a possible choice is

50)
‘ ePras, Performing a field redefinition

WQ/S) B 1//(2/3)

(= 1/3)
L,R ’ 1//

—ip ., (—=1/3
lﬂlI//I("R/ )’
tr = e BRI L, pp— e—i(ﬁ§+ﬁé)bR’

2/3 i (Br— By — 2/3
XI(,,ée) — ¢ (B3—P2 ﬁl)XI(‘,ée)’

xR = PRI (2.15)

leaving only yg’)z as complex parameters. Notice that the
phase rotations on ¥ and Yg (xz and xg) are identical,
so that the mass terms remain real. Among the SM fields,
only the RH quarks are rotated and in particular g; is not
redefined to avoid mixing of the phases of the up and down
sectors and in order to not introduce any additional phase to
the SM gauge boson couplings.

It is useful to rewrite the expression in Eq. (2.13) in terms
of the SU (2);, components of the different fields:

o=H" H', o7,
v ~ &, 0 15T, 1D~
yCID ~ (0, K, Bs), (Y ~ By, (2.16)

where H is the SM SU(2), doublet, with H = iorH*,
and K and Q" are SU(2);, doublets and T 5 and By 5 are
singlets. The whole set of charge assignments can be read in
Table 2, where the hypercharge is defined as

3
y=3x94x, 2.17)

with X the U(1)x charge and Eg) the third component of
the global SU (2) g, which is part of the residual S O (4) group
after the breaking of SO(5).

@ Springer
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Table 2 Decompositions of the exotic quarks and their transformations under the SM group

Charge/Field K Q T1,5 Q K Bi,s
=P +1/2 —-1/2 0 +1/2 —-1/2 0
SU@2)L x Uy (2,+7/6) (2, +1/6) (1,+2/3) (2, +1/6) (2,-5/6) (1, -1/3)
U(l)x +2/3 +2/3 +2/3 ~1/3 ~1/3 ~1/3
KY = +5/3 Q" =+42/3 Q" =+2/3 K" =—1/3

U gm ki = 123 ol = —1/3 +2/3 0d = —1/3 K — _4/3 -1/3

By using Eqs. (2.14) and (2.16), Eq. (2.13) acquires the T — (t o, k¢, s, T Q/u>T
following form (2.21)

Ly=qrilPag
+trilDtp +5Ri$bR
+K[iD — Ms]K+Q[i — Ms]Q
+Ts [lw — M5] Ts + T [ID — Ml] T
+Q/ [i — M) Q + K [il — M) K
+Bs [i ) — M§]Bs + B [i b — M| B,
—[yl (RL HT\ g +0QL HTi g +Ts1 ST],R)
+y2 (Tl,L H'Kg + T H Qg
+T1,L s Ts,R)
+v1 (@L HBI g +X [ HBg+Bs1 SB],R)
+y’2 (EI,L [‘]T Q/R +§1,L I:IT K/R
+§1,L SBS,R)
+A1dLQr + A2Ts, L tR
+A3T LtR +A/]§LQ’R

+A)Bs. . bg + AyB1. L bg + h.c.] , (2.18)

where the scalar fields H and s still denote the unshifted and
unrotated fields defined in Eq. (2.1). In order to match with

the notation adopted in the previous section, notice that in
the unitary gauge

"= (h/oﬁ> :

Fermion masses and mixings arise by diagonalising the
whole fermion mass matrix that includes SM and exotic
quarks. To this end, all fermions can be grouped together
in a single vector

(2.19)

T
v= (&7, B ") (2.20)
where the ordering of the components is based on their elec-
tric charges, +5/3, +2/3, —1/3, and —4/3, respectively.
Notice that 7 and B list together all the states with the same
electric charge, +2/3 and —1/3, respectively,

@ Springer

T
B= (b, Q“, ®", Bs, By, Qd> :

The whole fermion mass term can then be written in the
interaction basis as
L ==V M(vn, vs) Vg, (2.22)

where the mass matrix M (vy, vg) isa 14 x 14 block diagonal
matrix,

M(vn, vs) = diag(Ms, M7 (vy, v5), Mp(vy, vs), Mg),

(2.23)
with

0 Ay 0O 0 0 A

0 Ms 0 0 ylg—% 0

0O O M 0 ()]
M7 (vn, vs) = ° e :

A2 O O MS ylvs O

A3 }’2% Y2:j/—h§ yovs My 0

0 0 0 0 0 M

(2.24)

and similarly for Mpg(vn, vg), replacing the unprimed
parameters with the primed ones and vice-versa.

The matrix in Eq. (2.23) can be diagonalised through a
bi-unitary transformation,

U r=U gV = M=UM U;, (2.25)

where @L g stand for the mass eigenstates and M for the
diagonal matrix. The two unitary matrices can be written as
block-diagonal structures

Uy g = diag (1,UZR,UER,1), (2.26)
where ULTR and UfR diagonalise M7 (vy, vs) and Mpg(vy,
vg), respectively. Finally, the diagonalised mass matrix is
given by

M = diag (Ms, M1, Mg, M%) (2.27)
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and the mass eigenstate fermion fields are defined as
~ ~ =~ T

U= (k" T.B. k),

T=(T T T T3,

B = (b, B, By, B3, By, Bs) , (2.28)

with both charge 2/3 and charge —1/3 mass eigenstates
ordered by increasing masses, so that the lightest states cor-
respond to the top and bottom quarks, respectively. Notice
that the exotic charge states do not mix with the other fields
and then K* = K* and K" = k.

One can estimate the dependence of top partners masses
on the fermionic Lagrangian parameters by analytically diag-
onalizing Eq. (2.24) with vy, = 0, which leads to these eigen-
values

Ms, Ms, Ms,

1
3 <M1 + Ms5 —\/Ml2 —2M1M5+M52+4v§y1y2),

1 2 2 2
5 ( M1+ Ms + M} — 20 Ms + ME + 402y, ).
(2.29)

aside from the zero eigenvalue corresponding to the top quark
mass in such limit. Similar results are obtained for bottom
partners, replacing the unprimed parameters with the primed
ones and vice-versa.

2.3 The low-energy effective operators

We collect in this section the Wilson coefficients for the oper-
ators obtained after the decoupling of the exotic fermions,
calculated in terms of the original Lagrangian parameters.
The decoupling limit corresponds to considering M >
me > vn, where M represents the exotic fermion mass
scales Mi(/) in Eq. (2.13). Generically, the GB scale f is
smaller than M and therefore the additional expansion in the
ratio f/M < 1 will be also used. This integration-out exer-
cise has already been carried out in Ref. [14], but without
considering complex parameters: this section is devoted to
reproducing the results in that paper, but taking into account
the CPV sources.

For energies E < M, the effective Lagrangian describing
d < 6operators containing SM quark interactions with gauge
bosons, Higgs boson and s can be written as

Lt =qrilpqr +igilDtg +brilpbg

+ > O+

i, CiER

Z ¢jO; +he. (2.30)

j,CjG(C

For concreteness, the “Warsaw basis” [13] will be used and
charged lepton operators will not be shown explicitly.

The light fermion kinetic terms also receive corrections
from the integration-out procedure that require wave function
renormalisation in order to recover canonically normalised
kinetic terms,

A2 A/2
-z g with 2, =14+ —L 4 1
qL q. 9L qL = M52 M§2
A2 A2
~12 . _ 2 3
lR—)Z[R IR with ZZR_1+V52+V12
A/2 A/2
—1/2 . _ 2 3
bR_)ZbR bR with ZbR—l-i-M—gz—i-M—iz

2.31)

The effective operators and their Wilson coefficients at
leading order in f/M are shown in Table 3, where the fol-
lowing definitions are used:

(H'iDy ) =i (H' (Dut) = (H'Dy) H) .
H

)~ (7))

(2.32)

t At (D
(H tDMH)El(H T (DM

Moreover, the symbol Re[x] refers to the real part of the
parameter x. Notice that the coefficients of the d = 4 oper-
ators also enter in the definition of the higher dimensional
operator coefficients.

The Yukawa couplings Y; and Y}, are proportional to yg/)
that are complex. The physical SM fermion masses receive
also contributions from operators of higher dimensions once
the scalar fields H and s develop their VEVs. The latter
contributions are additionally suppressed by powers of /M
and therefore can be safely neglected in the approximation
considered here.

However, the complex phases entering Y; and Y} need to
be reabsorbed. By redefining the fields ¢z and bg so that

R — e tp . br— e @pp, (2.33)
we get
Yl_) |Y[|Eyl, Yb—) |Yb|Eyb, (2.34)

and the top and bottom masses at leading order in f/M turn
out to be

lyil A1As —1/2 5—1/2
= JL 1] z- 2
T2 Mo R
"I AT A, Ry
il MAy gy (2.35)

"7 2 MM, VhZqL iy

The redefinitions in Eq. (2.33) also affect the other opera-
tors in Table 3, so that in the coefficients cls’f, cts’g and c’,_’,bz,

the couplings Y; and Y} should be replaced by their abso-
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Table 3 Leading order effective operators and their coefficients. The wave function renormalisation factors have been defined in Eq. (2.31)

d Operator Ci Leading Order in f/M
4 gL H tx =Y - (%) Zq_Ll/ZZt_Rl/Z
G H br -, - (Ur) 2.2,
5 s @) iy % [y?%ﬁ - <y1 s Y3 A@?) Zﬂ
s (@LHb) e, W [y&*% - (y@ i v AM,A;) Z,,‘R‘]
6 s? (g Hrg) ety — i yuvs - [Y1Y2 (2 - %) + —('yz'zﬂyﬁ)ﬁ;f"”“z] Z,+
LS ( Lo LA y;l;;?/ﬂ) 22
2 (G. Hbg) b, 7&{%3{/; _ |:y/1y/2* (2 M; I Af}’z) i (Iy’2|2+2y§;);1;i+lﬁ|2z\gz] Z;Rl*'
+2 if?ff; (y’ll;/leé[zy’,] n y’lRely?Vlfﬂyj/ Rely)] ygfjﬁyg]) 272
|H? (gL Htg) ko —ﬁ[%y; - <2y1y2 w |YI|2M1]\§45) z
- <}’1}’;,/|,\T§2 + % M/I\[%l/l5>zq_l_lj|
|H? G Hbg) <o w2y - <2y’1y§* o+ P )Z;,J
(y@y’z o+ MA,;;) z,']
(H'i Dy, H)Gry™ar) b ( b - 'j;,'z“f) z)!
(H'i D], H)@.7'y"q1) o (‘L‘l bpel + ‘{d‘ﬁ) z)!

lute value counterparts y; and yp, respectively, and in the
following they are always interpreted in this way. Since y(l/)
and yg) present in those coefficients are complex, the new
sources of CPV have not been washed out by the redefinition
in Eq. (2.33).

It is worth stressing that in the considered MLoM the
effective suppression scale of the dim 5 operator and dim
6 operators are independent. In next section we investigate
the following questions, always in the context of the elec-
tron EDM bounds on the magnitude of the acceptable CP
violation:

1. What are the bounds on the imaginary parts of the differ-
ent Wilson coefficients, if one assumes that each of them
saturates by itself the experimental EDM bound?

2. What are the bounds on them when they are correlated
by the model?

3. What is the role of the scalar ¢ in the spectrum in each
considered above cases, in particular how do the bounds

incase 1. compare with the bound on the SMEFT operator

t
Cyn?

@ Springer

3 The electron electric dipole moment constraints

The strongest bounds on the beyond the SM sources of CP
violation come from the fermion electric dipole moments
(EDMs). The SM predictions give for them extremely small
values and therefore any NP sources of CPV may show up
at experiments as a clear signal of Beyond the SM (BSM)
physics. At present, the strongest experimental upper limit
on the EDMs is the one for the electron. The result reported
by the ACME 1I collaboration [56] is:

Id,] <1.1x 107 ecm at 90% C.L., (3.1)

where d, is defined by the following effective Lagrangian

id, _ .
Zrpm = *Tee UMUVSeFHU with oy, = 5 [VMV\J - VUV;L] .

(3.2)

Although this limit is still far from the SM prediction
which accidentally gives a very small value of ~ 10~** e cm
[57] (a recent reevaluation of this value have been done in
Refs. [58,59]), it constraints very strongly various BSM sce-
narios.
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3.1 General EFT analysis

In this section we discuss the EDM constraints on the set of
operators listed in Table 3, which are generic for models with
an additional electroweak singlet, assuming non-vanishing
expectation value for the field s, vg > vp,.

The electron EDM will receive NP contributions due to
the imaginary parts of the Higgs and o boson couplings to
the third generation SM fermions. The effective Lagrangian
describing the fermion-scalar couplings can be parametrised
as

Yy 0 C~h T
RV AGAA R AREL

+(h — o) with yy = ,

(3.3)

where v, = 246 GeV is the EW symmetry breaking VEV of
the Higgs field, and my, the mass of the SM fermion /.

Aslong as only the CP violation effects in the Higgs boson
Yukawa couplings are considered (e.g. in SMEFT), the elec-
tron EDM introduces a constraint on the three-dimensional
space of the effective fermion parameters /Zth, Ef, ETh, with
upper bounds on each of them (for a recent analysis see
Ref. [60]). Particularly strong bounds are obtained for Elh <
O(1073) but the bounds for Ef and /Zf are two orders of
magnitude weaker. It is well known that the same effective
parameters Ky, can be responsible for the contribution of dif-
ferent third generation fermions to the baryon asymmetry in
the universe in the electroweak phase transitions, provided it
is a strong enough first order transition (see Refs. [60—65])
(which is not the case in the SM). The stringent bound on
/?,h excludes its dominant role in the electroweak baryogen-
esis but it can still be driven by /Zf (see Refs. [60,66]). In
this paper we are mainly focused on the comparison of the
constraints on the complex parameters in the EFT approach
with those in a renormalisable perturbative model and we
shall do it taking the top Yukawa coupling as an example, as
it gives the leading contribution to the electron EDM. The
case of the ¢ Yukawa would exactly parallel our discussion,
with appropriate rescalings.

New contributions to the electron EDM arise through the
so-called Barr-Zee diagram in Fig. 2. The different vertices
are labelled with letters: we assume that the vertices“B”,
“D” and “E” are purely SM (the photon couplings are left
untouched in particular within the MLoM ). In a full three
generation model, vertex “A” may acquire an imaginary part
due to new physics contributions, but it is expected to be
suppressed accordingly to the fermion partial composite-
ness mechanism: the lightest fermions are mainly elemen-
tary, while the top, the bottom and tau are composite objects.
The only vertex where new sources of CPV can play a role
is “C”.

Fig. 2 Two-loop Barr—Zee diagram for the electron EDM

The explicit computation of the Barr-Zee diagram, allow-
ing new CPV sources only in vertex “C”, provides the fol-
lowing contribution to the electron EDM [67]:
de

— == Z 40, Q%// Ncwﬂ\/zGFme
e My (47T)3

X I:K? Eg FiCeyyn) + kg i fi (Xw/o)] ;
34

where Qy, is the  electric charge, N, = 3 if v is a quark
and N, = 1if ¢ is the 7, oy is the fine structure constant
at the scale of the electron mass, G the Fermi constant, and
f11s a function of xy /s = (ml/,/ms)2 defined by

fix) = 2x |:Li2 (1 _ 1_— .1—4x>

1 —4x 2x

1+41—-4
—Liy (1 _itviE x)} 3.5)
2x
being Li, the dilogarithm
Un(l — z¢
Li2(2)=—/ ¥dt, zeC, reR.
0

3.6)

Taking the central experimental values for the fermion
masses, m;, = 172.8 GeV, m;, = 4.18GeV and m,; =
1.78 GeV, and the Higgs mass as m;, = 125.1 GeV [57],
and setting m, = 1.5TeV and sin>y = 0.08 as the
benchmark values, the numerical results for the function
f1 computed for the top, bottom and t fermions read:
S1Geyn) = 2.87, fi(xpsn) = 0.055 and f1(x¢/5) = 0.015
when the Higgs boson is exchanged in the Barr-Zee dia-
gram, while f1(x;s) =~ 0.30, fi(xp;o) =~ 0.0011 and
f1(xz/0) =2 0.00026 when it is the scalar singlet. These val-
ues have been obtained implementing in C++ the sub-routine
Vegas [68] from the Monte Carlo-based multi-dimensional
Cuba library [69].

For a check of our calculation, we report the results for the
upper bounds on the Higgs boson CPV effective couplings,

@ Springer
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assuming one contribution at the time, using the experimental
bound in Eq. (3.1):

i =0.0012, & =025, &'=031, (3.7)

They agree very well with the values for T;ﬂ obtained in Ref.
[60] (see their Eq. (4.5)), after the identification®
y _ Cosy -
T Ky
I 272 v
since, due to the mixing between i and o, the SM Yukawa
couplings for the electron end up suppressed as follows:

(3.8)

Z D —khéLeR +h.c. D —k(héecosy + oeesiny)

V2 V2

cosy
=siny.

h
- ke (3.9)
Kg

Our next task is to take the point of view of an EFT
approach and to obtain the bounds on the imaginary parts
of the Wilson coefficients, one by one, of the dimension 5
and 6 operators collected in Table 3. Keeping only the top
quark loop in the calculation, we get:

K,h = —(vgCcOSy — vp Siny) Im[c’sl]/yt — vg(vgcosy —2 v siny)

3
xIm[c,1/y — 3 vE cos y Im[cly,1/ v,

/?,” = —(vg siny + vn cos y)Im[c'Sl]/yt — vg(vg siny

3
+2uy cos y) Im[c’,1/y; — > v siny Im[cy,1/yr, (3.10)

where Im[x] is the imaginary part of x.
For illustrating the role played by the # and o exchange,
it is convenient to introduce the effective parameter &,

Izteff h ~

= kM R! fiCopn) + .S RS fi(xeso) - (3.11)

For the benchmark point m, = 1.5 TeV and sin? y=0.08,
if only one operator enters in the electron EDM, the h (o)
contrlbutlon to &7 is 98% (2%), 97% (3%) and 99% (1%)
for csl, sz and ¢/ 0> TESpectively.

Although the contribution in Eq. (3.10) of the different
operators to the parameters &' and &7 is comparable, the
contribution of the latter to the electron EDM is suppressed
by the function fi and by «J = sin y. From Eq. (3.10) we
also see that the coefficients of Im[ctsz] are larger than those
of Im[chz] because vg > vp. Therefore, the bounds on the
Im[c’sz] should be stronger than the one on the Im[c’Hz]. Fur-
thermore, we see that, because of the mixing between & and
o, the square of the coefficients of Im[c’S 11 are close to the
coefficients of Im[cL,].

The bounds on Im[c’sl] /v: in units of TeV~! should then
be comparable to those on Im[ctsz] /y: inunits of TeV 2, lead-
ing to obvious implications for their interpretation in terms of

4 Ref. [60] based their calculus on Ref. [70], where the formula in
Eq. (2.33) should be corrected including a factor 1/+/2 according to
Ref. [67].

@ Springer

the common suppression scale A (A2), respectively. This dis-
cussion is also very important for understanding the results
of next section.

The bounds on the imaginary parts of the Wilson coef-
ficients, assuming the contribution to the electron EDM of
only one operator at a time, in the range of the parameters
(mg, sin? y) consistent with the Fig. 1, are shown in the
Fig. 3. They confirm the above described qualitative expec-
tations. The Im[c’sl’ »1/y: have stronger suppression for larger
my because the prefactor in Eq. (3.10) depends on vg that
increases as m, increases. On the other hand, Im[c’HZ] /Yt
has the opposite behaviour because in this case the dominant
effect comes from the function fi(x;/s) in Eq. (3.11) that
decreases with increasing m, .

Here are the bounds of the suppression scale A following
from the bounds on each of the Wilson coefficients, taking
their phases as O(1): A > (5.5 x 102, 20, 9) TeV, for c’sl,
cly, ¢y, respectively, taking m, = 1.5 TeV and sin)z, =
0.08. As expected, the strongest constrain on the new physics
scale comes from the dim 5 operator. It is more than one
order of magnitude stronger than the bounds from both C’S2
and c;,. The difference between the bounds coming from
cl, and ¢}, is due to the hierarchy vg > vp.

In next section we will compare the obtained bounds with
the results obtained using the complete MLo M Lagrangian.

3.2 MLo M calculations

Our first question is: how the bounds on the imaginary parts of
the Wilson coefficients change (compared to the results of the
previous section) once we include the correlations between
them which follow from the structure of the Lagrangian
Eq. (2.13). This can be done by using the explicit expres-
sions for the Wilson coefficients in terms of the Lagrangian
parameters given in Table 3.

The imaginary part of the Wilson coefficients in Eq. (3.10)
are given by

Im[c,1/y = — [ Az 3zl sina,
+lyal AzA% ,Rl) sinag}
Imlcg,1/ye = —m |:|YI||YZ| ( [2;;%2 + A[;%?} z!
5 1
+2A1/>1§11‘\4§52 Zt;) sin(o] — o2)
+ .|2;le‘\; 2, 2sinar)

2 242
+y,? Ay g1 MAS z sin(2 a2)
M1M5 1R M3
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Fig. 3 Bounds on the imaginary parts of the Wilson coefficients, }Im[c;1 ] | /v (), }Im[c’sz] | /v (b)and }Im[cﬁﬁﬂ /vt (), assuming the contribution

to the electron EDM of only one operator at a time

A2
lm[CtHz]/yt = —W|yl||}’2| |:1 - %Zf;l
1 M5 Mj
A |
-z sin(a] — o)

VL (3.12)

In Fig. 4, we show the results of a scan over certain regions
of the parameter space of the model and impose the most rel-
evant experimental constraints. We follow Ref. [44], which
contains a comprehensive study of the model phenomenol-
ogy addressing in particular the effects of relatively light
top and bottom partners. This analysis includes the study of
the modification of the Zbb coupling having an impact on
the ratios of partial widths R, = I'(Z — bb)/T(Z —
hadrons), R, = I'(Z — c¢c)/T'(Z — hadrons), on
the forward-backward charge asymmetry AI} g and on the
coupling A from left-right forward-backward asymmetry,

which have been precisely measured at LEP [71]. The bounds
from S and 7 oblique parameters have also been considered,
aside from constraints on the MLoM scalar sector, already
discussed in Sect. 2.1. Reproduction of experimental values
for m; and mj, has been required as well. Although in our scan
all those constraints are imposed at the level of real parame-
ters, we checked that introducing the phases typically change
the results by only a few percent.

The scatter plots shown in Fig. 4 have been obtained for
the following ranges of the parameters:

my = 1.5TeV, sin’y = 0.08,

My =(3.0-35)TeV, Ms=(6.0—7.0)TeV,

M; = 45-6.5)TeV, M= (75-10.0)TeV,

A =(55-75TeV, Ayz=(15-20)TeV,
Aj,3=(0.75-15)TeV,
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Fig. 4 Values of Im[cL,1/y,, Im[cL,1/y;, Tm[cy,1/ i, &I and &7 for the points of our MLoM parameter scan. The colour of the scan points
marks the range of values they give for /Z,h in (a), (b) and (c), and for |d,./e| in (d). The electron EDM was required to be in the range |d,/e| =

05-1.1) x 100® cm

ly2l = (1.00 — 1.25), |y5| =0,

ap=0—-m), aj,=0, (3.13)

Both |y;| and |y} | where set to satify Eq. (2.35), for the cen-
tral experimental values for m; and my,. (See some benchmark
examples in Tab 4.) It has ben required that the electron EDM
is in the range |d,./e| = (0.5 — 1.1) x 107%° cm. The main
observation is that the Wilson coefficients of different oper-
ators are strongly correlated with each other and the bounds
on them are up to two orders of magnitude weaker than in the
previous section. The cancellations between contributions of
different operators occur naturally, as a consequence of cor-
relations between them when they are expressed in terms of
the Lagrangian parameters. No significant fine tuning of the
Lagrangian parameters is needed, excluding o, whose value
is discussed below. In addition to the structures encoded in

@ Springer

Eq. (3.12) the important role in the cancellations is played by
the fact that in the full model the suppression scales of dim
5 and dim 6 are independent.

In Fig. 4d there are collected the results for the measurable
parameters kth and i/ . The two bands correspond to positive
and negative values of &, 7 1tis interesting to observe that,
contrary to the expectations based on a single operator dom-
inance discussed in the previous section, typically k7 > i?,h,
as a consequence of the large cancellations. Interestingly,
the EDM bound on the imaginary part of the htt coupling
in the full model is about 50% weaker than in the effective
approach.

Figure 5a shows the scatter plot of the CPV Yukawa phases
1.2 compatible with |d,/e| = (0.5 — 1.1) x 1072° cm, for
the range of the parameters in Eq. (3.13). One can ask if
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Table 4 In the upper panel, four different sets of input parameters are
shown as examples. In all cases, m, = 1.5 TeV, sin? y = 0.08 and
“/14,2 = 0. The corresponding imaginary parts of the Wilson coeffi-

cients, effective coefficients IZth *? and the electron EDM are collected in

the middle panel, together with the respective Higgs and singlet contri-
butions to the later. In the lower panel are shown the resulting lightest
T and B quark partner masses, the Ai’g that quantify the amount of
tuning in the MLoM CPV phases and the |cw| and | Scw | parameters
calculated from the Coleman-Weinberg potential

M, Ms M| Mj Ay A A3 A} A} Af yil Iyal o o il 1yal
(TeV) (TeV) (TeV) (TeV) (TeV) (TeV) (TeV) (TeV) (TeV) (TeV)
Pl 34 6.9 5.1 8.0 7.1 1.5 2.0 1.2 1.1 1.0 28 1.1 003 311 12 0
P2 3.1 6.4 6.3 8.3 7.1 1.6 1.9 1.5 1.3 1.3 27 1.1 022 280 1.1 0
P3 32 6.0 6.1 9.1 5.7 1.9 1.9 1.1 1.2 1.3 30 1.0 050 290 13 0
P4 3.1 6.1 5.1 7.6 6.2 1.5 1.7 1.5 1.0 1.2 29 12 075 242 08 0
Im[ct,1/y: Imlc,l/ye Imlch,l/ye &) b (dc/e)n x 10% (d/e)s x 10% |de/e| x 10%
(TeV—hH (TeV~2) (TeV—2) (cm) (cm) (cm)
Pl —0.004 0.006 0.008 —0.0006 —0.0014 —0.57 —0.04 0.6
P2 —0.048 0.056 0.076 —0.0003 —0.0099 —0.31 —0.27 0.6
P3 —0.061 0.069 0.111 —0.0008 —0.0118 —0.70 —0.32 1.0
P4 —0.126 0.140 0.204 0.0017 —0.0226 1.56 —0.62 0.9
mr mp Al Al AT A loecw | |Bewl
(TeV) (TeV)
Pl 4.0 5.1 1.3 31.6 0.7 27.0 0.22 0.05
P2 3.7 6.3 12.1 149.1 0.6 1.0 0.24 0.06
P3 3.6 6.1 43 121.6 0.7 2.0 0.32 0.09
P4 3.6 5.2 7.1 85.9 0.3 42 0.12 0.05

such values of the CPV phases are “natural” or perhaps they
correspond to some undesired tuning. Following traditional
naturalness criterion [72], the amount of tuning in a2 for
the effective coupling &}, can be quantified by

a12 8/2;’
& da

h =

= (3.14)

Similar quantities can be defined for k;”. Tab 4 collects the
values of Aﬁ'; for some benchmarks, showing that for a»
a tuning of 10% to 1% is required in the parameter space
region (3.13). This is the price for the cancellations between
contributions from different effective operators.

In Table 4 we collect the parameters and the results for a
few generic points from our scan. One new important obser-
vation is that in the full model the mass scale of new fermions
compatible with the electron EDM bound is around 3 TeV,
for the O(1) phases of the Yukawa phases in the lagrangian.
This is the effect of the already discussed cancellations.

Finally, the second question we discuss in this section is
this: can the scalar potential parameter range shown in Fig. 1
be naturally obtained from radiative corrections induced by
the soft SO(5) breaking terms in the MLoM Lagrangian
Eq. (2.2) (respecting the naturalness cut-off A,,; ~ O(10) f
for the heaviest exotic fermion mass).

The acw and Bcw parameters arising form the Coleman-
Weinberg (CW) one-loop potential are given by

1 d 1 dj
6472 f3 6472 f2
where d> 3 have been calculated in Ref. [14] (see Ref. [42]
for a different treatment)

, (3.15)

lacw| = ‘ . 1Bewl = ‘

dy =4 AaA3 (M |y| cosa + Ms |y,| cos )
+4 AL As (M |y)| cosa + M§ |yh| cosah) |
ds =2 |y,|* A3 = |yo|* A} +2 [yi " A2
A (3.16)
Recall that y| and y), were set to be real since the bottom role
in the EDM is subleading.

The results of a scan over the parameters of the Lagrangian
are shown in Fig. 5b. There can be a good agreement with
the values of the parameters indicated in Eq. 2.12.

The largeness of the y; parameter at the average scale of
the decoupling of the heavy fermions may raise the ques-
tion about the appearance of Landau poles. However, that
scale is also similar to A,,; that is the natural cut-off for
the MLo M at which a (still perturbative) completion of the
theory is expected. The running of the couplings above A4,
would depend on that completion so the question about the
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Fig. 5 Values of the CPV phases o » (a) and Coleman—Weinberg parameters |ccw| and | Scw| for the points of our MLoM parameter scan. The
electron EDM was required to be in the range |d, /e| = (0.5 — 1.1) x 1072 cm

Landau pole is beyond the MLo M itself. However, just for
controlling the effects of the possible short running in the
MLoM (given the uncertainty of the scale at which the value
of y; should be assigned to), we have checked that with the
1-loop beta-function for y, calculated for our spectrum, the
corresponding Landau pole would arise at ~ 13 TeV with
y (M5 =6TeV) = 3.

4 Electroweak phase transition

The MLoM is an example of extension of the SM with an
additional scalar. Various extensions of the SM with addi-
tional scalars have been widely studied to make the EW
phase transition first order and strong [73-85]. This is one of
the necessary conditions for a successful EW baryogenesis
[61,62,64]. A natural question is if the MLo M can manifest
such strong phase transition.

To analyze the phase transitions a model exhibits, the
effective potential of the scalar sector at finite temperature
needs to be studied. This is calculated using the methods
presented in the “Appendix A”. At finite temperature, the
quadratic terms of the scalar potential receive thermal con-
tributions, so above some critical temperature 7, the EW
symmetry is restored.

The transition between the two phases is first order if at 7,
there is a barrier in the effective potential between the two
degenerate minima: the EW symmetric minimum at h =
0, and the EW breaking minimum at h = vy .. Then, the
phase transition occurs through bubble nucleation: at T > T,
the plasma is in the EW symmetric phase, and at T < T,

@ Springer

bubbles in the EW breaking phase start to grow and percolate.
This is a highly out-of-equilibrium process, and an excess of
baryon number can be generated in the bubble walls [63,65].
To explain the observed baryon number excess, the phase
transition must also be strong enough: vy, ./ T, > 0.6 — 1.6
(see Refs. [82,86]).

In the SM the phase transition has a cross over character
(the Higgs gets a VEV smoothly without nucleation), but
extensions with scalar fields can change this in a number of
ways [78]. If the extra-scalar VEVs are invariant during the
EW phase transition and only renormalizable interactions
are allowed, the tree level potential cannot have a barrier
[76], but loop and thermal contributions of the extra scalars
can generate it [73]. Those models typically require sizeable
couplings to make the phase transition strong. A second class
of models are those ones where the extra-scalar VEV's change
during the EW phase transition. In this case, the tree level
potential may have a barrier assuming only renormalisable
interactions [76].

Models with an extra scalar with a Z, symmetry, and a
vanishing VEV at 0 temperature are considered in [79,80,
82]. If the VEV of the extra scalar also vanishes in the EW
symmetric phase, it corresponds to the first case explained
above. The second case can also be realized with a two-step
phase transition if the extra scalar gets a VEV before the EW
symmetry is broken. In CH models, the second case can be
implemented with help of extra pseudo-Goldstone bosons in
non-minimal models [77,83] or the dilaton [84,85].

Inthe MLo M there is an extra scalar o which arises mainly
from the radial mode of a scalar 5-plet, whose VEV f breaks
spontaneously the global SO (5) symmetry. As explained in
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detail below, although the VEV of s does change during the
EW phase transition, the underlying SO (5) global symme-
try of the potential does not allow for a tree-level potential
with a barrier. Several effects also suppress the quantum and
thermal contributions of o to create a barrier: very strong
experimental upper bound on the h — s mixing and the hier-
archy f/vn > 1 at zero temperature. The phase transition is
by far too weak to be consistent with electroweak baryogen-
esis.

4.1 Leading temperature corrections

The first step is to analyse the effective potential including

only leading high temperature corrections (see Appendix A.17).

This approximation can neglect important contributions from
higher orders, but it gives a first analytic approach to the prob-
lem. In the next section the full numerical analysis will be per-
formed. The effective potential in this approximation (A.14)
has the same functional form as the tree level potential (2.2)
with some temperature-dependent coefficients (up to con-
stant terms):

Vetro(h, s) = A (h2 + 52— f(T)2>2

+a(T) f(T)*s — B(T) f(T)*1?, (4.1)
where
2 _ g2 l 2
fry"=rf 12T, 4.2)
_ . r
Ol(T) aw, (4‘3)
1 2 T2 2 2
B( )—f(T)2 fﬂ—@(mz"'zmw"'zmt) .
(4.4)

The possible first order phase transitions can be studied
looking for the parameters that give a potential (4.1) with
two degenerate minima. Then, evolving the parameters from
T =T, to T = 0, the zero temperature tree level parameters
can be found [76]. However, if « # 0, the potential (4.1)
cannot even have two local minima if one of them breaks
the EW symmetry. This potential has a stationary point with
vp, # 0 if and only if the condition

ﬁ(T))

F(TY?a(T)* < 4 f(T)* B(T)? (1 +5 4.5)

is satisfied. Notice that, assuming f 2 5 0, this condition is
the right inequality (2.6) . The stationary point is unique (up
to SO (4) transformations) and it is a minimum if and only if

F(T)?B(T) > 0. (4.6)

If there is a second minimum, it has to be located alongh = 0.
However, once the inequalities (4.5) and (4.6) are satisfied,

all roots of 3 Vegr/d s along h = 0 are contained in the interval
where 8 Vegr/dh? is negative. All stationary points along h =
0 are then either maxima or saddle points. Therefore, in this
approximation all phase transitions are second order (VEVs
evolve continuously with the temperature). The absence of a
tree level barrier is related to the flat direction of the SO (5)
potential, which is too weakly perturbed.’

The symmetry-breaking pattern as the temperature
decreases is as follows. At very high temperatures, both
F(T)? and f(T)?B(T) are negative, so the quadratic terms
for h and s at the origin are positive, and the SO (5) symme-
try is not spontaneously broken. The f(7)? is negative for
temperatures higher than

12f
-/

When the conditions (4.5) and (4.6) are satisfied, the
EW symmetry is broken. The saturating point of (4.5)
once f2(T)B(T) > 0O gives the EW critical temperature
Tgw. If the zero-temperature parameters satisfy

Tsois) = 4.7

Q2/331/3 3 , , ,
B <—21/3 +_14v}21< 7 +2my, +2mt)
Q233113
= i +0.287, 4.8)

then Tew < Tsos)- At Tso(s), the SO(5) symmetry is
broken spontaneously but the EW symmetry is preserved
because of the explicit SO(5) breaking. The VEV vs(T)
starts to receive increasing contributions from this breaking
while v (T) keeps vanishing. The EW symmetry is later
broken at a lower temperature. If the condition (4.8) is not
satisfied, then Tgw > Tso(5) and the EW symmetry is bro-
ken at the same time as the SO (5) symmetry, before f( T)?
becomes positive. However, in that case, f < vy (Tgw is still
at the EW scale), and it corresponds to a very tiny region in
the allowed parameter space very close to the f2 = 0 limit.

4.2 Full analysis

Although leading temperature contributions do not trigger
a first order phase transition, it is well known that higher
orders can generate a barrier from the bosonic contribution
in the Higgs potential if the coupling between the Higgs and
the scalar is large enough. A natural question is whether the
loop-contribution of s in the potential is enough to generate
such a barrier in the EW phase transition.

If we assume vy < f and Tgw <K Ts0(5), the VEV of s
will be approximately constant in the EW phase transition.
If we perform a shift on s to make vg = 0, the situation

> It remains to be seen if adding more SO (5)-breaking terms can give
us a strong first order phase transition suitable for baryogenesis.

@ Springer
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Fig. 6 Strength of the EW phase transition (vn ./ 7¢) as function of
the singlet mass (m,) and the mixing angle (sin? y). The blue solid
lines correspond to vy /7. = 0.3, 0.45, 0.6, 0.75. In addition, the
black dashed lines depict A = 0.5, 1, 1.5, 2, 2.5, calculated with the
one-loop effective potential. According to the criterion of Ref. [82], in
the region where A 2 1.5, the one-loop analysis of the phase transition
breaks down due to higher loop corrections

becomes similar to the one-step phase transition discussed
in Ref. [82]. There, the EW phase transition for the SM plus
a scalar that does not develop a VEV (before and after the
phase transition) was studied. By analogy, in our case, the
operator responsible for the barrier in the potential V (h, vs)
ish?(s —vg)?. In the MLo M , the coupling of this operator is
2. Translating directly the results of Ref. [82] to the MLoM
case one obtains that, if the mass of the singlet is in the range
0.5—1TeV, the coupling mustbe A > 0.75—1.5 for the phase
transition to be relatively strong v, /7, 2 0.6. However,
these values require a Higgs-singlet mixing sin’>y > 0.7
which is completely excluded (see Eq. (2.10)). This suggests
that a strong first order phase transition is unlikely in the
MLo M.

To confirm the previous argument, the full numerical cal-
culation has been performed, including all finite temperature
corrections up to one-loop and ring corrections according
to “Appendix A”. The results are presented in Fig. 6. For
the non-excluded low mixing angles (sin”?y < 0.09), the
contribution of the singlet to the barrier is absolutely negli-
gible. Because of this, the full range of the mixing angle is
depicted in order to access to the range of parameters where
the phase transition becomes strong. Indeed, only for com-
pletely excluded mixing angles sin”>y > 0.9, the system
manifests a strong phase transition (vy, /T, 2 0.6).

~

5 Conclusions

The SMEFT Lagrangian extended by operators built in terms
of an additional electroweak scalar field s which has a non-

@ Springer

vanishing vacuum expectation value is an EFT approxima-
tion to a class of perturbative theories with the Higgs boson
appearing as a Goldstone boson of a spontaneously broken
global symmetry. In particular it contains dim 5 and dim 6
operators.

We have analysed the electron EDM bounds on the pseu-
doscalar Yukawa couplings of the top quark in such an EFT.
The contributions from the new operators, if uncorrelated,
leads to much stronger bounds on the scale of new physics
than in SMEFT. This is because they depend on the large
VEV of the field s.

The MLo M is an example of a model with the radial mode
of a scalar s breaking a global symmetry in the spectrum.
The Wilson coefficients of the EFT operators are calculable
in terms of the original parameters of the Lagrangian and
strongly correlated. Those correlations weaken the bounds
on the scale of new states in the model by more than two
orders of magnitude compared to the “uncorrelated” EFT
approach. The price is some fine-tuning in the phases of the
Yukawa couplings in the Lagrangian, of the order of 10% to
1%.

Thus, the model provides an explicit example that in UV
complete models the lightest NP mass eigenstates can be in
the range of A = O(1 TeV) even for O(1) phases of the
Lagrangian parameters, and remaining consistent with the
EDM bound on the complex top Yukawa coupling. This is
in contrast to the EFT approach if the correlations between
Wilson operators are neglected.

The UV complete model allows for an unambiguous cal-
culation of the electroweak phase transition. In the allowed
parameter range (Higgs and scalar singlet mixing), it turns
out to be by far too weak for a successful baryogenesis.
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A Finite temperature effective potential

In order to study possible phase transitions, we need to cal-
culate the finite-temperature effective potential for the scalar
sector. We will work at one loop including ring corrections:

Vett (T @) = V(@) + Vew(d) + Vi(T: ¢) + Vi(T'; ¢).
(A1)

Here, V is the tree level scalar potential (2.2), Vcw is the
Coleman-Weinberg correction (one-loop zero temperature
correction), Vr is the one-loop finite temperature correction,
and Vi, the ring correction. It is convenient to keep all the
components of the scalar ¢ = (my, 72, 73, h, s) because
in the calculation of every piece of the effective potential
we have to take into account the Goldstone bosons x. Once
computed, we can always take the unitary gauge = = 0.
The Coleman-Weinberg correction [87] in MS is given by

_ _\F_
Vew@) = 3, (DT
i=(,f.V)
afy M
x | M/ | log —— — C; (A.2)
MS
Here, i runs over the different spin sectors i = (¢, f, V)

(scalars, fermions, and gauge bosons), F; is the fermion num-
ber (1 for fermions, O for bosons), and M; is the mass matrix
for the sector i for a given VEV for ¢ = (71, 72, 73, h, s).
For the scalar and vector sectors (in gauge basis):

92V
2\ _
<M¢)ah ~ 0¢adgh’ A-3)
2 2
) (h*+m°)
My = ———
Uh

m3, 0 0 0
0 m? 0 0
X 0 0 m%v mw,/m%—m%v

(A4)

In the fermion sector, we neglect the contributions from the
effective operators of dimension 5 or higher of Table 3, and
the contribution from all SM fermions except the top. The
fermion sector reduces then to

m2

Mj = —£ (0 + 7). (A.5)
Uy

Lastly,

ni = (1,12, 3), (A.6)
335

Ci=|== =], AT

=(533) A7)

where we have included the color factor in n y. For the cal-
culations in this work we set the renormalization scale to be
HMS = Un-

The one-loop finite temperature correction is [88,89]

4
Coy il 2,2
Vi(T:9) = D DI ST (ME/T?),  (AS)
i=(,f.V)
where Jy and J; are the thermal bosonic and fermionic func-
tions:

Jpl.(yz):/ dxleog[l—(—1)Ffe*~/x2+y2]. (A.9)
0

Finally, if T > M;, the so-called ring diagrams, which are
bosonic multi-loop diagrams, can give important contribu-
tions due to large T'/ iy ratios, so they have to be resummed
[90]. For this we use the truncated full dressing method [91]:

Ty [M? — (M2 + 1'[,-(T))3/2] ,

VATid) = ) oo

i=(¢.V)
(A.10)

where I1; is zero momentum thermal self-energies, that, in
the high temperature limit are

n’ 92 TrM?

M (T))ap = R A Al
(Mg (T))ab 'Z 24 397355 (A.11)

i=(,f.V)

2272

Iy (T) = ——zdiag (m%v m%‘,, m%,, mZZ — m%,v> ,
3 vy
(A.12)

where
n. = (1,6,3). (A.13)
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Notice that both self-energies are ¢-independent: for the
scalar self-energy, the squared mass matrix depends at most
quadratically on the fields ¢“.

A.1 High temperature approximation

Expanding in the high temperature limit, the leading finite-
temperature correction comes at order O (7'%) from the Taylor
expansion of the thermal functions (A.9) around y2 = 0.
Including only these terms, the finite-temperature effective
potential is

VeroTi) = V@) + Y. TPIITME (Al

i=(9.f.V)

In this approximation, only the quadratic and linear terms of
the potential receive finite temperature contributions.
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