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We show that it is possible to use gravitational wave detectors to observe the occurrence of a first order
phase transition in Pati-Salam extensions of the Standard Model. We show that the peak frequency of the
expected gravitational wave signals ranges within 0.1-10 Hz. We find amusing that the next generation of
gravity waves detectors are able to explore time-honored extensions of the Standard Model occurring at
energy scales inaccessible by present and future particle physics accelerators.
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I. INTRODUCTION

The idea of using gravitational wave as a complementary
approach to explore particle physics started some time ago
[1-3]. However, the bulk of the research concentrated, so far,
on the electroweak phase transition which is typically in the
detection region of the LISA gravitational wave detector as
nicely summarized in [4,5]. Of special interest is the possible
detection of gravity waves originated in grand unified
theories (GUTs). The interest arises also because typically
the new physics energy scale of GUTs is beyond the reach of
the existing and even future 100 TeV colliders.

A prerequisite to start even discussing gravitational wave
detection is that the underlying theory must undergo a
strong first order phase transition at some point during the
evolution of the Universe. Additionally, the higher the
energy scale of the first order phase transition, the higher
the peak frequency of the gravitational wave that needs to
be detected will be. Inevitably, the upper frequency limit of
the existing and planned gravitational wave detectors
(roughly at order of 10° Hz) provides an upper bound
on the detectable energy scale (roughly at 10*~10° TeV). In
this sense, among the different types of GUTs, only the two
semisimple GUTs, the Pati-Salam (PS) model [6] and
Trinification model [7], satisfy this criterion. In this work,
we will focus mainly on the gravitational wave signatures
of the minimal Pati-Salam model. Our investigation differs
from the one in [8] in which an alternative model of the
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Pati-Salam model was considered. In that work the authors
employed a rather involved matter content that featured,
however, a simpler first order phase transition structure.'
Gravitational wave signatures in the PS* model (a gener-
alization of the Pati-Salam model involving three copies to
address the flavor hierarchies) can be found in [9].

The Pati-Salam model of matter field unification [6] is a
time-honored example in which one can address the
hypercharge triviality issue by embedding it in an asymp-
totically free theory. From a phenomenological standpoint
it can be commended because it does not induce fast proton
decay, and it can even be extended to provide a stable
proton [10] while automatically providing a rationale for
the existence of right-handed neutrinos (see more details in
a recent nice review [11]) In addition, it can be shown that
primordial monopoles induced by the phase transition of
Pati-Salam symmetry breaking at such low scales (of order
1000 TeV) are significantly suppressed [12—14]. Thus, our
work is not plagued with the monopole problem.2

'In the work of [8], the authors try to realize the gauge
coupling unification and symmetry breaking to an intermediate
step (left-right model) first and thus their scalar sectors are overall
more complicated. However, their first order phase transition
occurs only when SU(4) is breaking, while in our case both
SU(4) and SU(2) break and thus their analysis of the first order
phase transition is simpler and fewer couplings are involved.

The monopoles are created during the phase transition from
symmetry breaking Gps — Ggy in light of the Abelian SM U(1),,
which does not individually appear (but is embedded instead) in
Gps, SU(4) ® SU(2); ® SU(2)g. However, it can be shown that
[12-14] the number density to entropy ratio of the monopole is

mt ;3 . .. .
/s~ [( AZP,) ln(T—E')} where T is the critical temperature during

the phase transition and my, is the Planck mass. That results in a
negligible monopole density, given 7, ~ 10° GeV.
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So far, asymptotic freedom has been the well-traveled
route to resolve the triviality problem. An alternative route
is that in which the UV theory acquires an interacting fixed
point, before gravity sets in, de facto saving itself from the
presence of a cutoff. This unexplored route was opened
when the first safe gauge-Yukawa theory was discovered
in [15].

To achieve a safe theory with a small number of colors
we employ a large number of matter fields techniques
[16,17]. The first phenomenological applications of the
large-N s limit appeared in [18] where it was first explored
whether the Standard Model (SM) augmented by a large
number of vectorlike fermions can have an ultraviolet fixed
point in all couplings. The full treatment appeared in [19]
and was further generalized in [20]. It was found in [19] and
later on proved in [20] that while the non-Abelian gauge
couplings, Higgs quartic and Yukawa coupling, can exhibit
a safe fixed point, the hypercharge remains troublesome.
In fact, for Abelian theories, the fermion mass anomalous
dimension diverges at the alleged fixed point [21] sug-
gesting that a safe extension of the SM, like the asymp-
totically free counterpart, is best obtained by embedding
the SM in a non-Abelian gauge structure. The first non-
Abelian safe PS and Trinification embeddings were put
forward in [22,23]. However, in the minimal models, only
one generation of SM fermions can be modeled, since all
the Yukawa couplings are determined by the same UV
fixed point value with no resulting hierarchy at low energy.
Yukawa hierarchies among three generations of SM fer-
mions are discussed in [24].

In this work, we will start by investigating gravitational
wave signatures emerging in Pati-Salam extensions of the
SM embedded in an asymptotically safe scenario. We use
these predictions as an initial seed value to study the first
order phase transition and gravitational wave signatures.
Later, we will depart from the safety scenario and will
explore a more general parameter space. Therefore, our
work of studying the phase transition and gravitational
wave generation is very general and applies to both safe and
nonsafe embeddings of the Pati-Salam model.

We discover that the next-generation gravity wave
detectors are able to explore time-honored extensions of
the Standard Model occurring at energy scales inaccessible
by present and future particle physics colliders. More
precisely, we show that the peak frequency of the expected
gravitational wave signals ranges within 0.1-10 Hz.

The paper is organized as follows. In Sec. II we introduce
the Pati-Salam model while in Sec. III we compute the
finite-temperature corrections to the relevant part of the
potential of the theory. The order of the phase transition as
well as gravitational wave generation and detection are
studied in Sec. IV. The predictions for the gravity wave
signals stemming from the model parameters are presented
in Sec. V. We conclude in Sec. VI. In the Appendix we
provide some detailed computations.

II. INTRODUCING THE PATI-SALAM MODEL

We first briefly review the Pati-Salam embedding of the
SM suggested in [22].

Consider the time-honored PS gauge symmetry group
Gps (6]

Gps :SU(4)®SU(2)L ®SU(2)R’ (1)

with gauge couplings g4, g;, and gg, respectively. Here
the gauge group SU(4) D SU(3), ® U(1)g_,, where
SU(3) denotes the SM QCD gauge group. The SM quark
and lepton fields are unified into the Gpg irreducible
representations

2 3

1

up uy Uy vp

Yii = ( ) ~ (4’ 2, 1):"
di afi di er/ i

I/ll M2 I/l3 14
Wri = ( If I; § R) ~(4,1,2), (2)
dp dip dp er/;

where i = 1,2,3 is a flavor index. In order to induce the
breaking of Gpg to the SM gauge group, we introduce a
scalar field ¢pp which transforms as the fermion multiplet
Wi, that is, ¢gp ~ (4,1,2):

[
Pr :< >, (3)
dos

where the neutral component ¢ takes a nonzero vacuum

expectation value, (%) = vy, such that Gpg X su 3)ec®
SU(2), ® U(1)y. We also introduce an additional (com-
plex) scalar field ® ~ (1,2,2), with

(¢? b3
o=
¢r B
which is responsible of the breaking of the electroweak
symmetry. After Pati-Salam symmetry breaking, the
bidoublet scalar field becomes the two Higgs doublet
fields. The spontaneous symmetry breaking of the two
Higgs doublet scalar sector breaks the electroweak sym-
metry of the Standard Model.

The most general Yukawa Lagrangian for the matter
fields yy g is

)=(o o). @)

LGy = YTe[p@yg] + y Tr[p; @“wg] +He.,  (5)

where y and y,. are the Yukawa couplings for the third
generation only. Note that the Yukawa couplings of the first
two generations can be generated through the clockwork
mechanism [24].

In this work, we consider the case of a self-conjugate
bidoublet field ® = ®¢ which known as the minimal Pati-
Salam model put forward first in [14]. The beauty of this
minimal model is the occurrence of a further matter
unification according to which one obtains degenerate
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TABLE I. Gauge, Yukawa, and scalar quartic couplings of the
PS model.

Gauge Yukawa Scalar

SU4): g4 WL/R: Y Ye Rt AR1, AR2
SU(2).: 91 Np:iy portal: Arg,, Ara, Are,
SU(2)R 9gr F: YFr D 11,12,13,14

masses, at tree level, above the Pati-Salam symmetry
breaking scale, namely,

my =m, =m; =m,, (6)

where m,, my, m;, m, denote the masses of the top,
bottom, tau lepton, and right-handed neutrino. The price to
pay is the need to introduce a chiral fermion singlet
N;(1,1,1) and extra vectorlike fermions F ~ (10,1,1)
in order to trigger the mass splitting below the Pati-Salam
symmetry breaking scale (see below for more detailed
discussions). In order to separate the neutrino and top
masses in Eq. (6), we implement the inverse seesaw
mechanism® [25-28] by adding a new chiral fermion singlet
Ny~ (1,1, 1),4 which has the Yukawa interaction (see,
e.g., [14,22] for more details)

LYy =~V N Trlpye] + He. (7)

In order to split the mass of the top, bottom, and tau lepton
in Eq. (6), we introduce a new vectorlike fermion multiplet
F ~ (10,1, 1) with mass M and Yukawa interactions (see,
e.g., [14,22] for more details):

LY = yrTe(Frohitopr) + Hee. (8)

All the field contents and couplings are summarized in
Table L.

III. FINITE TEMPERATURE EFFECTIVE
POTENTIAL

A. Tree-level effective potential of the Pati-Salam model

The general scalar potential of the model defined above
is given by

The inverse seesaw mechanism has the other advantage to
introduce big hierarchies between left and right neutrino masses
while no ultra high symmetry breaking scale is required. Note
that a traditional seesaw mechanism without an extra gauge
singlet N;(1,1,1) implies a much larger symmetry breaking
scale 10'% GeV [14,25].

In this work, we focus on the third generation, since the first
two generations with small couplings give rise to negligible
thermal corrections and hence are ignored. Thus, we consider a
single generation for each of the three types of Weyl neutrinos v, ,
VR, N L-

V(®, pg) = 4, Tr2(®TD) + Re[A, Tr2(dTdc)]
+ Re[l;Tr(®'®) Tr(d )]
+ (A4 — 2Re,12)|Tr(<I)TCI)C)|2
+ A T2 (Prbr) + Ao Tr(rdrdrdr)
+ Aro1 Tr(@ ) Tr(7P)
+ dgas Tr(dp @' ®)
+ Re[AR¢2Tr(¢R¢;)Tr(d>T(I)“)]. )

Since in this work we focus on the study of the phase
transition at the Pati-Salam symmetry breaking scale, the
terms involving @ can be safely ignored and we focus on
the relevant terms involving ¢, only in Eq. (9) above.
Below, we write down only the relevant potential terms:

Viee (@r) = Ari T (Ppdr) + Ao Tr(dhdrdidr).  (10)

while the canonically normalized kinetic term with the
gauge covariant derivative reads

K = Te(D, D). (1)
with
DFpp = 0"pg + igg(Wi - Tr)pr — igapr(A¥ - Ty), (12)

where g4(gg) represents the SU(4)(SU(2),) gauge cou-
pling. The inner products of the gauge bosons and cor-
responding generators for SU(4) and SU(2) are denoted
by (A-T,) and (W - Tg) with Tr(T5T%) = Tr(T4T}) =
59 /2. Tt is important to note that we do not include any
explicit mass terms in the tree-level potential. The sym-
metry breaking in this work is induced by the Coleman-
Weinberg mechanism. We are interested in the model with
classical scale invariance for two reasons. First, without the
mass parameter, the predictive power of the model is
increased. The Pati-Salam symmetry breaking scale in this
work is an outcome rather than being inserted by hand.
Starting from UV (either with or without fixed point), the
renormalization group (RG) flow runs from UV to IR until
reaching a certain scale where dynamical Pati-Salam
symmetry breaking happens, further triggering the gravi-
tational wave. Second, we would like to further explore the
compatibility between asymptotic safety and Coleman-
Weinberg symmetry breaking in this model.’
If we write out ¢, explicitly as

1 ( Dr1 +idr2
V2 \ ro + ihrio

¢R7+i¢1.'?8 > (13)
v+ Pris +idrie

Preliminary studies investigating the compatibility between
the occurrence of asymptotic freedom and Coleman-Weinberg
symmetry breaking was shown in [29,30] and investigated more
recently in [31].
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where we choose the symmetry breaking direction of ¢y
and, thus, all field components except the ¢bz5 direction are
zero. As mentioned above, (¢z) triggers the breaking of

Gps 3 SUB3): ® SU(2), ® U(1)y. Out of sixteen scalar
fields, there are nine Goldstone bosons and seven physical
bosons. Therefore, eight gauge bosons of SU(4) (corre-
sponding to QCD gluons) and one gauge field from

U(4) ® SU(2)g [which is simply U(1)y, a linear combi-
nation of the U(1)z_, from SU(4) and U(1); from
SU(2)g, with Y =2Ig + B — L] remain massless. The
other nine gauge bosons of SU(4) @ SU(2)x (six lepto-
quark, two right boson W5 and one Z') become massive.

With Eq. (10), we can construct the mass matrix of the
scalar fields and obtain sixteen tree-level mass eigenvalues.
These mass eigenvalues can be divided into nine Goldstone
bosons with a quadratic contribution M, = v (g, +2p0)°
and seven physical Higgses, one out of which has a mass of

Mg = 307 (Ar1 + Ar2) and six other Higgses with a
mass Mngggz V2R

B. Loop level effective potential of the Pati-Salam model

Contributions from one-loop vacuum bubble diagrams
consist of both zero- and finite-temperature parts (see, e.g.,
[32]). In this section, we first discuss the zero-temperature
contributions to the effective potential from scalar, gauge
fields, and fermions. The general formula is well known
and can be written as

mj m;
Vie =D iy 2 (log [7} - Ci) o

where the sum runs over the bosons (+) and fermions (—)
and n; counts the internal degrees of freedom (d.o.f.) of
each species i. The symbols m;, u, and C; correspond,
respectively, to the tree-level mass terms, renormalization
scale, and constant (equal to 5/6 for gauge bosons and 3/2
for scalars and fermions in the minimal subtraction
scheme). We define the background field as p. In the
following, we write out the scalars, gauge fields, and
fermions contribution explicitly.

The Higgs fields contributions (7 d.o.f.) to the one-loop
effective potential Vg, are

®Note that in the theory with classical scale invariance, the
physical goldstone masses are massless only after the symmetry
is broken by the radiative loop corrections which are different
from the cases without classical scale invariance that the Gold-
stone bosons are massless already at the tree level. What we call
Goldstone bosons masses are actually not their physical masses
but instead the coefficients of the quadratic contributions of the
Goldstone bosons at the tree level (not at the one-loop level),
which are the ones that should be used to consistently obtain the
one-loop effective potential and are not zero.

3p*(Ag1 + Ag2) 3
P (3p*(Ag1 + 2r2))? <log <T ~5

6 ,D2AR1 3
+W(/)2/1R1)2 <10g(’u2 ~3) (15)

The Goldstone contributions (9 d.o.f.) to the one-loop
effective potential Vg are

s (P +4R2>>2(log<‘w> —%) (16)

The leptoquark contributions from SU(4) gauge fields
(6 leptoquark x 3 polarization = 18 d.o.f.) to the one-loop
effective potential are

() () )

where the tree-level leptoquark mass is given by
Mo =503 The gauge boson W3 contributions
(2 Wg x 3 polarization = 6 d.o.f.) to the one-loop effective

potential are

6 (1 gwpP 5
Vs = —— |~ g3 log(=*=-) -=). (18
"i T 6 <49R”) ( g(4u ) 6) "

where the tree-level Wy mass is given by M?> we = 4gR

Vlepto

The Z' boson contribution (1Z'x 3polar12at10n =
3d.o.f.) to the one-loop effective potential V, is

3 /1 2 (29% +392)p*\ 5
—— (22 + 362 p? log (2R ——J4F )~
i <8( gx + 94)/)) <og< 8 g

(19)

where the tree-level Z' mass is given by M2 =
§ 29k +343)0?

The neutrino singlet contribution (4 d.o.f. of Dirac
Fermion) to the one-loop effective potential is

4 1 2 y2p2 3
1 - -= 2
sir (27) ((57) 3) @

where the tree-level neutrino singlet mass is given
by M; = 3y;v”.

On the other hand, the Yukawa coupling in Eq. (8) also
contributes to the potential as (4colors x 4d.o.f.of
Dirac fermion = 16d.0.f.)

16 /1 VEP 3
5 (Y ()] e
with a mass term M2 = 1yZ?. Allin all, the total one-loop

2
effective potential is

V,=-

VF:

Vlloop = VHiggs + Vo + Vlepto + VW,% +Vy+V,+ Ve
(22)
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C. Finite-temperature effective potential
of the Pati-Salam model

The one-loop finite-temperature effective potential has
the following general form (see, e.g., [33]):

T4 o0 _ 2 2 /T2
Ve= Y s [ dwloglt F VT, 23

where +n; (—n;) corresponds to bosons (fermions). We can
further write the thermal integral in the form of the
polynomials which can significantly simplify the calcula-
tions. We focus on the integral part of Eq. (23) and define

Inpla) = + / “ dytlog[l F eV, (24)

where we have used a =m?/T?. For high temperature
expansions (m;/T < 1), the thermal integral can be
expanded respectively for bosons and fermions as

77.'4 71'2 T az

H - 4 -
IB (a) - 45 + 6 a 32 (log( ) CB)
Tnt 752 a2
(a) = 22+ T+ 2 (log(a) — ). 2

where cp and c¢p are, respectively, cg = 3/2 —2yp +
2log (4z) and cp=3/2—-2yp+2log(z) and yp=
0.5772. For low temperature expansions (m;/T > 1),
the thermal integral for both bosons and fermions can

be expanded as’
‘>. (26)

a1 15t 105,
15 1 (a) \/;me (1 +tga o aga

To include the information for both the high temperature
and low temperature, we need to have an expression to
connect the above two expressions, Eq. (25) and Eq. (26).
We find

I5(a) = &' 1 (@) + (1 - )1}
Ir(a) = o 1i(a) + (1= @ (27)

Thus, we have the finite-temperature effective potential
(without ring contributions so far) as

T4 Mlz-liggsl Mlz-liggSZ

Vit = ) (13 [—Tz ] + 6l [_Tz }
2

M> My, M2,

+913[ ;Old] +613{ TW ] +313{ Z]

M, M? M
—|—1813[ 1ep‘°}+41F{ ]+161F{—FD. (28)

T? T? T?

"Note that there are typos in the expressions of the low energy
expansion in [34].

D. Ring contribution to the effective potential
of the Pati-Salam model

The next-leading contributions go beyond the mean-field
approximation by including the finite-temperature correc-
tions (characterized by the two-point function) to the
propagator in the one-loop vacuum bubble diagram; see,
e.g., [32]. The two-point function receives contributions
from both scalars and vector bosons. The idea is to sum
over all relevant diagrams (so-called Daisy or ring dia-
grams) with insertions of one,two, ..., N(N — o) two-
point functions, respectively, on top of the leading-order
propagator. Pictorially, the insertions can be represented by
small rings attached to the main ring (propagator).

The general formula for the ring contributions can be
written as

. T o132
Vi = =35 ([0 + X a0 =i
0S0ns

(29)

where 7;(0) denotes the corresponding thermal mass
contributions to the species i from the relevant bosonic
d.o.f. j (in the outside rings of the daisy diagram). To
consider the ring diagram contributions to the Higgs field,

for example, 7wy, should include all the scalar field

Higgsl _Higgs2

(thermal mass) contributions denoted as 7y,  Thiges -

Tiings as well as the gauge field contributions. For thermal

mass contributions to the scalar field from the gauge and
scalar fields (i.e., scalar field in the big central ring of the
Daisy diagram), we have the following general formula for
the contributions of different species j in the outside ring of
the daisy diagram, i.e.,

, 1 m3(v)
Pral0) = 5" 7, (30)

Thus, we obtain the thermal mass from the two Higgs fields
and Goldstone fields, respectively, as

Higgsl 1 Higes? 1
sczﬁis ( ) Z (ARI +/1R2) ”scz;glii (0) = E’IRIT2
1
7Goie(0) = T (Ag1 + Ar2)T? (31)

Similarly, the scalar thermal mass contributions from the
gauge fields are obtained in the following:

1

lepto 1 Wy
ﬂscgl;ar (0) = EgiTz’ ﬂ-scalar(o) = 4_8g12e T2
/ 1
7 (0) = 5 (207 + 39T, (32)

To obtain the total thermal mass contributions to the Higgs
field, we need to include all the above thermal masses, i.€.,
Egs. (31) and (32), and we have
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Higgsl Higgs2
Z scalar = scflis (0) + 67[scz;g1§: (0) + 9ﬂscgll§r(0)

+ 187[];[:1[1;(0) + 6”scalar( ) + 3ﬂscalar( )
(33)

Note that for each scalar field d.o.f. (either the Higgs or
Goldstone bosons), it receives the same ring diagram con-
tributions Zj zrf Thus, by using Eq. (29) and Eq. (33), we
obtain the total ring contributions to the scalar fields in the
Pati-Salam model:

Vignion — yHEEL GRS gy (34)

Now we consider the case where the gauge fields are in
the central ring of the Daisy diagram. We have the
following general formulas to calculate the gauge, scalar,
and fermion fields contributions to the gauge thermal
masses for both Abelian and non-Abelian cases (see,
e.g., [35]). For the Abelian case, we have

2 T2 2 T2
v): e =TS =TT 5y
N F
(39)

where L denotes the longitudinal thermal mass since it can
be shown that the transverse thermal mass is suppressed
and Y, Y corresponds, respectively, to the hypercharge of
relevant scalar and fermion fields. For the non-Abelian
case, we have

LS 9T2
SUN): mginge = = Zrzum,

ﬂ'gduge = th RF
N
ﬂéal‘l/ge = 3 g2T2, (36)

where t,(Rg), t,(Rp) corresponds, respectively, to the
Dynkin indices of the scalar and fermion representations,
Tr[T4T%] = t,(R)5*. We obtain the total thermal mass
contributions to the leptoquark, W,%, and Z' are respectively

5 4 4
ﬂﬁ?[};gt 3 42¥T2 T lvg/zm g g %Q T2 ’ ﬂé’ 1ot = 3 421 T2 .
(37)

When computing ring contributions for gauge fields, we
use the original basis instead of the mass eigenstates. Thus,
both m?(p) and >, n{ (0) are rewritten as matrices M?(p)
and II(0), respectively, rather than eigenvalues as in the
above scalar case. Equation (30) can be correspondingly
modified as

Vgaugetot ——TI’([MZ( )+H(0)]3/2

ring 127 - M3(p))7 (38)

where we include all contributions to the gauge rings and
take into account only the massive gauge bosons for the big
rings. The II(0) is a diagonal 10-by-10 matrix with the
entries of (i,i) being 5¢377/3 and entries of (j, j) being
4g%T?/3 for i = (1,...,7) and j = (8,9, 10).

In contrast, M?(p) is a nearly diagonal symmetric 10-by-
10 matrix with the first six diagonal elements being g3p*/4,
the seventh being 3g3p?/8, and the last three diagonal being
grp*/4, plus two off-diagonal elements: [M?(p)]; o =

[M2<P)]10,7 = 3/329R94P2~

E. Complete finite-temperature potential

Now we are ready to write out the total finite-temperature
effective potential of the Pati-Salam model. It can be
written as

Vtree + Vlloop + Vlot 4 V%calar tot + Vgauge tot‘ (39)

ring ring

IV. FIRST ORDER PHASE TRANSITION
AND GRAVITATIONAL WAVE

In this section, we will discuss the order of the possible
early time Pati-Salam phase transition and the impact on
possible gravitational wave signals.

A. Strong first order phase transition

Here we focus on showing that a strong first order phase
transition can occur at around the Pati-Salam symmetry
breaking scale with sample coupling solutions shown in
Table II. We did not include all the couplings in the table
since the remaining couplings are irrelevant in the analysis
of our effective potential. We further note that the sample
solutions in Table II are the ones leading to an asymptoti-
cally safe extension of the Pati-Salam model. However, we
will show that the occurrence of a first order phase
transition is not limited to this set of specific values of
the couplings.

The finite-temperature effective potential equation (39)
is shown in Fig. 1. Here we have set the renormalization
scale u at 5000 TeV, which is reasonable as the lower bound

TABLE II. This table summarizes the sample coupling sol-
utions at the Pati-Salam symmetry breaking scale. We did not
include 4y, A, 43, 4> Agw,» Ara,> Arw,» Y Yo since they are
irrelevant in studying the finite-temperature effective potential.
Note that this set of solutions is obtained from a safe UV fixed
point.

ar ag Q4 AR1 Ar2 YF Yu

0.0038 0.0015 0.0109 0.291 -0.291 0.004 0.645
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Verl®, T.] (TeV)*

—2.75% 104}

—-2.80x 104}

.85xY0"¢

¢ (TeV)
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FIG. 1. We plot the finite-temperature effective potential by
using the set of the couplings in Table II. The renormalization
scale p is set at 5000 TeV while the temperature is chosen at
T =T.=2680 TeV which is the critical temperature.

on the Pati-Salam physics scale is at 2000 TeV or
so, derived from the upper limit Br(K; — u*eT) < 4.7 x
10712 [36]. We have also chosen the temperature T to match
the critical temperature, i.e., T = T, = 2680 TeV at which
the potential has degenerate minima.

A positive nontrivial (away from the origin) minimum
occurs for ¢pp ~ 8400 TeV and it is denoted as ¢, and thus
¢re/T. ~3.13 > 1. This shows that the associated phase
transition is a strong first order one.

B. Connection between first order phase transition
and Coleman-Weinberg symmetry breaking

We noticed that a strong first order phase transition
occurs when spontaneous symmetry breaking happens via
the Coleman-Weinberg mechanism. This is in line with the
results and expectations of [33] (see also relevant discus-
sions in, e.g., [37]). Of course, in other models first order
phase transitions can still occur when symmetry breaking
is generated via a hard negative mass square in the
potential [38].

Around the finite-temperature transition, the Coleman-
Weinberg values of the couplings reported in Table II are
such that Az, >~ —A4,, canceling each other. From the RG
flow point of view, in Fig. 2, Coleman-Weinberg symmetry
breaking occurs when the RG flows of Ag; (4) + Agy () run

Ar1[t]+AR2[t]
0.08
0.06 |

0.04
0.02
_— o
e t=Logio] ]

—0.02 8 10 12 14 16 Mz

-0.04 |
-0.06

FIG. 2. We plot the RG running of Az () + Az, () from UV to
IR. The transition point [the scale Ag(f) + Ao (f) = 0] defines
the Coleman-Weinberg symmetry breaking scale of the Pati-
Salam model.

FIG. 3. We show the stream plot of Ap;, Az, where the flow
direction is defined from UV to IR. The red and black plots are
both the fixed point. The two green lines are the symmetry
breaking lines which are defined as Ag; + Agy = 0 for Az, <0
and Az, /2 + Az = 0 for Az, > 0. The purple line is the particular
RG flow corresponding to the sample solution in Table II.

from positive to negative flowing from the UV to the IR.
The transition point [the scale Ag;(u) + Aga(p) = 0]
defines the dynamical symmetry breaking scale of the
Pati-Salam model which is below 10000 TeV.

To gain insight it is interesting to show the symmetry
breaking phenomenon via the stream plot provided in
Fig. 3. The green line consisting of two symmetry breaking
lines (Ag; + Ago = 0 for Az, < 0 and Ag,/2 4 Ag; = O for
Aro > 0) divides the plot into two phases. The right-hand
side of the green line corresponding to the vacuum stable
phase while the left side is related to the symmetry breaking
phase. In our convention the arrows point towards the
infrared. The two dots correspond, respectively, to a saddle
point (the red one) and to an UV fixed point in both
couplings. The bare couplings are meant to be fixed at
some high energy scale on the right-hand side of the plot.
A glance at the plot shows that the only consistent way to
radiatively cross the green line is by initiating the flow in
the bottom right corner of the plot. One might be tempted to
cross it from left to right by starting near the black dot.
However, this scenario would lead to an unstable potential
at high energies and therefore is discarded.

Focusing on the bottom right corner, there is a special
asymptotically safe trajectory emanating from the red dot.
On that trajectory the theory will avoid a Landau pole and
can be considered fundamental (up to gravity) in the deep
ultraviolet. Another point is that the trajectory leads to a
predictive infrared physics. We are also pleased to see that
there is a wider region of UV bare coupling values that lead
to a Coleman-Weinberg phenomenon beyond the asymp-
totically safe limit.
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C. Bubble nucleation

The time is ripe to discuss bubble nucleation within our
model. We will provide a brief review of the method and
apply it to our case.

The general picture is that as the Universe cools down, a
second minimum, away from the origin, develops below a
critical temperature. This triggers the tunneling from the
false vacuum, at the origin, to the stable vacuum below the
critical temperature. Assuming the transition to be first
order, the tunneling rate per unit volume I'(7) from the
metastable (false) vacuum to the stable one is suppressed by
the three-dimensional Euclidean action S3(7') and we have
[39—41] (for more recent work see, e.g., [42])

(T) = (SB(T)>3/2T4e‘S3(T)/T. (40)

2xT

The Euclidean action has the form:

o 1 (dp\?
S3(p,T) =4n drrt|= (= | +V(p,T)-V(0,T)]|,
0 2 \dr

(41)

where we use the difference of the potential F(p,T) =
V(p,T)—-V(0,T) to adjust the “datum point” of the
potential at zero. The bubble configuration (instanton
solution) is given by solving the following equation of
motion of the action in Eq. (41):

d’p 2dp OF
WJr;E—a—p(p,T)—O, (42)

with the associated boundary conditions:

d
_dp (0,T) =0, limp(r,T) = 0. (43)
r r—00

To find the solutions we use the so-called overshooting and
undershooting method. We also used the numerical pack-
age, CosmoTransitions [43], to cross-check® our results.
For T = 2200 TeV the bubble profile is shown in Fig. 4.
We can insert the bubble profile p(r, T) into the Euclidean
action equation (41) and thus S; will be dependent on
T only.

*1t should be noted that although our scalar potential V(¢r) for
Pati-Salam symmetry breaking consists of multifields, the vac-
uum expectation values can be rotated to one single field
component under the rotation of fundamental SU(4).x
SU(2)g. Thus, the scalar potential can be treated as a one-
dimensional potential which is suitable for CosmoTransitions
package. However, for multiple scalar fields under the different
symmetry group, the symmetry rotation will not help and we
believe the more recent package known as “Anybubble” [44]
should be very helpful.

p(r)

8000 r
6000 §
4000 r

2000 ¢

0.005 0.010 0.015

FIG. 4. We plot the bubble profile p(r), where T is chosen at
T = 2200 TeV which is slightly lower than the critical temper-
ature at 7, = 2680 TeV.

The next step is to obtain the nucleation temperature
which is defined as the temperature at which the rate of
bubble nucleation per Hubble volume and time is approx-
imately one. This means

[(T) ~ H*, (44)

where H is the Hubble constant. By using Eq. (40), we
obtain

Thh—~— , (45)

where m,; is the Planck mass. By solving Eq. (45) numeri-
cally, we find the nucleation temperature 7, is around
1260 TeV. The inverse duration of the phase transition /3
relative to the Hubble rate H, at the nucleation temperature
T, is given by:

s e

We numerically obtain f/H, ~ 183.

Next, we will calculate another important parameter «
which is the ratio of the latent heat released by the phase
transition normalized against the radiation density:

(46)

T=T,

e 1
Prad %Q*Ti
AV =V(vy,T,) = V(0,T,)

av oV
As = ﬁ(anan) _ﬁ(()’ Tn)’ (47)

a

(—AV +T,As)

where vy is the vacuum expectation value of the finite-
temperature effective potential at the nucleation temper-
ature, and g, (=150) is the relativistic d.o.f. in the universe.
We find a7 = (T =T,) = 0.217.
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D. Gravitational waves

We now have all the instruments to address the gen-
eration and potential observation of gravitational waves
stemming from the Pati-Salam early times phase transition.

For the reader’s benefit, we provide a brief review of the
ingredients needed to discuss the acoustic gravitational
waves signals by following Ref. [45]. The discussion about
collision dynamics of scalar field shells and turbulence can
be found in [45] and their effects can be safely neglected in
light of being subleading.

The power spectrum of the acoustic gravitational wave is
given by9

100\ , -, (H
hZQSW<f) = 85 * 10_6 <g—) 3F2AIU? (j) DWSSV\/(f)’

(49)

where the adiabatic index I'y; = @/eé~4/3. @ and €
denote, respectively, the volume-averaged enthalpy and
energy density respectively. U ¢ 1s a measure of the root-
mean-square fluid velocity and is given by

_ 3
szc ad ZKfaTn, (50)

where « is the efficiency parameter and it is well
approximated by

a
707310083 a + a

(51)

when v, (wall speed) — 1. The spectral shape S, (f) is
given by

Sulf) = (ﬁ)g(m); (52)

with peak frequency f, approximated by

Note that in [46,47], it was claimed that there could be an
impact of the suppression due to the shorter duration of the sound
waves. Following [46], the suppression is written as

HTSh ~

(87)'Max (v, c,) (ﬂ )". (48)

Uy H
For /H ~ 180, a ~ 0.2 and v,, = 1, Eq. (48) roughly leads to a
factor of 10 suppression which is relatively small compared to the
cases with ultra supercooling. The reason we do not have a huge
suppression is our 3/ H as well as « are not too big. It will cause a
huge suppression if either of the two becomes much bigger.
Nevertheless, a factor of 10 suppression will not change our main
conclusions, i.e., our predictions of the GW signals can be tested
by the near future GW experiments.

1

10~ TianQin

ET
T 108t i
S 10 Y

a CE

10712 L

BBO "
1076
107° 0.01 10
Frequency (Hz)

FIG. 5. In this diagram, we show the bounds of the relevant

future gravitational wave detections in the plot of dimensionless
energy density in gravitational waves against frequency. The
bounds of LIGO Voyager, LISA, TianQing, BBO, Einstein
Telescope (ET), Cosmic Explorer (CE) are shown, respectively,
in blue, cyan, orange, purple, green, and magenta. The acoustic
gravitational wave signals predicted in our Pati-Salam models are
shown in black, red, and brown. The red one is predicted in the
asymptotically safe scenario while the black and brown ones are
with the Yukawa coupling (yf, y,) values deviated from the safe
scenario without modifying the IR SM physics.

B NV AYE T, 9.\
fow= st (1) (58) (0w (1)

with z,, a simulation-derived factor that is of order 10, and
following [48] we take it to be 6.9.

By substituting a7, and #/H, from Eq. (46) and Eq. (47)
into the above power spectrum formula for the acoustic
gravitational wave equation (49), we plot the curves of
the energy density against frequency (solid lines and the
sample solution in Table II is in red) in Fig. 5 where the
coupling solutions in Table IV are used. We have also
included the future bounds (dashed lines) coming from
planned gravitational wave detection experiments such as
LIGO Voyager [49,50], LISA [4], TianQing [51], BBO
[52,53], ET [54,55], and CE [49]. They are shown,
respectively, in blue, cyan, orange, purple, green, and
magenta in Fig. 5. Interestingly, we find the predicted
acoustic gravitational wave signal predicted to be within the
detection region of the LIGO Voyager which is planned to
be operational around 2027-2028. Note that a novel method
for presenting and comparing the gravitational wave signals
from different models has been proposed in [47].

V. PATI-SALAM DRIVEN GRAVITY WAVES

We are now in a position to analyze in more detail the
parameter space of bare couplings leading to observable
gravitational waves within the Pati-Salam grand unified
framework.
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For convenience we start with the asymptotically safe
Pati-Salam scenario that has helped us quickly identify the
relevant parameter space for the occurrence of a strong first
order phase transition.

A. Asymptotically safe case

In this section, we discuss an asymptotically safe
embedding of the Pati-Salam framework by adding a large
number of vectorlike fields into the theory. In this limit we
will argue for the existence of an UV fixed point which
solves the triviality problem while yielding a highly
predictive theory at lower energies.

Without further ado we introduce N pairs of vectorlike
fermions charged under the fundamental representation of
the Pati-Salam gauge group equation (1) with the following
charge assignments:

Np: (4,1,2) @ (4,2,1). (54)

For simplicity, we assume that these new vectorlike
fermions appear at the Pati-Salam symmetry breaking
scale.

Employing the large-N beta functions reported in the
Appendix, we can compute the RG flow connecting the UV
fixed point (red dot in Fig. 3) and the SM in the infrared.
For each N > 1 input, we obtain a set of UV fixed point
solutions. Follow the RG flow starting from the determined
UV fixed point to the electroweak scale, we can check
whether it matches onto the SM.

At the PS symmetry breaking scale, we need to use
matching conditions for both the gauge couplings and
scalar quartic couplings. In particular, after PS symmetry
breaking, the scalar bidoublet should match the conven-
tional two Higgs doublet model (we implement the beta
functions of the two Higgs doublet model provided in [56]).
We have searched the full parameter space in the range of
Np € (10,200) and find that N = 13 with the UV fixed
point solutions shown in Table III agree best with the low
energy data (both the Higgs mass and the top Yukawa
coupling at the electroweak scale). We note that yp is
asymptotically free for all viable solutions. We have
therefore provided a UV safe completion of the SM.'

The sample solutions in Table II are already the
asymptotically safe solutions corresponding to Np = 13.
This set is particularly interesting because of the following:

(i) It corresponds to a possible UV safe fixed point

rendering (up to gravity) our Pati-Salam model UV
complete.

'We note that even if the fixed point is not entirely established,
this analysis is still valid because the associated trajectories are
valid for any energy scale sufficiently close to the would-be UV
fixed point due to the nature of the precise results of the large-N;
expansion away from the fixed point.

TABLE II. This table summarizes the UV fixed point solution
for Ny = 13 involving the bubble diagram contributions in the
Yukawa and quartic RG beta functions. yy is asymptotically free
and thus is zero at the fixed point.

A b A A Are, Are, ARt ARz YiYe VPOV
0.13 0.01 0.03 0.05 0.10 0.01 0.3¢4 —-0.29 053 0 0.67

(i1) The Pati-Salam symmetry is dynamically broken
through the Coleman-Weinberg mechanism below
10000 TeV (see Fig. 2) without adding any mass
terms.’

(iii) Below 2680 TeV, a strong first order phase transition
occurs and at the nucleation temperature 7, =
1260 TeV gravitational wave signals can be gen-
erated. These are within the reach of the planned
LIGO Voyager experiment detection region see
Fig. 5 and the signal-to-noise-ratio for the safe
scenario is 30) as well as the detection regions envi-
sioned for the ET, CE, and Big Bang Observer
(BBO).

We show the results as the red solid curve in both Fig. 5

and Fig. 6.

B. Beyond the safe scenario

Here, we will go beyond the safe scenario by exploring a
more general parameter space able to generate testable
gravitational wave signals.

We observe that the gauge couplings g4, gr, g; are
fixed by the Standard Model once the Pati-Salam sym-
metry breaking scale is chosen. In addition, when varying
the quartic couplings we must ensure the presence of the
Standard Model Higgs with its 125 GeV mass at the
electroweak scale. We therefore vary only the Yukawa
couplings yg, y, and the two quartic couplings Az, g; to
satisfy this constraint.

Scanning the Yukawa coupling parameter space, we
discover that when increasing either yx or y, (see black row
of Table IV), the dimensionless energy density of the
gravitational wave signal increases accordingly and the
peak frequency will shift slightly to the left. This is clear
when comparing the black curve with the red (safe) curve
in Fig. 5.

When scanning the quartic couplings parameter space,
we find that the gravitational waves signal also depends on
ARl + Aro. Varying Agq, Az, with fixed Ap; + 4z, the
dimensionless energy density and the peak of the frequency
of the gravitational wave signals are roughly fixed. When
increasing Ag; + Ag, (see the Brown and Grey rows of
Table V) the dimensionless energy density of the gravita-
tional wave signal decreases accordingly and the peak

""This result does not depend on the existence of the fixed
point but it is a welcome prediction.
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FIG. 6. In this diagram, we show the bounds of the relevant

future gravitational wave detections in the plot of dimensionless
energy density in gravitational waves against frequency. The
bounds of LIGO Voyager, LISA, TianQing, BBO, ET, and CE are
shown, respectively, in blue, cyan, orange, purple, green, and
magenta. The acoustic gravitational wave signals predicted in our
Pati-Salam models are shown in red, black, grey, and brown. The
red one is predicted in the asymptotically safe scenario while the
black, grey, and brown ones are with the Yukawa and Quartic
coupling (4g;, Ag») values deviated from the safe scenario without
touching the IR SM physics.

frequency shifts significantly to the left with respect to the
safe scenario. This can be seen from Fig. 6.

Thus, different from the safe scenario where the peak
frequency is roughly around 10 Hz, going beyond the safe
scenario allows for a peak of frequency ranging between
0.1 and 10 Hz.

TABLE IV. This table summarizes the sample coupling sol-
utions at the Pati-Salam symmetry breaking scale. Safe, Black,
and Brown represent, respectively, the gravitational wave energy
density curves with the Red, Black, and Brown colors in Fig. 5.

ar, agr Qy Ar1 Ar2 YF v

Safe  0.0038 0.0015 0.0109 0.291 —-0.291 0.004 0.645
Black 0.0038 0.0015 0.0109 0.291 -0.291 0.5119 0.645
Brown 0.0038 0.0015 0.0109 0.291 -0.291 0.001 0.001

TABLE V. This table summarizes the sample coupling solu-
tions at the Pati-Salam symmetry breaking scale. The Safe, Black,
Brown, and Grey represent, respectively, the gravitational wave
energy density curves with Red, Black, Brown, and Grey colors
in Fig. 6.

ar, agr Qy Ar1 A2 YF Y

Safe  0.0038 0.0015 0.0109 0.291 —-0.291 0.004 0.645
Black 0.0038 0.0015 0.0109 0.291 -0.291 0.5119 0.645
Brown 0.0038 0.0015 0.0109 0.291 -0.001 0.5119 0.645
Grey 0.0038 0.0015 0.0109 0.291 -0.093 0.5119 0.645

VI. CONCLUSIONS

We investigated the gravitational wave signatures stem-
ming from the Pati-Salam model by presenting a few
benchmark points in the parameter space supporting a
strong first order phase transition.

We started the analysis by employing a safe version of
the Pati-Salam extension of the Standard Model and then
quickly generalized to more generic situations. We find that
a Coleman-Weinberg spontaneous breaking of the sym-
metry triggers a first order phase transition that can be
observed via the next generation of gravitational wave
detectors such as LIGO Voyager, the ET, and the CE.

Beyond the safe scenario we notice that the Yukawa
couplings y,, yp affect mostly the gravitational wave
energy density while the combination of quartic couplings
Ar1 + Ago shifts its peak frequency.

Concluding, we discover that the peak frequency of the
gravitational wave signals stemming from the Pati-Salam
model ranges within 0.1-10 Hz. Our results lead to the
exciting news that the next generation of gravity wave
detectors will be able to explore important extensions of the
Standard Model appearing not at the electroweak scale but
at much higher energy scales not accessible through present
and future particle physics accelerators.
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APPENDIX: LARGE-N; BETA FUNCTIONS

The beauty of the large-N beta function is noticing that
a subset of the Feynman diagrams (denoted as bubble
chain) can be summed up into a closed form at 1/N order.
Thus, all the higher order information up to 1/Ny order is
encoded in the summation functions denoted as F(A),
H,(A), Hy(A) below. It also serves to note that these
summation functions possess the pole structures:

Fi(A) ~log(1—-2A/15), H{(A) ~log(1—-A/3),

(A1)

which guarantees the UV fixed point for the gauge beta
functions and opens the possibility for the fixed point
solutions for all the couplings.

To the leading 1/N order, the higher order (ho)
contributions to the general RG functions of the gauge
couplings were computed in [20], while for the simple
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gauge groups they were computed in [17,57] and for the
Abelian in [16]. Here we summarize the results. The ho
contributions to da;/dlogu (in the semi-simple case) are

pho — 2A;a; (d(Ri)Hl,-(Ai) i Z,fd(Gj)Flj(A.i)>
’ 3 \Nplld(Ry)  Nplld(Ry) )
2
= i =L,R,C), A2
@ =g ) (A2)
with the functions H,; and the t'Hooft couplings A;
d(RK
A; = 4a;TgNp, M
d(Ry)
—11Cq A/3
H =— % I (x)I
1; 4 T, +A 1 ()L (x)dx
A;/3
F = / 1, (x)dx, (A3)
0
where I, (x) and I,(x) are
(1 +x)(2x — 1)?(2x — 3)?sin (7x)?
I (x) = 3
(x—=2)x
x (T(x = 1)’I'(=2x))
c 20 — 43x + 32x% — 14x3 + 4x*) C
o) = S 1Co (ag)

Tx 42x = 1)(2x=3)(1=x%) Tx’

The Dynkin indices are Ty = 1/2(N,,) for the fundamental
(adjoint) representation while d(R},) denotes the dimension
of the fermion representation.

The RG functions of the (semisimple) gauge couplings
are

dayy, 1
= dlogpu = Pu” + P b, = —6a3;
L 2 (1 H,, (Ay) EF14<A4))
3 4N, 8 N
daZR 1 14
g);le = leg ﬂ(lz(l)eop +ﬁa2R = _?Q%R
n 2A g0k <1 H,,(Ag) 15F, (A4>>
3 4Ny 8 Npg
do 4 1100,
ot s P = —18a?
o dlog =Pa +ﬂ %
24 H, (A 3 (F, (Ay
+ 40y 1+ 14( 4)+ e lzl( 2) )
3 ANp L6\ Ny

(AS)

The Yukawa beta function reads

ﬁy = cly3 + yzc(zgrzlly(Aa)’ with
a

nin = (020) (s g )

(1 -3 -x)

32 -G - M1+

Hy(x) = Ho(x) = (A6)

containing information about the resumed fermion bubbles
and c;, ¢, are the standard one-loop coefficients for the
Yukawa beta function while C,(R%), C5(R;), C2(R) are
the Casimir operators of the corresponding scalar and
fermion fields. Thus, when ¢, ¢, are known, the full
Yukawa beta function follows. Similarly, for the quartic
coupling we write

b= Clﬂ'2 + lzcaggl/lg

) + anga

—+ Z aﬁ’gagzllz 2 AavAﬂ)
a<p

(A7)

and with ¢, ¢, ¢y, ¢, the known one-loop coefficients for
the quartic beta function and the resumed fermion bubbles
appear via

2
Ly (Ag) = Hy <o, §Aa>

2 dH,(1,24,)
14(A,) =H,;[1,-A A,———— (A8
#40) = 3 (1.34,) + 4, S50 (g
1
Ith%‘gg(Aa,Aﬁ) 3[qugz(A ,0) +1,2,2(0, Ap)
+Ig%g%(Aa,Aﬂ)]
1 2
Lpp(AaAp) = Ay — Ay A 1’§A”
2
o (120)]
H}L<1,X) = <1 ——)Ho( )
(-p0-9re—s o

T2 -HTR-Hr(1+%)
We therefore have the quartic beta function including the
bubble diagram contributions when ¢y, ¢, Ch Cop

are known.
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