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Abstract: Using the Cornwall-Jackiw-Tomboulis formalism at finite temperature, we consider the
phase transition of the aligned two Higgs doublet model in the two-loop double-bubble contribution.
The results show that the system obeys a first-order phase transition.
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I. INTRODUCTION

The discovery of the Higgs boson ten
years ago by the Large Hadron Collider (LHC)
at the European Council for Nuclear Research
(CERN) [1, 2] is a spectacular milestone in
particle physics, constituting the last piece of
the Standard Model (SM).

The Higgs boson is deeply related to the
origin of mass and thermal history of our
universe. When the universe was cooling down,
at a temperature of order 100 GeV, it went
through a transition from a symmetric phase to
an electroweak (EW) broken phase, where the
Higgs boson(s) condensate and masses of
particles generated, i. e. the Higgs field(s)
acquired nonvanishing vacuum expectation
values (vev). The evolution of this process
strongly depends on the shape of the Higgs
potential. Distinct profiles for the Higgs
potential result in corresponding courses for the
electroweak phase transition (EWPT) in the
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early universe, ranging from the smooth cross-
over in the SM, with the observed Higgs mass
of 125 GeV [3], to the strong first-order phase
transition, with new physics.

Even so, the SM cannot be the ultimate
theory of particle physics yet. Despite the
undeniable success of the SM in explaining the
observed phenomena (in particular regarding the
Higgs boson), it is by now clear that there must
be physics beyond the SM (BSM). The most
striking indications come from inability of the
SM to properly explain the baryon asymmetry of
the Universe [4], as well as to accommodate
both dark matter and neutrino masses [5]. In
addition, a new measurement of the muon
anomalous magnetic moment has been recently
announced by the Fermi National Accelerator
Laboratory (FNAL) Muon g-2 collaboration [6],
supporting the claim for BSM physics.

The quest for New Physics is thus highly
relevant. One of the directions addresses an

©2023 Vietnam Atomic Energy Society and Vietnam Atomic Energy Institute


https://doi.org/10.53747/nst.v13i1.406
https://doi.org/10.53747/nst.v13i1.406
https://doi.org/10.53747/nst.v13i1.406
http://jnst.vn/index.php/nst
mailto:ntanh@epu.edu.vn
mailto:tamdt@utb.edu.vn
mailto:dtmhue@tlu.edu.vn

PHASE TRANSITION OF ALIGNED TWO HIGGS DOUBLETS MODEL IN THE...

essential question: how many elementary scalar
particles are there? After all, there is no
fundamental reason why the scalar sector
should be restricted to a single Higgs doublet,
as predicted by the SM. Moreover, although the
neutral scalar observed at the LHC is
compatible with the Higgs boson of the SM, it
can also correspond to just one particle of a
larger set of scalar bosons [4]. The possibility
of multi-Higgs bosons is extremely exciting.
From the experimental side, searches for
additional Higgs bosons have been performed
by both A Toroidal LHC Apparatus (ATLAS)
[7] and the Compact Muon Solenoid (CMS) [8]
collaborations. From the theoretical side, there
have been countless studies on models with an
extended scalar sector (for reviews, see refs. [9,
10] and references therein). Multi-Higgs
Models  allow  for  extremely  rich
phenomenologies, including for example the
possibility of charged scalar bosons.

Particularly appealing inside multi-Higgs
scenarios is the simplest one that can provide a
new source of charge - parity (CP) violation -
as required by the three Sakharov criteria for
baryogenesis [11]-, the so-called 2-Higgs-
Doublet Model (2HDM) [12] (for a review, see
ref. [13]). It became clear that the LHC has not
yet detected any significant deviations between
the observed properties of the Higgs boson and
the SM predictions. Hence, if discrepancies are
to be detected, they shall be very subtle. It is
therefore of paramount importance that precise
predictions from the theory side are put
forward, so as to properly interpret small
experimental signals of BSM physics. In other
words, it is compelling to go beyond the
leading-order (LO) predictions of the model
and include the next-to-leading-order (NLO).

When higher orders in loop expansion
are included, the minimum of the potential is in
general modified, so that the true vev no longer

46

corresponds to the tree-level one. It turns out
that there is more than one consistent method to
select the true vev, in such a way that the
different  alternatives  have  significant
consequences for the renormalization of the
theory. This discussion becomes especially
interesting whenever the Goldstone theorem
included. The tandem composed of these two
topics - two-loop corrections and Goldstone
requirement - constitutes another major pillar of
this paper. Given the complexity of NLO and
irregular integrals, the use of computational
tools by dimensional regulation is today
virtually indispensable.

Although this 2HDM bring many
successful results for nuclear matter and dark
matter, the full picture about its phase transition
and phase structure is still not clearly [14-19].
In this paper, we considered the aligned 2HDM
and it phase structure in the two-loop double-
bubble contribution by applying the Cornwall-
Jackiw-Tomboulis (CJT) effective action at
finite temperature. The gap and Schwinger-
Dyson equations of state is used for numerical
calculation to find out the order of phase
transition in this model and know more about
their phase structure.

This paper is organized as follows. In the
next section, we present the model of 2HDM.
The alignment limit is given in Sec. Ill. The
CJT formulism at finite temperature using for
this model considered in Sec. IV. The numeric
results and discussions in Sec. V. The last
section is conclusion.

Il. THE MODEL

In this section, we use the aligned 2HDM
model involves two SU(2)L Higgs doublets @1
and @2, both carrying hypercharge +%. For
simplicity, we make two common assumptions
for the scalar potential. The first assumption is
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that CP is conserved in the scalar sector,
leading to only real coefficients. The second
one is that there is a Z2 symmetry ®1 — —®l.
or @2 — —®2 forbidding quartic terms that are
odd in either @1 or @2, but such a symmetry can
be softly broken by quadratic terms.

The Lagrangian of this model is described by
L= (0"®,)*(9,9,) + (04 ,)*(9,P,) - 1)

V is the scalar potential. Under these
assumptions, the general terms in the scalar
potential constructed with ®1 and @2 are given by
V =miofo, + mids o, — mi (0 D, + 0F b,)

A
+ 71 (@7 @))% + 7 (07 9,)* — A3(0] 0,) (93 P,)

A
+4(PF D) (@5 ®;) + 75 [(@f P,)% + (95 P1)?],

)
Where
_af Prtim ) _
¢1_Ti(§1+u1+i)(1' 2 =
1 ( p2tin )
\/7<Cz +uy +ixy/) ®
With
1(0 1(0
=%, ) @2=%(.) @

Note that the vevs at zero temperature are
denoted by

Vi = Ujlr=g (5)
and the angle g is the ratio of u; and uy:
tﬁ=tan[3=3—2. (6)

1

vev is defined by u in which
u? = u? +us,

Where for T =0, u = v = 246 GeV s the
Higgs vev in the SM.

The potential V in the tree-level at the
electroweak vacuum is

2 2
mi 2, M 2
_ul + Tuz

P
, - miuyu, + Ul

Vo
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A Ag+AytA
_zu4_|_(3 atds) 2 2

+
g 2 5 142

(8)

Since the basic state requiring V to be
minimized at the electroweak vacuum, it yields,

A Az+A4+4
m%+_1 %+#

2 2
Uy = miptp,
’12 u2 +M 2

1

mz

©)

Eqgs. (9) are gap equations which define
the true vevs u; and u; at tree-level.

— 2 41
—mlztﬁ .

I11. THE ALIGNMENT LIMIT

We first using the field translation (3) and
inputting to terms of (1) and (2), using (9) leads to

(o
futgu) [(pl P 2)(u2—/?1 ul_/tz) (Z:)Jr
m n)(uZ/ ) ()

Lmass =

—- (C1 ¢2)
m12u2 + Alul _m%z + (A3 + /14 + /15)“.1“.2
-m?, + (/13 + A+ ADwu, izt + Aul
1
-3 (mf, -
Asu,) X2) (”2/”1 1 )( ) (10)
5U142 ul/u2

Now, we rotate the Two Higgs Doublets
@; and &, into the Higgs basis

2 @, _ (6 B
(%) Rﬁ( ) A = (Sﬁ s Jay
Where ¢ = cos B, sg = sinp.
Then
G+
P = ((h +u+ ico)/ﬁ>' Pu
D o+ 0042)
(Ho +iA)/N2) 12
Where u? =uf+uj, w =ucp; u,=
usg, and

= (G, + iGy)/N2; H* = (H, * iH,)/V2.(13)
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By using (11) we get

Hence (10) leads

Lmass = - (m_%z - Mﬂ.lsmz) (G_ H_) (0 0) (

CBSE 2 0 1

Alcg + /123;; + 2(A3 + A4 + As)CﬁZSE

1
-=(h H
2 ( 0 (—cﬁsﬁ[llcg - /125!? -z + A+ /15)(05 - SE)]

_i(mb 4 2 0 0y (Go

2 (CﬁSﬁ lsu ) (GO A) (0 1) (A )
Thus, G® and G* are Goldstone bosons. In

order to prevent h — H® mixings, the off-diagonal

terms of 2 x 2 matrix in (15) should be absent,
corresponding to

heg =55 = (A3 + A4 + 45)(cj — s5).(16)

This is the alignment condition without
decoupling in the model. When this condition is
satisfied, the tree-level couplings of h to SM
particles are exactly the same as those of the SM
Higgs boson. Consequently, the tree-level
interactions of the CP-even scalar h with weak
gauge bosons and SM fermions are totally
identical to those of the Higgs boson in the SM.
Therefore, the alignment limit means that h does
not mix with H°. In the Higgs basis, the potential
terms (2) transform to

V = midf o, + miof oy — fil, (o oy +
D)

+2(@F &) + 2 (0 0y)” +
A3 (D &) (P Py)

= i

+A4(P; 0 (@5 Py) + T (@5 P)* +
(D1 ®4)?]

+16(®)f Oy + O @)D} D,

+1;(Df oy + O D) D Dy, (17)

Where the new parameters are related to
the previous parameters by
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G+
H+

)

2
ZZ_;Z+ A+, —2(A3+ 2, + /15)]”20555

—p5plMach — AasE — Uy + 24 +25)(cE - SE)]) ( h )
Ho

(15)

mi = micg +misg — 2mi,spcp,
i3 = misg +mjcs + 2mi,spcp,
iz, = (m% - m%)sﬁcﬁ + m%z(cl? - SE),
j"l = Alcg + /125;;} + 2().3 + A4_ + As)SECE,
iz = Alsg + /126;;} + 2().3 + 14‘ + /‘ls)SﬁZCﬁz,
3=+ — 224 — 2/15)5565 +
As(sg + cp),
14 = (Al + A.z - 213 - ZAS)SI%CE +
/14(53 + c[;‘),
15 = (Al + AZ - 2/13 - 2)’4)3561% +
/15(.9[;1 + CE),
A = =(Aacf = Aasj)spe

+ (3.3 + 2.4_ + AS)SBCﬁ(CﬁZ’ - SBZ)'
A7 = =(Musj = Aacj)spe

+ ().3 + ).4_ + As)SBCﬁ(SE - CBZ) (18)

We input (13) to terms of (17) and (18)
leads to the Lagrangian of the system can be
decomposed into

L= _VO + LkiTl + Lmass + L3 + L4, (19)

in which
i 1

- 4
Vo = . S (20)

From the minimum condition of V, to
ensure the basic state of the system we get

(21)
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Lass = —2 (2 +202) 26767 +63) — (3 +2u2)rn- (g + B2y g2 (i 4
20 uz) h*

_%(mz + /13”2—4”5 2) H§ - (_mfz ) (G1Hy + GyH, + GoA) - (_miz = s 2) hHy, (22)
Ly = — (78 + 225 uh — (~ +22%) ui, —%(/Tlh + T6Ho)(26¥6 + GE + 1Y)

%(Z h+ 2;Hy)(2HTH™ + HZ

Aat

Ly=-2(26%6 + 62 + )’

_%[(Gg )42 + HY) + 4G G-HH] R

= Hy + Agh) (GuHy + GoHy + GoA + ),

%5 (G, Hy + Gy Hy) (GoA + Hoh)] +

H, — GyH, — GoHy + A)

(23)

—ZLQHH™ + B + A% =2 (26*G™ + GG + W) (QHYH + H} + A%)

21(GS — 1*)(4% — H}) + (G — G3)(Hf ~ H)]

14 ls

[(G1Hy — GoHy)(GoHy — Ah)] — 25(G1G,HyH, +

GoAHyh)
(2G+G +GE + /12)((;1H1 + GyH, + GyA + Hyh) + (2H+H + HE + A% (G H, + G,H, +
GoA + Hoh). (24)
For T =0, Eq. (22) gives us
~2 Zlv .
f+=2-=0
o | 3 v? = 2
1 2 = Alv = mh;
~2 sz_ m2 Ay +25)v? 2,
Z +Z +Z _ mz 2.2 _ 2
F+=2t = ﬁ + [ + 2y = 2043 + A4 + 25)]v s = myo;
~o | Astha=As o _ m_%z_ 2) — 2.
my+=——v'= (c;;sB Asv )— my;
771%2 - Aéﬁ =0;
.
i, — 2 = T, (25)

In order to prevent h — Ho mixings, /{6 =0
i.e. (16) satisfied. Here the
convention m, <m, has been chosen, and the

(then niy, = 0),

SM limit is recovered.
Egs. (25) show that G* and G° represent

the charged and neutral massless Goldstone
bosons. my and myo are the masses of the CP-
even Higgs bosons, ma is the mass of the CP-odd
Higgs boson, and m,: are the masses of the
charged Higgs bosons, respectively. The
parameter t; is chosen in order to have a measure
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as to how closely the state h, which in the
following plays the role of the discovered Higgs
boson at my ~ 125 GeV, resembles the properties
of a SM Higgs boson. In the so-called alignment
limit [14, 20-25] A, = 0, the lowest-order
couplings of h to the SM particles are precisely
as predicted by the SM.

Hence, instead of the eight parameters in
the Higgs potential m;, my, my, A1, ... ks, @ More
convenient choice of six parameters is

Vv, /3, My, Myo, Ma, My+. (26)

Where my; or Xs is found at T = 0 based on
these parameters.

In order to investigate the vast parameter
space, we carry out a random scan within the
following ranges:

tp € (0.8, 25); my = 125 GeV; v = 246 GeV;

myo € (150, 1500) GeV; ma € (150; 1500)
GeV;

m,+ € (150; 1500) GeV.

IV. THE EFFECTIVE POTENTIAL

To study the phase transition in the early
universe, we use the loop-corrected effective
potential at finite temperature. Based on [26] and
following closely [27, 28], the CJT effective
potential at finite temperature in the imaginary
time formalism

t - —it,with0 <t <1/T

and note

d*k 00 Bk gy
f(Zﬂ)4 f(k) - T an_oof(zT)I%f(lel' k) =
i [ f(K),
Where o = 2nnT. Then,
VT =¥y + [ tr{inD;t () +
~InDg* (k) +In D;! (k)}

+ tr { D5 (s WD, () +
3 D6 (i w)Da (k) + 3 Dgi (ks w)Di (k) — 21}

§)
+2 (2Peyy + Pagy + Pra)® +
y) y)
EZ(ZPczz + Paya + Pipz)? +j3(2pc11 + Pyiq +
Py11)(2Pcaz + Pazz + Pig2)

y)
+f[(Pa11 + Py11) (Paaz + Pra2) +

i
2P11Pezal + 77 (Pars = Pran) (Pazz = Pi2),

Where the inverse of tree-level
propagators read

iDoc' (k, u;) =

> - 1qu?
w? - 2 =iz - 1 0
3 2
2 _p2_ =2 _ Asu
0 w* —k* - m; — T
(27)
-1 _
lDOa (k»ui) -
= . Au?
w? —k? —m? — 12 0
> ~ Aa+d,—A !
0 wz—kz—m§—324 542
(28)
-1 _
iDoy (k,uy) =
- ~ 31,u?
w? -2t - 2 0
> ~ Az +A,+1
0 wz—kz—mg—%uz
(29)

Which correspond to doublets (14), and
below notations are introduced
Pa'ij = fT le] (k), where «a = ca, h,

ij =12
Since the physical requirement
sveIT sveIr
su 5D, =0 (30)

must be satisfied so it leads to the gap and
Schwinger-Dyson (SD) equations:
i +/12—1u2 +E,=0, (31
iDy (k) = iDga(k;u) —E4 =0, (32)
Where
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- i
Eu =5 (2Pc11 + Paas + 3Pi1)
i
+ 7 (2Peaz + Pazz + Pia2)

y) y)
+74(Pa22 + Pia2) —f(Pazz -
(33)

(34)

With

Eic = %(chn + Pa1g + Phug) +
;12_3(2pc22 + Pagz + Piaz) + %Pczz'

Eye = &(chzz +Pa22 + Pa2) +
L 5 (2Pc11 + Parq + Pyan) +2 Pcll'

Eig = %(chn + Pa11 + Prag) +
;12_3(2pc22 + Paaz + Praz) +%(Pa22 + Pi2a) +
= Phz2),

- y)
2 :_2(2PC22 +Pa22 + Pypp) +

y)
f(Pazz
y)

= (2Pc11 + Pa11 + Phay) + (Pa11 + Py +

= Py1),

- y)
Z1p = 71(2Pc11 + Pa1g + Pppy) +

l
75 (Pall
25 (2P )y 4 Poyy + Pigy) + 22 (Pagy + Prgg) —
2 c22 a22 h22 2 a22 h22

- PhZZ)'

- y)
Zop = 72(2PC22 + Paop + Pipa) +

y)
75(Pa22
A3 Ly

7(2Pc11 + Pg1g + Piay) +7(Pa11 + Pyyy) —

= Py11).

The SD equations (32) can be reduced to
the following system of equations for Mi,,

1
75 (Pa11

2 o~
Mi. =

A3u

M3, =i 2+_+~2c
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3 2
2 /11u =
Mla—m1+ 5 +~'1a
Au?  du Au?
Mia = 15 + ==+ ===+ &2
~2 3/11u
M3, = g + + Z1n
Au A u?
MZ, = 2+—3 +—4 + +H2h (36)

For the case &, = XS = 0 then

s .
0 = 7t +hTu+3Th(Pa11 + Pyyy) +
2432z
Mlzc = Mlza
= 1} +/117u+/12_1(3pa11 + Ppy) +
243Piz
34,u* 711
M3, = i + —=— 7(3Pa11 + Ppy) +
213Py,
Mzzc = Mzza = Mzzh
~ 1 Z
=i + =~ 3u 73(3Pa11 + Pyp) +
24,Py;. (37)
Eliminate u from (37), it leads to
hu? = =2m% — 31, Py + Pryy) —
423P;22,
M{, = M{y = =A1Pus,
M12h = =201 — 34, Pyyy — 441 Py —
4A3Ph221
MZZC = Mzza = M22h
~ y)
= m% ,13 ml - /13Ph11
1
Ay A,—22
2= f *Pi2a (38)

Solving Egs. (38) we obtain the evolution
of vev and effective masses of Higgs bosons vs
temperature. Figures show the restoration of
symmetry at a critical temperature.

V. NUMERICAL STUDY

For calculation, we use the following integrals

P = [ iD(k)

(35)
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a3k 1 (1
= Tzn_—oofan.)z W2—E2 - f(ZTI)ZE(E + 'I’lB); (39)

R= [ trinD7" (k) = [ IndetD~" (k)

_TZOO_—oof(Z )2 ln(a) - Elz) +
In(w? — E3)]
f(z 7 [Ey+ 2T In(1 - e B/T)
+E, + 2T In(1 — e~B/T)], (40)
Where
w = iw, = 2minT, E? = k2 + M?,
1
Ng = SET_1

For T =0, (39) and (40) give
(uz)a/z—d/z

d’k 1 M? M?

PO = - =
2 @2rn)3E  16m? u?
P ) e I U (1n
0= 2 (2m)3 "~ " 32m2 u?

With u is a scale with mass dimension
which needs to be introduced to balance the
dimension of the integration measure.

We aim to study the parameter space in
the region of ts from 1 to 20. The mass difference
between the heavy Higgs states should be small
and their scan intervals are therefore chosen to
be identical as follows

v =246 GeV; t=2;, m,=125GeV,

my = myo = my: = 200 GeV. (42)

D) -

Hence
Lv? =mk;
Av? =2m?, — 2A;

/1417 = ZmHo + mA - 2mH+ = 0;

Asv? = m,zio -ms =0;
lg=0;

M2 = —m,%/Z;

ity = 0;

mé, = mzicﬁsﬁ;

__1), Tﬁ __mh/2+mH+,

—il(c§+cgs§—120§s§+césg+sg)
césé(Sci‘g—ZcéséHsg)
+2(713 +Z4+15)(c§—cgs§—c§sg+sg)
2.2 4 2.2 4
CgSp (ScB—ZchB+5sB)

Where 1, obtains from (18) owing to (16).

(43)

From gap and SD equations, consequence
for T =0, Pni1o = 0. Hence, u =75,82.

Solving Egs. (38) and ploting the effective
potential (26) we obtain figures Fig. 1, Fig. 2 and
Fig. 3.

Fig. 1. The evolution of vev u and ul and u2 vs the temperature
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Fig. 2. The evolution of mh and mH vs the temperature
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Fig. 3. The evolution of the effective potential vs the vev u at various temperature. The temperature increasea from
the red line (bottom) to purple line (top)

The figures show that the phase transition
is the first order.

VI. CONCLUSIONS

In this paper we have analyzed the thermal
history of the 2HDM, and its associated
phenomenological imprints by using the CJT
formalism in the two-loop double-bubble
contribution. It is treated to be an adequate and
reliable approach for the study of phase transition
[28-30]. Here we are not taking into account the
preservation of Goldstone theorem the 2HDM can
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accommodate a strong first-order electroweak
phase transition as showed in Figs. 1 and 2.

Within a simple scenario characterized by
the alignment limit without decoupling (4, =0)
and equal masses for the neutral CP-odd and
charged BSM scalars (my = myo =~ my+), we
have categorized the different thermal histories
which are possible of the 2HDM: the Universe
undergoes a strong first-order EWPT (from the
EW symmetric to the broken phase).

An extension beyond the surveys in this
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paper is the general scenario (1, # 0), there we use

(j0) = Re (o).
)

i.e. (gi) = Royp (1_};

Here the convention mj, < myo has
been chosen, and the SM limit is recovered
when o = 0. This could be in our further
research problem.
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