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After the phase transition of a grand unified theory (GUT), its single coupling splits into the couplings of
the basic interactions. On the other side, the measurement of the Weinberg mixing angle in the electroweak
theory determines that the couplings associated to the SU(2) and U(1) symmetries were already distinct in
its symmetric phase, before the electroweak breaking. This picture is consistent as we understand that such
couplings evolve independently with the energy scale, meeting a common point together with the strong

interaction coupling at the GUT scale. From a BRST symmetry point of view, this implies that each
independent coupling should be associated to independent cocycles defined on a cohomological basis. The
problem is that, before the GUT symmetry breaking, the BRST operator associated to this symmetric phase
predicts a single Yang-Mills coupling. This sets the question of what should be the BRST operator of the
asymmetric phase, that would allow for the splitting of this coupling but at the same time, remain
compatible with the BRST operator of the symmetric phase. In this work, we proceed to answer this

question.

DOI: 10.1103/PhysRevD.105.125007

I. INTRODUCTION

The advent of a grand unified theory (GUT) is the
attempt to actually comprehend the standard model (SM)
SU(3) x SU(2) x U(1) physics inside a tied description of
these basic interactions. The goal would be to reproduce all
the SM richness from a theory with the smaller possible set
of free parameters, bringing economy and a higher predict-
ability to such a new physics. Some of its consequences are
controversial, and, for example, the predicted decay of the
proton present on the original model proposals [1] and [2,3]
is still under broad debate in the literature (see, for instance,
the review [4] or more recently, [5,6]). On the other side,
these models establish in a simple way the connection of
the electric charges of quarks and leptons. And mainly, the
project of unification is supported by the experimental
evidence that the strong, weak, and electric couplings tend
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to converge on a common value at a high energy scale M
(in fact, this was the primary theoretical intention for the
model design [7]). In this aspect, it is never excessive to
remember that the electroweak theory is not a complete
unification of the electric and weak interactions, as their
couplings remain distinct even in the symmetric phase. This
is also experimentally confirmed by the measurement of the
Weinberg angle. Then, any GUT is ultimately a theory for
the unification of all couplings, a theory with one single
coupling. Our low energy physics would appear after a phase
transition at the GUT scale M; by a Higgs mechanism, and
since then, the basic couplings evolved independently. This
is understood as an effect of the decoupling of the heavy
gauge modes, which acquire masses proportional to M at
the new Higgs vacuum. This means that each one of these
couplings follow an independent renormalization equation.

At this moment, we make a brief interruption to state that
the work that we will develop here is a rereading of the
theoretical construction which is behind any GUT theory
from the point of view of the BRST language. We think that
this approach is most suitable, as the BRST charge should
reflect the true invariance of the vacuum in each phase. Let
us argue for this approach and how it can give us a new
insight on this problem.

Rephrasing our initial presentation, we would say that
seeing from the standpoint of our low energy scale, it is the
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running of the couplings which allows the existence of a
GUT theory. We expect them to meet at a definite high
energy scale. They would join together in a unique
coupling, which in its turn would then follow its own
unique renormalization equation from this scale on. The
SM group structure must then be accommodated within a
simple Lie group. Now, from the perspective of the BRST
analysis, this unique coupling is naturally predicted as a
consequence of this character of the Lie group of the
symmetric phase being simple.

We can briefly summarize this line of reasoning and its
impacts. In a first approximation, we can recover the
concept of hidden symmetry, in contrast to a broken
symmetry, originally exposed by Coleman [8]. For this
intent, it is sufficient just to shift the scalar field by its
vacuum expectation value (vev), not only in the action, but
also in the BRST operator of the symmetric phase. This will
be the operator that will sign the transition from the
symmetric to the broken phase. We will show that the
immediate effect of this shift is to characterize the so
acquired gauge mass in the usual cohomological BRST
sense. Other consequences will be the trivialization of all
cocycles containing any of the non differentiated would be
Goldstones, as they now form BRST doublets with the
nondifferentiated ghosts along the broken directions. This
means that the physical Hilbert space do not depend on
such fields (for this and other results in BRST cohomology,
we refer to [9]). The same will happen with certain
combinations of the gauge fields associated to the broken
generators and the derivated would be Goldstones, as they
now belong to BRST doublets with the derivatives of the
same ghosts. As before, such combinations of fields will
not belong to the physical space also. Comparing this result
with a pure massless Yang-Mills theory, it is well known
that in this case the BRST analysis leads to the physical
independence on the nondifferentiated gauge fields, and
observables only depend on the fields curvatures [9]. Now,
in the Higgs broken phase, this exclusion along the broken
directions happens only in this specific combination.
Consequently, we will show that, in the broken phase,
the massive broken gauge fields will appear in nontrivial
BRST cocycles through the linear independent combina-
tions with the would be Goldstones. In fact, this is
responsible for the appearance of the Higgs gauge mass
among the physical observables in the broken phase. And
also, this makes explicit what is the true physical variable in
the broken gauge directions, which is nothing more than the
well-known statement that the would be Goldstones now
represent the longitudinal degrees of freedom of the
massive gauge fields in the broken Higgs phase. Then,
from this BRST point of view, we are extending to the
quantum level the classical observation that one can rotate
the whole theory by a gauge transformation taking as gauge
parameters the would be Goldstones (see, for instance,
Ref. [10]). These scalar degrees of freedom disappear

altogether from the theory as they are incorporated as
the longitudinal massive gauge degrees.

We are now at this point where we have an understanding
of the Higgs gauge mass, but we still lack the independence
of the gauge couplings after symmetry breaking. We will
show that this is so because the BRST operator that we
extended by including the vev of the scalar field still
predicts one single gauge coupling for the whole theory.
There is only one possible nontrivial element of the
cohomology of this operator depending exclusively on
the curvature, i.e., TrF?, and it is still based on the gauge
field curvature of the symmetric phase. In this way,
independent running gauge couplings after the phase
transition are still not explained.

Our proposal to approach this question is basically to
reinterpret the quantization of the theory for the new Higgs
vacuum. In this phase, as we have seen, the would be
Goldstone fields (and their derivatives) do not play any
physical role, as it happens with the ghosts (and derivatives)
of the broken directions. So we proceed with the complete
elimination of these fields from the theory, which can be
understood as a choice of gauge, actually, the unitary gauge
[10]. This will take us to a new BRST operator of the
broken phase. This operator is nilpotent and can be used to
characterize a new cohomology for this phase. After
showing that in this way, we arrive at independent
couplings for each independent symmetry of the new
vacuum, we hope that this operator can guide us to the
concept of observable after the symmetry breaking.

In the next section, we will fix the notations and review
some basic results of the BRST cohomology of massless
Yang-Mills theory for completeness. In Sec. III, we will
show how we can characterize the emergence of the gauge
field mass as a product of the change of the BRST operator
driven by the vev of the scalar field. Also we will analyze
the physical status of the would be Goldstone and of
the broken ghost fields in view of this transition BRST
operator. Here, we will spend a few words on the 't Hooft
gauge, responsible for simultaneously showing the renor-
malizability and unitarity of the theory, which is in fact the
great advance of the Higgs mechanism for the introduction
of masses for gauge fields. Then, in Sec. IV, we exhibit a
nilpotent operator for the unitary quantization of the broken
phase. We will study its cohomology at the level of the
action, paying special attention to the non trivial elements
depending exclusively on the gauge fields. This cohomol-
ogy will present an independent running coupling for each
remaining symmetry of the vacuum. The origin of each
counterterm will be traced back to elements of the BRST
cohomology of the symmetric phase. This will demand that
each independent running coefficient will have the neces-
sary boundary condition of matching the associated value
coming from the symmetric phase at the scale of the phase
transition. This is the BRST derivation of the different
gauge couplings matching at the GUT scale M. At this
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point, we will also show that the necessity of the 't Hooft
gauge demands now the addition of a second independent
symmetry, which will shape the full nilpotent BRST
symmetry at the broken phase. This will fix the coefficients
of the counterterm action. Finally, this development opens
the possibility to incorporate a new physics, as new
elements at the level of the action are allowed after the
phase transition, elements that are associated to the sym-
metric phase cohomology in higher dimensions. The
possible interpretation of such elements as condensate
candidates will be commented in our Conclusions.

II. NOTATIONS AND BRST TRANSFORMATIONS

We begin with the usual definitions for the curvature and
covariant derivative of a Yang-Mills theory coupled to a
scalar field,

FA, = 0,A% — 0,A% + gfABCABAC,
(Dyp)* = 0,0" + gf*BCABC. (1)

The gauge field A and the scalar field ¢ are in the adjoint
representation of the gauge group G, and then the internal
index A varies up to the dimension of G. We assume that
this is a simple Lie group, which implies a single coupling
constant g. The standard BRST transformations for these
fields, ghost, curvature, and covariant derivative are,
respectively, given by

sAG = —(0,c* + gf*BCALcC) = —(D,o)4,

A _ ,fABC B C
Sp- =4, co,

g
ScA — EfABCCBCC’

A _ £ABC .BC
sFy, = gf*""cc"F,,

s(D,p)* = gf**<c?(D,p)C. (2)

This is the basic structure that we assume as that prevailing
at the symmetric phase, prior to the phase transition. Before
entering in the details of this process, we now briefly
review how the cohomology of the nilpotent operator s
can be calculated [9]. These concepts will be sufficient to
explore the broken phase. We begin by making a filtration
in s,

s =59+ 51,

s* = (s0)” + {50, 51} + (s1)%, (3)

where s acts linearly on the fields,

soAﬁ = —6”CA,
socA =0,
sop® = 0. (4)

The nilpotency of s is easily confirmed from eq. (4). It
establishes that the gauge field Af} and the derivative of the
ghost a,,cA form what is called a s, doublet. A doublet
(u,v) of a nilpotent operator A happens when

Au = v, Av =0, (5)

and neither u nor v enter in any other field transformation of
A. Notice that, from (4), the symmetrized derivative a(ﬂA’j)

A
Y]

This filtration is useful thanks to two basic theorems [9].
The first one states that the cohomology of s is isomorphic
to a subspace of the cohomology of s,. The second says
that the cohomology of any nilpotent operator does not
depend on doublets. Then, we can conclude that a basis for
the cohomology of s, with any ghost number or dimension
can be constructed from polynomials containing solely
the nonderivated ghost, the scalar field and its derivatives,
and/or the antisymmetrized gauge field derivative a[ﬂAf].

also belongs to a s, doublet, whereas d|,A}} is in a singlet.

Expanding this basis with the quantum numbers of a four-
dimensional Lagrangian, and then using the first theorem to
complete these elements to obtain the full cohomology of s,
we arrive at the standard action of counterterms of Yang-
Mills coupled to the scalar field. To each independent
element on the cohomology of s, we associate a free
coefficient. These coefficients are the physical parameters
of the quantum action. From what we have just obtained,
we can conclude that the only possible contribution to the
counterterm Lagrangian made exclusively from gauge
fields is TrF>. Then, the fact that polynomials constructed
with the nonderivated gauge field A/ are excluded from the
physical space means that a gauge mass would be forbid as
an observable even if an invariant cocycle could be built
from them. As we know, one way to allow for gauge masses
is to implement a symmetry breaking mechanism. In the
following, we will show how this mechanism circumvents
this forbiddance from the BRST point of view.

ITII. BRST AT THE PHASE TRANSITION

The main purpose of this section is to show that we can
define a BRST operator in a simple way in a phase
transition. Spontaneous symmetry breaking does not mean
that there is not a BRST symmetry regulating all the
process, including the broken phase.

We suppose that this transition follows from the Higgs
mechanism, when the scalar field acquires a vev u along a
direction z,

ot ="+ pst. (6)

We call z the direction of the breaking. The shift in ¢
implies (y) = 0. We designate the directions in the internal
space that commute with z by lowercase letters from the
middle of the alphabet, as i,j,k... These so-called symmetric
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directions of the new vacuum may even form distinct
blocks of G, with generators commuting among them-
selves. Of course, these blocks constitute subgroups of G
and are associated to the symmetries of the new vacuum.
Moreover, in some equations, when necessary, we will use
a subindex (N) to refer to N possible distinct subgroups.
For example, T'Y) will refer to the generator i of the
subgroup of label N. We also have the directions that do not
commute with z, the so-called broken directions, which we
designate by lowercase letters from the beginning of the
alphabet, as a,b,c... At this point, we specify the algebraic
result of the broken theory by saying that we allow the
structure constants of this phase to have only the following
possible non-null contributions:
fzah’ fijk’ fi“h. (7)
This may not be the most general possibility, but it is
sufficient for our purposes (this follows the Cartan decom-
position of a Lie algebra for a symmetric space when £
vanishes [10]). For example, the breaking of SU(5) into
SU(3) x SU(2) x SU(1), the original Georgi-Glashow
model [1], follows this pattern.
Then, at the moment of the breaking, the BRST trans-
formation of the scalar field in (2) must now take into account
the vev (@*) = u, becoming the transition operator s,,

st = ugfiPe + gf e eByc, (3)

and from the list of available structure constants in (7), we get
that only the scalar fields in the broken directions feel the
presence of the vev,

52" = pugfrict + gf ti(cly’ — ciy?) + gf b (cby — ).

©)

In the other directions, the scalar fields transformations
remain unchanged,

st = gft eyt + g ey’
st = gf ety (10)

Here, it is important to highlight that the operator s, is in fact
a symmetry of the whole action after the symmetry breaking,
being understood that for the other fields s, acts as s in (2),

5,A% = —(0,¢* + gf*BCARCC) = —(D,0),

s,ct = ngBCchC. (11)
This can be seen as an explicit realization of the Coleman’s
“hidden symmetry” description of a broken symmetry [8].

But the change for this hidden symmetry s, obviously has
physical consequences.

The novelty comes from the shift now present in the
transformation (9). It has the power to completely change
the cohomology. In order to understand this, we can filter s,
as in (3), and obtain s,

SopAy = —0,c?,

Sopc? =0,

Sou’ =0,

soux* =0,

Soux* = ugfic’. (12)

From (12), we immediately see that the scalars y“ are now
in doublets with the ghosts ¢“ arranged in linearly inde-
pendent combinations with coefficients given by the f*
(here, we are implicitly supposing that the matrix M =
27 does not have zero modes). Besides this, we can see
that the combination g f***A% — 9,4 belongs to a doublet
with ugf**%0,c?. At the same time, the linearly independent
combination ugf“bzAfj +d,x" is a singlet,

sou(ugf**AL + 0,4%) = 0. (13)

Then, using the cohomological doublets theorem stated in
the last section, the basis for the cohomology of s,,, limited
in four dimensions, is expanded by polynomials con-
structed from this combination presented in (13), the
curvatures %Af, and the scalars, ghosts, and their deriv-

atives still belonging to s, singlets, in particular all the
fields ' and y° (and derivatives), and the nonderivated
ghosts ¢’ and c*.

The presence of the element in (13) in the cohomology
opens the possibility of the existence of monomials of
dimension two in the action with bilinears in the A“. This
just means that these vectorial bosons that enter the singlets
in (13) acquire masses after the symmetry breaking. At the
same time, we interpret the scalars y* whose derivatives
appear in (13) as the would be Goldstone bosons. As they
themselves belong to doublets, we understand that none
physical observable will depend on them on the bro-
ken phase.

It is not difficult to show that (13) can be completed to
the cohomology of the full operator s,,

Vi = ugf*" AL + (Dux)*, (14)

transforming covariantly as
s,V = gfABceBvE. (15)
This kind of relation was called a “Russian-like formula” in

[11], after its functional similarity with the Russian formula
(see Ref. [9] and references therein). Basically, it represents
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a mapping of the cohomology of a filtered operator to the
cohomology of the full nilpotent operator. In our present
case, this relation will enable us to concentrate our efforts
of the cohomology analysis in the next sections to the
sector built exclusively with gauge fields.

Then, remembering the allowed f45€ given in (7),

Vﬁ VAR — ”ZgzjfabzfaczAli;Acu + 2g,uf“bzA,13 (D)()ay

+ (Dy ) (D)™, (16)

is the invariant nontrivial cocycle of the cohomology of
the transition BRST operator s,. The first term in (16) is
the massive contribution just mentioned, and the second
contains the well-known nonphysical coupling of the
massive gauge fields and the would be Goldstones.

Here, it is important to dwell on the analysis of this point.
As we have shown, the fact that each would be Goldstone
becomes a nonphysical representation follows essentially
from their transition BRST transformations (9). Actually,
this resembles the same problem of the Yang-Mills action in
the symmetric phase, with the explicit presence of a
longitudinal mode of the gauge field which does not
represent a physical degree of freedom. This is solved by
the existence of the BRST symmetry itself, which enables a
gauge fixing procedure to eliminate this mode. From another
point of view, the invariance under a gauge symmetry
implies that not all mathematically possible gauge connec-
tions are physically distinguishable, and again the question
of a gauge fixing is central. Then, on the one hand, a gauge
fixing is demanded by the gauge symmetry, on the other it is
allowed by the BRST symmetry. The Faddev-Popov mecha-
nism follows from these principles.

Alternatively, the mechanism for the case of a sponta-
neous symmetry breaking was designed by ’t Hooft
[12,13]. Its importance relies not only on the elimination
of the nonphysical couplings shown in (16), but also for a
limit where renormalizability becomes explicit, depending
only on the choice of a gauge parameter. This ensures
unitarity and renormalizabilty at the same time. This is
essential for the theoretical framework of the Higgs
mechanism. And it is the existence of the BRST symmetry
that states that the choice of any specific value of the gauge
parameter is physically irrelevant (physical observables do
not depend on this choice [9]). We can compare with the
situation of a Yang-Mills theory with a mass term. In this
case, as the gauge symmetry is explicitly broken, we loose
the BRST symmetry altogether. This implies that it is not
possible to implement a gauge fixing, and this theory is
inevitably power-counting nonrenormalizable (there is an
elucidative argument in [14] on this point).

Coming back to the nonphysical coupling in (16), we can
introduce the term proposed by ’t Hoofft,

G* = 0,AM + aug [y, (17)

together with a s, doublet composed of an antighost g* and
a Lagrange multiplier »* transforming as

s,qt = b4, s,bA = 0. (18)

The ’t Hooft gauge fixing can now be written as a transition
BRST trivial cocycle,

Sy =5, / d*x(2¢"G* — ag’b?), (19)

where « is the gauge parameter just mentioned. When we
integrate out the multiplier »*, the spurious nonphysical
element in (16) is eliminated. And it is the triviality of (19),
possible by the existence of the transition BRST s, as a
symmetry of the action, that is behind the independence of
the physics on @. An adequate choice of the gauge
parameter then makes the massive propagator compatible
with power counting renormalizability. Once physics is
independent on this choice, the theory is renormalizable in
any gauge.

So in (16), we understood how a phase transition can
change the cohomology. New elements can appear in the
broken phase, which were not even BRST symmetric in the
previous phase. However, this still cannot be the complete
description. As we said, all this development pursuits the
construction of a GUT, with the evidence that the single
coupling of the symmetric phase must split into the
independent couplings of the basic interactions at our
energy scale. The problem is that following the standard
calculation, the cohomology of s, in the sector made
exclusively of gauge fields is identical to the cohomology
of s; i.e., there is still only one cocycle, the same Fip, FA*,
and then only one possible coupling. The question is how
we can modify or reinterpret the cohomology after the
symmetry breaking scale in a way compatible with this
transition between both regimes. This is the issue for the
next section.

IV. EFFECTIVE BRST SYMMETRIES OF THE
NEW VACUUM

We begin this section remembering that from (12), we
concluded that the ghosts ¢ and the scalars y“ belong to the
trivial sector of the theory after the symmetry breaking, as it
happens to all ghost derivatives. Actually, the would be
Goldstones only appear in the combination given in (14), as
part of the massive gauge field, the longitudinal compo-
nent. This is in agreement with the classical argument that
these Goldstones can be rotated away, being completely
eliminated from the theory. This is equivalent to a gauge
choice, the unitary gauge [15]. Then, from this point on, we
will restrict our analysis to the sector built exclusively by
the original gauge field Aﬁ [soon, when we limit our
cohomology study to the level of the 4D counterterm
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action, we will understand that wherever Aj appears non-
derivated it must be completed in the sense of the Russian-
like formula (14)]. The gauge freedom associated to the
symmetries of the new vacuum, due to the non-null 7k,
can be shown to be preserved in this process, and need to be
gauge fixed [15]. And although the gauge components Ay
are now massive, a gauge fixing is still needed along these
directions, as the discussion on 't Hooft gauge of the last
section specified. This means that we cannot eliminate the
ghosts ¢ altogether, but we can isolate them from the
BRST machinery in the first approach. In addition, we still
have the necessary link with the theory at the breaking point
determined by the transition BRST s,. Then, joining all
these considerations, the BRST quantization for the broken
phase can start from the filtration of the fields ¢ from
Egs. (11) (see Ref. [9] for details on this mathematical
step). Noticing the allowed structures constants (7) for the
symmetric phase, the new BRST operator s, becomes

5 AL(N) — -9, i) — g, FiTKN) AIJ;(N) k)

T — ¥4
quﬂ = a,,c,

Squ _ —Zngabi(N>A£Ci(N) _ g,fabZA,l:CZ,
N

Sq){i(N) = gy fUKN) I(N) o k(N)

’

st =0,
Sq)(a _ _Zngabi(N))(bci(N) _ g/f“bz)(bcz,
N

o otV %gN FUKN) GN) KN

’

q

5,05 =0,

cha _ Zngabi(N) cbeilN) + glfabzcbcz‘ (20)
N

The main point now that one can check is that the set of
transformations (20) define a nilpotent s, operator in all the
fields of the theory indeed. This is fundamental in order to
view this set as a BRST system. In Eq. (20), we finally
needed to specify the N possible different subgroups of the
original gauge group that remain as symmetries of the new
vacuum. Then, A‘™) means the i component of the gauge
field associated to the subgroup N. Independence of each
subgroup means that the structure constant f7%(V) is only
nonvanishing if all its indices belong to the same subgroup
N, so that if T/™) is a generator associated to one of these
subgroups, then

[TV, TI0D] = j5(N)(M) fiik(N) ThN) 21)

The label N in f*"™) entering the s, transformation of A¢
in (20) means that the index i belongs to the subgroup N.

Summation over this label N will always be explicitly
indicated; otherwise, it is not intended. This happens, for
example, in the transformation of A‘™) in (20), where no
summation on N occurs.

Finally, we call attention to the distinct couplings gy
introduced for each subgroup and the coupling ¢’ associ-
ated to the Abelian subgroup along the symmetry breaking
direction z. The imposition that the system (20) must match
that formed by (9), (10), and (11) imply that all these
couplings gy and ¢ must satisfy the boundary condition of
matching g, the coupling in the symmetric phase, at the
GUT symmetry breaking scale,

In(Mg) =g (Mg) = g(Mg). (22)

Obviously, the equivalence among the couplings cannot be
preserved at our energy scale. This indicates that they must
evolve independently after the GUT phase transition, which
means that each one must be renormalized following its
own renormalization equation [10]. In the BRST quantiza-
tion procedure, this implies that each coupling must be
associated to an independent nontrivial cocycle in the
cohomology of the BRST operator at this phase, which
is again the problem that we were facing at the end of the
last section. But now, the BRST 84 for the broken phase
gives us the answer. In fact, it is immediate to confirm that
the cohomology with the quantum numbers of the four-
dimensional action calculated from the BRST transforma-
tions (20) has independent contributions of the form,

FiY Fitome, (23)

where
Fi) = 9,4 — 0, Al 4 gy fir Al AT (24)
We will also have the nontrivial cocycle,
Fo FH, (25)
with
F, = 0,A; — 0,A;, (26)

associated to an independent Abelian coupling ¢'. This set
of contributions (23) and (25) indicates independent beta
functions to each coupling of the independent subgroups
that remain as symmetries of the vacuum after the phase
transition.

Once we have obtained the cohomological independence
of the physical couplings, we must stress that up to this
point this has just served us as a guideline to develop the
correct BRST system adequate to the experience at our
energy scale. From this point on, we will explore some
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possible new physics that may be achieved by the study of
the system (20). In this work, we will concentrate on the
rest of the cohomology at the level of the action built
exclusively from the vector fields. All terms in this sector
which are independent of the massive Ay are described by
(23) and (25). In the broken directions, we may see some

changes. If we apply the same filtration done in Eq. (4) to
the operator s, it indicates that Aj becomes a singlet of this
filtered operator. In order to expand its cohomology upon
this sector, we must include any object built with A7 and its
derivatives. The most general polynomial in this sector with
the quantum numbers of the action is

= / d*x (ala,,AzaﬂAa” + a,0,ALF A + a§PAGAP + ay(AGAM)? + a5AZA3Ab/‘Ab”

+ ZaéN)fabi(N)AaﬂAbyfcdi(N)A;Ag 4 (l7fwaa”AbDfZCdA;Ag + Za(
N N

+ agF/i,,fZ“bA“”Ab” + DadeAaﬂAbMACl’Adl/> ,

where by D¢ we mean all possible independent sym-
metric elements with four indices in the gauge algebra. For
example, depending on the GUT group, even the quartic
symmetric symbol d**“? obtained from the fully symmetric
trace of four generators is allowed (see Ref. [16] for details
on this symbol). They will also depend on the representa-
tion used, and their detailed analysis is beyond the scope of
this work. Anyway, we will give an example of what we
mean by independence of these terms in the end of this
section.

We will soon discuss each element written in (27) and
search for their completion in the cohomology of the full
s 4. First, we notice the presence of the massive contribution
with coefficient as. It is a nontrivial contribution of the
cohomology of s,, but as previously emphasized, it should
be understood as part of the invariant cocycle (16). On the

|

S / d*x(9,AL0"A™) = — / d‘Uc(ZZgNdM( FIN) b cIN) Y g A +2g’a,,(fabZA,l})cZaﬂAav>.
N

The element of first order in the couplings whose s
transformation can compensate these in (28) is

q

fepar

(29)

In its turn, the Sq variation of this element gives a second
order contribution in the couplings, which can be compen-
sated by the introduction of the following second order
element:

Aba"A‘“’ 4 g/fabzAzAbauAau> )

fabt AaﬂAby

(27)

other hand, the elements with coefficients a4, a5, and
Debed | also immediately invariant under s,, cannot be
understood as coming from elements already present at
the original action of the symmetric phase. When we come
to the definition of the counterterm action, this aspect will
just be responsible for their exclusion, but at this point, their
presence means the possibility of a new physics as long as
the s, operator can be associated to an effective symmetry
of the vacuum at a low energy scale. We will have more to
say about this later in this section and in the Conclusions.

So, let us complete the other elements in (27) to obtain
the cohomology of s,. This problem can be seen from the
point of view of a consistent deformation [17]. We will
show in details an example of this process. We can begin
with the first element by calculating its variation under s,

(28)
[
/ d4 <Z Z gNngabz fac‘] AbAc
+23 gng 0 pre Al Az AL A
N
( )ZfazbfachzAzAbAc) (30)

If we join together the first element in (27) with those
in (29) and (30), we can see the formation of a covariant
derivative,

(V,A,)" =0,A¢ Zg FANIALN AL — g fAzAL, (31
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where covariance here means that it transforms as the Ay
field under s, as shown in (20)

_Zngabi(N) (VﬂAD)bci(N)
N

—gf (VA e (32)

Then, the nontrivial cocycle in the cohomology of s,
constructed from the element a; in (27) assumes the simple
form,

a, / d*x(V,A,)9(VFAY)e, (33)

Equations (31) and (33) indicate that Ay, is in fact a vectorial
matter field in the broken phase. Notice, however, that it is
not in any representation of the invariant groups of the new
|

/d4x(FZ,,Fa/w) = /d4x <0MA3 —0,A%— Zngabi(N
N

Finally, after (31), it is immediate to see that

/ d*x(Fa, Fom) = / d*x(V,A, —V,A,)(VEAY = VY AR,
(36)

We identify the origin of the cocycle (33) as part of the
Yang-Mills action before the GUT symmetry breaking. The
observation is that at this point of the analysis of the broken
phase, we now have independent coefficients for each
contraction, as can be understood from (27) and (33),

/ dhx(ay (VA (VA + ax(V,4,)7 (AR, (37)

Let us continue now with the other elements of (27). In
order to study the elements a; and ay, we define F* ,/},TZ as the
component z of F4,,

F;}; = 0,A] —0,A; + ng“bA,‘jA’;. (38)
Since
sFA7E = —gf*PFd,cb, (39)
it implies
sqF;‘y t=0, (40)

and then it is obvious that

Ab+zg fabz AbA

vacuum. As we can see in (20), its transformation uses the
structure constants of the symmetric phase in the broken
directions, which appear again in the definition of the
covariant derivative (31). This seems to be related to a
necessity of recovering the full theory in the symmetric
phase. Let us show how this may happen.

Before the GUT symmetry breaking, we had the con-
tribution in the Yang-Mills action,

/ d*x(F4,F%) = / d*x(0,AL —0,A% + gf “BCAFAL)

X (a;tAau — VAW +gfaDEAD/4AEu)_ (34)
Notice that in the right-hand side of (34) we are only adding
on the broken directions of the Yang-Mills curvature, this is

not the full Yang-Mills action yet. If we substitute the possible
structure constants (7) after the symmetry breaking, we get

2
/fabzAzAb —I—g’f”bzAbAf,> . (35)

54(0,A7 = 0,A7) =0 = sq(fZ“bAzAf}) =0. (41)
From the last inference in (41), we see that the terms a; and
ag of (27) are already invariant under s,,.

For the last elements in (27), and following the same
reasoning as before, we see that

E F,/:,, iN) _ = gy fUKN) J(N)F;‘fk<N), (42)
with
Fu ™

:() Ai(N) _a Ai(N) +gy fijk(N)Ait(N)A (N) +gy fabt AaAb
— F/w +g fabl AaAb (43)

where we used the definition (23) for F ;,(lfv) From (20), we
know that

SqF, L(t/N) = gn SN N F ;%N)~ (44)

Then, substituting (43) and (44) in (42), we arrive at the
covariant transformation that we were searching
ASAL) = gy f RV JALAD).  (43)

(fabz (fabk

From this, one easily obtain the invariance of the last
elements as and ag under s,. This finishes the proof that
each coefficient in (27) is associated to an invariant non-
trivial cocycle of s,,.
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More than that, we see that if we join the terms ag, a, ag,
and ag of (27), together with the elements (23), (25), and
(37) that we have already proved to be in the cohomology
of s,, we recover the full structure of the original Yang-
Mills term Fi, FA* of the symmetric phase. What this is in
fact proving to us is that the effect of the symmetry
breaking is to split the original cocycles of the symmetric
|

phase into independent invariant nontrivial pieces after the
breaking.

Gathering together the nontrivial contributions (23),
(25), and (37), the already invariant elements as to aq
and D4 from (27), we display the cohomology of s, at
the broken phase in the sector of the gauge fields,

T, = / d*x (w;,w + 3 ayF FOm 4 a,(V,A,)4(V,A,) + ar(V,A,)* (VVAF) + a§b ALADH
N

+ a4 (AZAau)Q + aSAZAZAbﬂAbu + ZaéN)fabi(N)AaﬂAbyfcdi(N)A;Ag + a7fzabAauAbbfzch;Az’
N

+ ZaéN)FL(DN)fabi(N)AaﬂAbu + agFlzwfzabAauAbu + Dabcha;tAbyAcuAdv> . (46)
N

Then we see from (46) that s, leaves several free
coefficients. Actually, this is not a desired feature.
Following the BRST quantization procedure, for each of
these independent coefficients, we would associate a
physical observable of the broken phase. For example,
independent elements as a; and a, do not seem reasonable.
The clue to the missing piece is to recover a point
mentioned in the beginning of this section: a gauge fixing
is still needed along the broken directions. This means that
we need a propagation for the ghost ¢“, as can be obtained
from the expression (19) for the ’t Hooft gauge fixing. The
problem that we face now is that once the operator becomes
s, instead of s, in (19); we loose this propagator. This signs
to us that s, cannot be the whole BRST operator of the
vacuum after the symmetry breaking. Something must be
missing and s, should be completed with extra terms. Here,
we call this missing piece as the operator &, and comparing
the s, operator of (20) with the s, of (11); we guess that § in

general can be written as
5A;4(N) —_ —XNfiab(N)Asz,
0A;, = —XZfZ”bAﬁ b,
5A}Lll _ _ZYNfuib(N)AL(N)Cb _ Yzfasz;Cb _ aﬂca’
N

6)([(1\]) — —Lwab(N))(aCb,
5)(Z — _szzub)(uch,
Syt = —ZKNfaib<N))(i(N)Cb _ KzfaZb)(ZCb _ Mz/,tfabzcb,
N
5Ci(N) :%BNfiab(N)CaCb’
1
oct ZEBZfZ“”c“c”,

6c?=0. (47)

I
The coefficients Xy, X,, Yy, Y., Ly, L,, Ky, K., M,
By, and B, are fixed by demanding that the full operator
54 + 6 be nilpotent on all the set of fields of the theory. This
constraint has a solution for these coefficients as

gyl
Yy 9n
p 1L
Y. ¢
LyKy=L.K.=-M.=1. (48)

This allows us to interpret s, + 6 as the adequate BRST
operator for the theory after the phase transition. Although
an interesting point to be observed is that the dependence
on the inverse of the non-Abelian couplings gy suggests
that & would loose its relevance on lower energy scales,
where the theory would be dominated by the s, part of the
BRST symmetry.

Once we obtain 0, we must impose it as a symmetry of
the action (46). Finally, the free coefficients of (46) are
fixed as

4
a = é/—z
4 9
(N) !
(N) _ 9N
ag ="
agzb — fdazfdbz’
g
. 49
dg ) ( )
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Here, we must highlight a fundamental point that brings
mathematical consistency to this result. The s, operator is
easily seen as a zero eigenvalue filtration on the ghost ¢ of
the full s, + 6 nilpotent operator, equivalent to the filtration
shown in (3), with s, playing the role of s, and & playing
the role of s; in that equation. Then, by the fundamental
theorem of cohomology already mentioned [9], the coho-
mology of s, + 6 is isomorphic to a subspace of the
cohomology of s,. This means that the independent
elements of (46) after imposing § as a symmetry are in
fact independent cocycles of the cohomology of the full
BRST operator s, + 6. Their coefficients are then inter-
preted as independent observables of the theory. Finally,
from (49), we are allowed to conclude that the couplings gy
and ¢ are independent observables of the broken phase.

In the list (49), we omitted the coefficients a4, as, and
Deb¢d_ As we mentioned in the beginning of this section,
the invariance under 6 imposes that wherever Ay appears
nonderivated it must be completed in the sense of the
Russian-like formula (14). Then, if we limit the counter-
term cohomology to the maximum uv dimension of four,
the contributions associated to a,, as, and D¢ are
excluded as these elements demand extra terms extrapo-
lating this boundary in order to be § invariant. In this way,
|

they cannot contribute to the counterterm action. But we
guess that once we are in a lower energy regime, possibly
beyond a confining scale, these elements can origin
contributions to condensates, together with all the inde-
pendent elements of the cohomology of s, present in (46).

Now we can address the question for the gauge fixing
after the symmetry breaking. The BRST definition (19) for
the ’t Hooft gauge is implemented by using the vacuum
operator for this phase,

Sor = (54+0) / d*x(2¢*GA +apq®b + an g by +d g7 b7).

(50)

Here, the G, previously given in (51), are rewritten as

i i(N
G = 9,4
G* = 0,A%
G = 0,A% + agufy’. (51)

With independent gauge parameters for each sub-group,
ay, a,, and ap, the gauge fixing term turns out to be

I S 1 1
S, = / dx <2b1a,,Aw +24i, (a%l o+ g (Afck) 4 fiabor (Ag&)) +2b70,A% 4247 (a%z o fe (A;;d?))
IN

+2ba(aﬂAaﬂ+aQﬂfazb){b)+2qa[620a -I—ngiaba”(AZCi)+‘§ffmb()u(AZCz)+ngaiba”<Alile)+§ffaZha”<A;Cb)

4 aQﬂngazbbej ()(ch) 4 aQ'ug/fazbfbcz (chz) + aQ'ungazbfbjc ()(jcc) 4 aQ/tg’f“bebZC (chc) _ O!Q/lzfabebCZCC]

+agh?b® +a'b*b* + aNbibi> .

As promised, closing this section, we will present an
explicit calculation on the symmetric symbols D@<?
appearing in (46). Let us take a toy model with a
GUT based on a SU(3) group. The scalar fields are in
the adjoint representation, but for convenience, we
expand them on the Gell-Mann basis of generators of
the su(3) algebra in a fundamental representation [18]
(this kind of expansion, in fact, is used in one of the
Higgs bosons of the minimal SU(5) GUT, for example).
We can break the symmetry along the z = 8 direction,
leaving a SU(2) x U(1) symmetry of the vacuum. In our
notation, the indices i will be associated to the first three
generators expanding the su(2) subalgebra, and the a will
represent the remaining four broken directions. In this
particular model, one can show that a possible symmetric
contribution may be expanded in the tensors of the
algebra,

(52)
diuhA;jAfdiCdAcﬂAdy
1 4
= 3 ((AgA%)2 S (PO AGAL P UA®A)). ()

This relation can be demonstrated from an identity specific
forthe su(3) case [16], which s possible by the cancellation
of the totally symmetric d“*“? for su(N < 4). Our argument
is just to stress that the elements D“*“? need to be studied in
each case, and in this present simple example, they can be
discarded as, from (53); they can be written in terms of
elements already present at (46).

V. CONCLUSIONS

The action (46) with (49) displays the different couplings
associated to each group that remains an invariance of the
vacuum after the phase transition. As we have shown, they
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are associated to independent nontrivial cocycles of the
broken phase BRST operator s, + 6. Then, following the
standard BRST quantization procedure, these couplings
now develop in an independent way with their own
renormalization equations in this phase. It is important
to recall that they are tied by the boundary condition (22),
i.e., that they all must converge to the value of the original
coupling ¢ at the GUT phase transition scale M.
Another feature of the solution (46) with (49) for the
cohomology problem is that all couplings can be reab-
sorbed under independent redefinitions of the gauge fields.
Physically, this associates the independence of each cou-
pling to the acquired independent renormalization of these
fields belonging to the different symmetry groups labeled

by N that remain as symmetries of the vacuum after the
phase transition.

Finally, the presence of the contributions with coefficients
a4, as, and D¢ in (46) must be emphasized as these
objects are not originated from any element already present
at the action before the symmetry breaking. They may be
interpreted as contributions coming from elements of supe-
rior uv dimension of the symmetric phase. They may
become relevant in a confined low energy regime, together
with all the independent elements present in (46). This seems
to be a novelty associated to a phase transition process, that
can be helpful in the definition of new observables of a
broken phase, as condensates, for example.
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