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Introduction

» Quarks and gluon confinement.

» To get a result in the infrared (IR), non-perturbative skills are
needed. However, a good understanding about the Nature in this
regime is hard to obtain.

» Our focus has been on the gluon propagator and also ghost
propagator in the infrared region:

» At large volume, the lattice results have showed that the gluon
propagator is suppressed to a nonvanishing value at zero
momentum and the ghost propagator is not enhanced anymore.

» A good analytical attempt to explain this behavior is via the
so-called Refined Gribov-Zwanziger (RGZ) framework (notice other
approaches were successful as well).
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Motivation

Some years ago, Dudal et al." have proved that the Gribov-Zwanziger
action in the presence of the condensates (AA), (py), (pp) and (py)
is renormalizable order by order.

D. Dudal, S. P. Sorella and N. Vandersickel, Phys. Rev. D 84 (2011) 065039.
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action in the presence of the condensates (AA), (py), (pp) and (py)
is renormalizable order by order.

The authors have also found a renormalizable effective potential,
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Motivation

Some years ago, Dudal et al." have proved that the Gribov-Zwanziger
action in the presence of the condensates (AA), (py), (pp) and (py)
is renormalizable order by order.

The authors have also found a renormalizable effective potential,
which compatible with in the renormalization group, using the local
compositor operator (LCO) formalism.

However, an estimate for the different condensates were not gotten
due to the existence of unknown higher loop parameters.
Nonetheless, strong indications have been provide that nonvanishing
condensates are energetically favored.

D. Dudal, S. P. Sorella and N. Vandersickel, Phys. Rev. D 84 (2011) 065039.



» The effective action in the presence of the (AA) and (@)
condensates at one-loop.

» A non-trivial minimum of the effective action leads us to
dynamical transformation of the GZ action into the RGZ action
which gives us the suppressed gluon propagator and
non-enhanced ghost propagator in IR regime.
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Gribov problem

» Gribov? showed that the Faddeev-Popov construction is not valid
at the non-perturbative level.

Gauge Orbit

2V, N. Gribov, Nucl. Phys. B 139 (1978) 1.
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Gribov problem

Consequently, Gribov copies imply that:

» we are overcounting equivalent gauge configurations, since we
have more than one configuration for each gauge orbit,
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Gribov problem

Consequently, Gribov copies imply that:

» we are overcounting equivalent gauge configurations, since we
have more than one configuration for each gauge orbit,

» the Faddeev-Popov measure is ill-defined, since there are

zero-modes of the Faddeev-Popov operator when considering
the infinitesimal copies (def M = 0).
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Gribov region

The main idea of the Gribov method is to restrict the functional
integral to a certain region Q in field space, called the Gribov region,
which is defined as

Q={A2; 0,A% = iagh?,  MP(A") =—-0,DP(A") >0} (1)

» Linear covariant gauge, 9,A% = iagb?,
» Hermitian Faddeev-Popov operator,

Mab(Ah) (5ab82 + gfaDC(Ah) 8 (2)

is positive. Inside the Gribov region, there are no infinitesimal
copies, since M(AM > 0;

3G. Dell’Antonio and D. Zwanziger, Nucl. Phys. B 326 (1989) 333.
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Gribov region

The main idea of the Gribov method is to restrict the functional
integral to a certain region Q in field space, called the Gribov region,
which is defined as

Q={A2; 0,A% = iagh?,  MP(A") =—-0,DP(A") >0} (1)

» Linear covariant gauge, 9,A% = iagb?,
» Hermitian Faddeev-Popov operator,

Mab(Ah) (5ab82 + gfaDC(Ah) 8 (2)

is positive. Inside the Gribov region, there are no infinitesimal
copies, since M(AM > 0;

» it is convex, bounded and intersected by each gauge orbit®.

» lts boundary, 012, is called the first Gribov horizon and there, the
first null eigenvalue of M3 (AM) (i.e. the first zero-mode of

Faddeev-Popov operator) appears.
3G. Dell’Antonio and D. Zwanziger, Nucl. Phys. B 326 (1989) 333.
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The local gauge invariance of A’

The configuration A’; is a non-local power series in the gauge field, obtained
by minimizing the functional f4[u] along the gauge orbit of A,* , with

falu] = r?.;m d*x ALAY,
u

AL = uTAMu+éu*8Mu. 3)

One finds that a local minimum is given by
<5;“, 0y )CbVa auAZZO’

by = A,,fig[azaAA] L {828A8828A]+O(A3) (4)

AL

Notice that the A" field collapses to the A field in Landau gauge.

4G. Dell’Antonio and D. Zwanziger, Nucl. Phys. B 326 (1989) 333.  P. van Baal, Nucl. Phys. B 369 (1992) 259. M. Lavelle and

D. McMullan, Phys. Rept. 279 (1997) 1.
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The local gauge invariance of A”

The field A/ can be localized adding an auxiliary Stueckelberg field ¢
i
Al = (A"aT2=hlAh+ g ht,h, (5)

while o

h=¢g9¢T, (6)
The local gauge invariance of Aﬁ under a gauge transformation
v € SU(N) with

h—vih, h— hiv, AH—>VTAMV+éVT3”V. (7)
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Action

Taking into account the BRST invariant the Grivov-Zwanziger action
in the linear covariant gauges, the total action is given by

S=Sywm+ Scr + Sz + S, (8)
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Action

Taking into account the BRST invariant the Grivov-Zwanziger action
in the linear covariant gauges, the total action is given by

S=Sywm+ Scr + Sz + S, (8)

whereby Sy is the Yang-Mills action,

Sy = % / d*xF3, . 9)
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Action

Taking into account the BRST invariant the Grivov-Zwanziger action
in the linear covariant gauges, the total action is given by

S = Sym+ Scr + Saz + S, (8)
whereby Sy is the Yang-Mills action,
1
Syy = Z/d“xF;j'VF;jl,, 9)

Sgr denotes the Faddeev-Popov gauge-fixing in linear covariant
gauges, i.e.

Ser = / o'x (52 b 1 107 0,47 + G0, DP(A)C) (1)
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Action

Taking into account the BRST invariant the Grivov-Zwanziger action
in the linear covariant gauges, the total action is given by

S=Sywm+ Scr+ Sez + S, (11)

Sgz is the Gribov-Zwanziger action in its local form, which stands by

/ d4 s0&106\ Dab(Ah) ) (chay(ng(Ah)wZC)]

~og [ i |eanete + e(ange + SN - 12, (12
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Taking into account the BRST invariant the Grivov-Zwanziger action
in the linear covariant gauges, the total action is given by

S=Sywm+ Scr+ Sez + S, (11)

Sgz is the Gribov-Zwanziger action in its local form, which stands by

/d4 s0&106\ Dab(Ah) ) (chay(ng(Ah)wZC)]
d
~og [ i |eanete + e(ange + SN - 12, (12

finally, the term S,
s = / d*x =20, (AM2 (13)

implements, through the Lagrange multiplier , the transversality of
the composite operator (A7)?, namely (')/,(A”)ﬁ = 0.

w?

Caroline Felix | BRST invariant d=2 condensates in Gribov-Zwanziger theory



Gap Equation

The ~ the Gribov parameter is dynamically fixed by gap equation:
2
(AN (230 + 7)) = 2d(NF —1) 5. (14)

which gives us the horizon function, and can also be rewritten as

o

572 =0 (15)

whereby the I is the quantum action defined by
el = /[dcb]efs7

where
[d®] = [dA,][dc][dc][db][d»][d?],

in our case.
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BRST symmetry

The action S = Syy + Sgr + Sgz + S: enjoys an exact nilpotent
BRST invariance, sS = 0, if we define the following BRST
transformation rules to all fields®,

SA? = —D¥cP, sc?= gfab"cbcc,
sc? = p?, sb?=0,
S@Zb = 0, Swﬁb =0,
so® = 0, sp?=0,
s(AM2 = 0, s2=0,
sh! = —igc?(T3)knW, (16)

5M. A. L. Capri et al., Phys. Rev. D 92 (2015) 0450;
M. A. L. Capri et al., Phys. Rev. D 94 (2016) 0250.



Refined Gribov-Zwanziger (RGZ) action

The BRST invariant d = 2 condensates, (A A7) and (32°42), cause
non-perturbative dynamical instabilities disturbing the
Gribov-Zwanziger formalism.

» (pp) guarantees that the gluon propagator is non-vanishing at
zero momentum;

» (AA) assures to fit the result with the lattice data.

» Adding these condensates at the GZ action via the local
composite operator (LCO) formalism, the refined
Gribov-Zwanziger action (RGZ) is obtained.

» From here, we work with Landau gauge: 0A = 0, A" — A.
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Refined Gribov-Zwanziger (RGZ) action

Then, the action with these LCOs is written as

Y =S+ S+ Sgp@ + Svac, (17)
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Refined Gribov-Zwanziger (RGZ) action

Then, the action with these LCOs is written as
r¥r=S5 + SA2 + Sapgb + S\'a(*a (1 7)

whereby S is action given by (11) and we also have

Sp = / dx L A2 A2

PO

/ dIXQPTP°. (18)
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LCO formalism

To add the operators AA and @, we have introduced two BRST
invariant bosonic sources 7 and Q,

st =0, sQ=0. (19)
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LCO formalism

To add the operators AA and @, we have introduced two BRST
invariant bosonic sources 7 and Q,

st =0, sQ=0. (19)

In LCO formalism:
» AA and gy are added to > by the sources 7 and Q.
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LCO formalism

To add the operators AA and @, we have introduced two BRST
invariant bosonic sources 7 and Q,

st =0, sQ=0. (19)

In LCO formalism:
» AA and gy are added to > by the sources 7 and Q.
» new divergences proportional to 72, Q° and 7Q come out.
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LCO formalism

To add the operators AA and @, we have introduced two BRST
invariant bosonic sources 7 and Q,

st =0, sQ=0. (19)

In LCO formalism:
» AA and gy are added to > by the sources 7 and Q.
» new divergences proportional to 72, Q° and 7Q come out.

» Due to the divergences from (O;(k)O;(—k)),_,,» With O; one of
the d = 2 operators in the RGZ action given by

Oj = {A/AAW 90;?52?}’ (20)

where the indices (a, /) are fully contracted, e.g. p?¢7 = pi°Pa°.
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LCO formalism

For this reason, the term S,
Sene = — / dx (gTZ L aQQ+ Xm) , (21)
is necessary inX =S+ Sp + Sp5 + Soac.

The parameters «, ¢ and x (LCO parameters) absorb the divergence
in 72, @% and Qr, i.e. (72, 6aQ? and 5\ Qr.
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Hubbard-Stratonovich transformation

In order to get the effective action, we have written the energy functional as
e @A) = / [dole ™.
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Hubbard-Stratonovich transformation

In order to get the effective action, we have written the energy functional as
e @A) = / [dole ™.

The easiest way to get rid of these quadratic terms in sources is introducing two
auxiliary fields o1 and o, through two identities:

L i L)
1 d e 204 F a2)\2
1 = /[Dog] etz /d X(vz+d¢¢+e0+§A ) , 22)
choosing the coefficients:

3 Za /2 7 _ ZaadxxXx - /2 = / —e/2
a = - .LL6 ) = M € ) C:ZTT ZCCC.“’ ¢/ )
ZeC V4l

2 2
Z3xX

- Z
d = —¢u6/2, e=2qq — 27500 u75/27
ZoE 5 ZecS
Ze¢S o
Fo_ Z, ZraZccC — ZagZxx X /2
V2l \ Zaa (/22,32 — 2ZaaZccCal
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Z factors

In MS scheme and at one loop, these Z factors are given by

2 = 1_~_§1I(;/7£1ie7 24:2(6237—:1_%1:7%267
Zy = 1, Z;q =0,
% = 255229712;1/2:1 g1glize 32_1 21%27:;/6
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Energy functional

The energy functional can be written as

2
e M@ — /['DCD]['Dm 3] exp |:*SGZ — %/ddx <2501T +203Q <1 — %) 012
~ 25 (0% — 2bo1o9) + ((af %) (o) + & <03>> 22 (b (o) - <aa>)w>] ,

where
o3 = 0’1b — og€.

» Theterm Coim = Z, ZCQFE/ZUW looks oo, but we need a finite quantity multiplying the
finite source 7.

> Itis then natural to define a renormalized finite field o} by of = Z, . \/Zcco1 = \/ Zco.

Caroline Felix | BRST invariant d=2 condensates in Gribov-Zwanziger theory



Energy functional

The energy functional

2
e~ W@ — /['DCD]['Dm 3] exp |:7SG — %/ddx <2561T +203Q <1 - %) 0'12
~ 25 (0% — 2bo109) + ((é, %) (o) + & <U3>> 22 (b (o) - <aa>)w)] ‘

At one loop:
» y=0,Z0=0,b=f=0and o3 = —&0>.
» Now, 03Q = —e0-Q looks cc. It is the same case of 4.

> O'é = ZQQ\/ZQQJQ = \/ZNQO'Z.
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Energy functional

At one-loop and in terms of the finite fields o} and o, the energy
functional is given by

1 o2 g2
e W@n _ / [DW|[D} ol exp | Sz — / a'x |- - %
¢ a

!/ /
Jré@Az — 2(_10—2>¢go —2\/ColT + 2V =2a0) Q)
Z Z.
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Energy functional in function of the condensaig

masses m? and M?

If we define in (finite) tree level:

a , 13Ng? , d , 35Ng? / _
? \/Z o) = 9(N2 — 1) (o1) = (AA), M = \/? (o2) = “Vasve 1y (o2) = (#¢)-

and \* = 2Ng2~+*.

3
Il
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Energy functional in function of the condensaig
masses m? and M2 &

If we define in (finite) tree level:

_ 13Ng2 o d 35Ng? , B
= \/Z =\lome 1) (1) = AN M :\/7:&@2% aBNe 1 (720 = (P9

and \* = 2Ng2~*. The renormalized effective potential becomes

F(mP, M2, 3% = AN —1)m*  48(N° —1)> M*  2X*(N? —1)

13Ng2 2 35Ng2 2 Ng?

N? -1 s 5 4 > 3 M2\
T { —2)\ +8m +2(N? - 1)M* — ((N—1)—Z In = M
2_
+g%{m“+M“—2X‘+(m2+M2) (m2—M2)2—4)\4}
T

i | = (mP 4+ M2 + (M2 — M2)2 — 4)4
272

o =1 4 4 4 2 2 > 2\2 4
+5Te {m+M 2) (m+M) (m? — M2) 4)\}

1
% In [2M2 (m + M? — \/(m? — M?)? 74/\4)} . (23)
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Solving the gap equations

or or or
oM2 N N+
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Solving the gap equations

or or or

e =% =% aa? @4
Unfortunately, in MS and MOM schemes, these equations do not
have a numerically trustworthy solution.
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Effective potential in general scheme

The effective potential, in general renormalization scheme, becomes®
9(N? — 1) 24(N? —1)? 2(N2 —1)2m* M?
r 2 M2 0%, by) = 4 M*— 1—In| =
gen(m, M7, 2%, bo) = —5engz ™~ 35Ng? 1672 "\ 72

N2 — 1 N2 —1 3N2—-1 (5
y Ng2 BT G {7( M)

4 1672 | 4

m? + M2 — 2)\4 mM2 24 M?

— In — +In =
2 Iz Iz

+(mP + M?)y/4X4 — (m? — M2)2 arctan [m} } (29

m2+M2

M4

where by is parametrizing at leading order the most general renormalization scheme.

6. Dudal, R. F. Sobreiro, S. P. Sorella and H. Verschelde, Phys. Rev. D 72 (2005) 014016.



Minimum of effective potential

Now, the three gap equations are

Mgen _ B AN gen
EIVE ome N

=0. (26)

7D. Dudal et al, arXiv:1803.02281.
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Minimum of effective potential

Now, the three gap equations are

Mgen _ B AN gen
EIVE ome N

=0. (26)

Solving...
> m?(bo, i), M?(bo, i) and 72 (bo, &) in function of by and & with N = 3 and units Agg = 1;

7D. Dudal et al, arXiv:1803.02281.
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Minimum of effective potential

Now, the three gap equations are

Ol gen o Ol gen

M2 om?z FIC )

Solving...
> m?(bo, i), M?(bo, i) and 72 (bo, &) in function of by and & with N = 3 and units Agg = 1;

» the parameters by and iz were fixed comparing the masses with the lattice estimates of the
RGZ complex conjugate gluon poles”. One can show that these poles are both RG and
scheme independent (as well as gauge parameter independent). So we selected that
scheme that brings us as close as possible to a priori scheme independent quantities;

7D. Dudal et al, arXiv:1803.02281.
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Minimum of effective potential

Now, the three gap equations are

Olgen 0 _ A gen
om? om? 3%

=0. (26)

Solving...
> m?(bo, i), M?(bo, i) and 72 (bo, &) in function of by and & with N = 3 and units Agg = 1;

» the parameters by and iz were fixed comparing the masses with the lattice estimates of the
RGZ complex conjugate gluon poles”. One can show that these poles are both RG and
scheme independent (as well as gauge parameter independent). So we selected that
scheme that brings us as close as possible to a priori scheme independent quantities;

> by = —3.643 and i = 1.429.

7D. Dudal et al, arXiv:1803.02281.
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Minimum of effective potential

Now, the three gap equations are

Olgen 0 _ A gen
om? om? 3%

=0. (26)

Solving...

> m?(bo, i), M?(bo, i) and 72 (bo, &) in function of by and & with N = 3 and units Agg = 1;

» the parameters by and iz were fixed comparing the masses with the lattice estimates of the
RGZ complex conjugate gluon poles”. One can show that these poles are both RG and
scheme independent (as well as gauge parameter independent). So we selected that
scheme that brings us as close as possible to a priori scheme independent quantities;

> by = —3.643 and i = 1.429.
> acoupiing = 0.382 that is small enough and the perturbative tools can be used;

7D. Dudal et al, arXiv:1803.02281.
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Minimum of effective potential

Now, the three gap equations are

Ol gen o Ol gen

M2 om?z FIC )

Solving...
> m?(bo, i), M?(bo, i) and 72 (bo, &) in function of by and & with N = 3 and units Agg = 1;

» the parameters by and iz were fixed comparing the masses with the lattice estimates of the
RGZ complex conjugate gluon poles”. One can show that these poles are both RG and
scheme independent (as well as gauge parameter independent). So we selected that
scheme that brings us as close as possible to a priori scheme independent quantities;

> by = —3.643 and i = 1.429.
> acoupiing = 0.382 that is small enough and the perturbative tools can be used;

» ~2 =0.637 and

7D. Dudal et al, arXiv:1803.02281.
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Minimum of effective potential

Now, the three gap equations are

Mgen _ B AN gen
EIVE ome N

=0. (26)

Solving...
> m?(bo, i), M?(bo, i) and 72 (bo, &) in function of by and & with N = 3 and units Agg = 1;

» the parameters by and iz were fixed comparing the masses with the lattice estimates of the
RGZ complex conjugate gluon poles”. One can show that these poles are both RG and
scheme independent (as well as gauge parameter independent). So we selected that
scheme that brings us as close as possible to a priori scheme independent quantities;

by = —3.643 and 1 = 1.429.
arcoupling = 0.382 that is small enough and the perturbative tools can be used;
+? = 0.637 and

the vacuum energy is —26.955 that is the minimum of potential in the presence of two
dimensional condensate (AA) and (g¢) with all parameters determined.

vvyyvyy

» The Hessian determinant is positive and
8%r 8°T 8°T
9o = 1.668, oon =0.216, —_n =0.011.
aMgZ m22 8M26m2
solved solved solved

7D. Dudal et al, arXiv:1803.02281.
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