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We report on the work presented in Ref. [1], where a new omamater family of Landau gauges
has been proposed for Yang-Mills theories, inspired by alagy with disordered systems in
condensed matter physics. This is based on a particulaage@ver Gribov copies which avoids
the Neuberger zero problem of the standard Fadeev-Popairaction. The proposed gauge
fixing can be formulated as a local renormalizable field tia@nrfour dimensions and is well-
suited for analytical calculations. A remarkable featsréhiat, for what concerns the calculation
of ghost and gauge field correlators, the gauged-fixed adsigrerturbatively equivalent to a
simple massive extension of the Faddeev-Popov action. dmermalization group flow of the
theory admits infrared safe trajectories, with no Landae pbhe one-loop calculations of Yang-
Mills two-point correlators show remarkable agreemeniwattice simulations all the way to the
deep infrared.
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1. Introduction

A proper formulation of gauge fixing in non-abelian gaugeoties is a longstanding issue.
The existence of Gribov copies for the most common choicgsiofies render the standard Fadeev-
Popov (FP) construction problematic at least away from @réupbative regime [2]. For instance,
in these gauges the FP construction f@W@N) Yang-Mills (YM) theory discretized on a finite
lattice is plagued by the so-called Neuberger zero probiengrent to any BRST invariant gauge
fixing [3]. In the following, we consider the Euclidean thgam the Landau gaugé, A, = 0, which
has been the most studied on the lattice. In that case, Geilyoies corresponds to the extrema of
the functionalZ [A] = [,tr{A?} along the gauge orbA" of a given field configuratior.

A way to cope with the Gribov issue is to pick up only one copydach field configuration.
For instance, finding a minimum o [A] is a relatively easy task in lattice simulations [4]. How-
ever, it is not known how to implement this procedure for cmnim approaches, which renders
comparisons somewhat tricky [5]. Gribov and Zwanziger ()] have proposed to restrict the
path integral over gauge fields to the first Gribov region, ieitbe FP operator has only positive
eigenvalues. This can be approximately formulated in tevfaslocal, renormalizable field theory
[7] at the price of introducing a collection of auxiliary fild and a dimensionful parameter which
controls the (soft) breaking of BRST symmetry. However, filg Gribov region is not exempt
of Gribov copies:.#[AY] has in fact many minima. A refined version of this proposalereone
introduces phenomenological vacuum condensates, agedesith lattice data [8].

In [1], we have proposed a different approach to the Grib@blem based on averaging over
Gribov copies, instead of trying to single out a particulaeoin a way that can be formulated
in terms of a local action. The averaging weight can be chesess to break the nilpotent BRST
symmetry soflty, leading to a perturbatively renormalizaiphuged-fixed theory in four dimensions.
Furthermore, a non-flat weight lifts the degeneracy betveegies and avoids the Neuberger zero
problem. The proposal of [1] is very much inspired from anlagy between the Gribov problem
and that of dealing with potentials presenting a landscaiple (@xponentially) large number of
nearly degenerate minima in the physics of disordered s\sf8].

In practice, we use the functiona [A'] to weight the various copies. This particular choice
allows for an elegant and powerful formulation in terms ofadlexction of replicated supersym-
metric gauged non-linear sigma (M. models. A remarkable consequence of the symmetries of
the theory is that the N&z model sector of the theory essentially decouples in peatiud calcula-
tions of YM ghost and gluon correlators. In that case, ouggdiixing procedure is perturbatively
equivalent to a simple massive extension of the FP actiohen_andau gauge, which is a par-
ticular limit of the Curci-Ferrari (CF) model [10]. This prigles a fundamental link between this
phenomenological model and YM theories. Recent one-lotquigdions of two-point correlators
in the CF model have been shown to agree remarkably well \&iticé data all the way to the
deep infrared [11]. Moreover, the presence of a new runnamgrpeter (the gluon mass) opens the
possibility for infrared safe renormalization schemeshwio Landau pole, as discussed in [11]. In
this contribution, | briefly review the main aspects of thegwsal of [1], recalling some one-loop
results of [11]. | discuss some open issues and mention nggesearch in this context.
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2. Weighting Gribov copies
We consider &UN) YM theory onRRY, with classical action
1 n
SmilAl =5 [ {F?}. (2.1)
X

whereFy, = A, — dyA, — igo[Ay,A] and [, = [d9%. For any operator/[A], we define the

average over the Gribov copi@S® of a given field configuratior as:

_ 3 O[RVs()e SHAT
3is(i)eSvlA ™)

(OA) ; (2.2)
wheres(i) is the sign of the functional determinant of the FP operat@;D,, evaluated a = A“0
andSy[A] is a given positive definite weight functional. Here, the suims over all Gribov copies
of the Landau gauge, that is over all extrethg of Z[AY] for a givenA. Eq. (2.2) defines a good
gauge fixing in the sense that it does not affect gauge-swaoperatorsy Giny[A]) = Oiny[A] for
Oin[AY] = Oiny[A]. The denominator in (2.2) is crucial for this property todholn the case of
a flat weight,Sy[AY0] = const, all copies are degenerate —as in the case of the FRumbiog—
and this denominator —as well as the numerator in the casaugfeginvariant operators— vanishes:
yis(i) = 0. For a non-flat weight the degeneracy is lifted and there i@uberger zero problem.
In [1], we choose to weight copies with the function@lA| itself:

SwiAl = Bo/xtr{Az}. 2.3)

with By > 0. This interpolates between the usual FP constructioBfer O (see below) and the
absolute Landau gauge [12], which corresponds to seletim@bsolute minimum of#7 [A], in
the limit By — . We also note that, assuming a gap between the minini&[#8F'] and the first
saddles, the weight (2.3) suppresses copies outside th&fibov region for not too smafy.

Once the average (2.2) over Gribov copies has been perfdionedch individual field con-
figuration one performs the usual average over YM field condijons, hereafter denoted by an
overall bar. The average of a given operafdA] in our gauge-fixing procedure is thus obtained as
a two-step average

vl [ ZA(O|A]) e SmlA

O] = " e S (2.4)

2.1 Field theoretical formulation

The discrete sums over Gribov copies in (2.2) can be writtaoastrained functional integrals
over local elementbl (x) of the gauge group. The constraimAL,j = 0 can be exponentiated by
means of a Nakanishi-Lautrup fiehd Similarly, the corresponding Jacobian multiplied by thggs
s(i) in (2.2) is nothing but the determinant of the FP operatoictvban be exponentiated by means
of standard FP ghost fieldsc. Denoting collectively?” = (U, c,c,h), we have:

[V O[N] e SFAT]
T [V e %A

1A somewhat similar gauge-fixing has been proposed in [13]reyhieowever, the average was not restricted to
Gribov copies in the Landau gauge. This difference is egdeatg., in making the present proposal renormalizable.

(OIA)

(2.5)
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with the gauge fixing action

SelA V] = /X tr{ BoA? + 208D, 0+ 2indA, | (2.6)

A=AV’

The latter presents a number of linear and non linear synmsetincluding a generalized non-
nilpotent BRST symmetry. These are most easily seen bydatiag the matrix superfield

living on a superspace made of the original Euclidean sfittsupplemented by two Grass-
mann dimensions& 6), which we collectively denote bg. Here,h =ih— i%"{c_,c} and the
x-dependence only appears through the fields, c andh. It is straightforward to show that

SelA V] = / {29 (2.7)} (2.8)

x,0
where we introduced the covariant derivati¥g ¥ = d,, 7 +igo?Ay and [, = [dedegl/2(e),
with g%/2(8) = (Bo86 — 1), can be seen as the invariant measure associated with d@rasdman
dimensions [14]. Eq. (2.8) is the action of a supersymmefrieged Nlo model on a curved super-
space. Itis invariant under the isometries of the curve@gace, the super gauge transformation
Au— NI =UNA T+ U0, % and? — ¥, where% = % (x, 8) is a local element

of SUN) on the superspace, as well as under the r8iiN) transformation?” — Zr?', where
the matrixZr = Zr(8) can be local in Grassmann variables.

A non-trivial issue in Eq. (2.4) is the presence of the dematar of the average (2.5) over
Gribov copies, which is a highly non-linear, non-local ftional of the gauge field\. Similar
two-step averagings are common in the theory of disordeysttis and are efficiently dealt with
by means of the replica trick [15]. In its simpler versiore thtter amounts to writing, formally,

1 = SerlA ]
— i —Sr[A %
e s =m [ [](77%e =) (2.9

Introducing an-th replica from the numerator in (2.4), the final average geeige fields then reads

T = lim L ZAMRL27) OA ] e A7)

2.10
0 [ IA(N, Z%) e SAUT (2.10)

whereSA {7'}] = Sym[Al + Sr_1 Se[A, %4]. For perturbative calculations, one needs to factor
out the volume of the gauge group. This can be done by expdoitie gauge invariance of the
integration measur@A and of the YM action and using appropriate changes of var$atol extract,
say, a factor| 2U,,. Renaming ¢y, Cq, hn) — (c,C,h), one finally gets

[ 9(ACCh{V)) oA e SAcEn{T]]

A = I T T oA ah (/e SRS -
with 2(A,c,c.h,{¥}) = 2(A.c.c.h) ([i=1 27%) and
S[A,c,c,h,{"f/}]:/tr ZF2 4 BoA? + 20,ED,C+ 2Ty b + Z/ tr{(2u4) (24}
x 2 % k&1 /x8
(2.12)



Lifting the Gribov ambiguity Julien Serreau

This describes a collection af— 1 gauged supersymmetric ilLmodels coupled to a gauge-fixed
YM field with gauge fixingSse[A, 1,c,c,h]. Notice that, as is clear from Egs. (2.6) and (2.8),
each replica produces a tefgA?, thus giving rise to a bare mass tenfyA2. Thanks to its large
number of symmetries, the theory (2.12) has been shown teftterpatively renrormalizable in
d = 4, with only two renormalization factors, in [1].

3. Perturbative equivalence with the Landau limit of the Curci-Ferrari model

Perturbation theory is most conveniently formulated ingbipersymmetric formalism, which
makes transparent the (dramatic) consequences of thesgapaetries for loop diagrams. Para-
metrizing the constrained superfieldgin terms of unconstrained ones, e #,= exp{igo/\k}, it
is straightforward to obtain the various propagators ottieery (2.12), written below in Euclidean
momentum space. The gluon propagator reads:

Aa Ab . 5ab 5 p[l pV 3 1
AP (D) = o (B =T ) (3.2)
where the square brackets represent averaging with theng@il2) withn #£ 0. It is transverse in
momentum, as a result of Landau gauge, and massive, witlsaege massfy, as a result of our
particular gauge fixing procedure. The ghost propagatamass the usual form:

E(p)E(—p)| = 5%/p2. (3-2)
Finally, the superfield propagator is given by

AR(p.O)AY(—p.0))] = 6™ 84 5(6.8') /P, (3.3)
whered(6,0') =g %/2(8) (6 — 6')(6 — 0') is the Dirac function on the curved Grassman space.

The vertices of the action (2.12) which do not involve theestiplds/\x are the same as for
the usual FP Landau gauge. The &linodel sector of the theory gives vertices with an arbitrary
number of /Ay legs and either zero or one gluon leg. Clearly, the latterl@al in Grassmann
variables. Using (3.3), we conclude that any closed loofwafuperfields withp vertices insertions
involves the producd(8,,6,)--5(8,,0,) U 6(8,,0,) = 0. Hence, the Nz model sector of the
theory is tree-level exact. This is not surprising sincehimabove construction, the role of these
superfields is in fact to reconstruct the weighted sum (2n2%Badbov copies, that is to project on
the extrema of the action (2.3).

This observation has two important consequences. Fimstoiy perturbative source of de-
pendence in the numbarof replicas is the bare gluon mass in (3.1). Second, coomslatr vertex
functions involving only the field#, ¢ andc do not receive any loop contribution from superfields.
They are thus obtained from the very same diagrams as in theak#Pau gauge, with usual YM
vertices and with propagators given by (3.1) and (3.2),ihxtbm the effective action

SA,c,c h {*}] — Sq|Ac,ch = /X'tr{%F% NBoA? 4 29,EDy,C + 2ih0,1A,1} : (3.4)

This simple massive extension of the FP action is a partiaase of the CF model [10].
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A key point here concerns the issue of the limit> O versus renormalization. It is clear from
the above considerations that taking first the zero repiioé leads to the standard FP Landau
gauge. This, however, is not satisfactory since one expggeige-dependent quantities to depend
on the gauge-fixing parametgs. A similar situation arises if one introduces a renormaligauge-
fixing parameter, e.g., @ = Zg3. An alternative renormalization scheme is to redefine ts
mass asBy = Zz"¥. This absorbs the remainimgdependence and gives a non-trivial 0 limit.

4. One-loop results

The ghost and gluon propagators have been computed at operldhe theory (3.4) in [11].
The results are in remarkably good quantitative agreemihtliaitice data folSU(2) andSU(3) in
d = 4 and give a fairly good qualitative descriptiondn= 3. Fig. 1 reproduces the gluon and ghost
propagator$a;, (p) = 6*(8uy — pupv/P?)G(p), andD?*(p) = 52°D(p) computed in [11].

25
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Figure 1: The gluon and ghost dressing functiopdG(p) andF (p) = p?D(p), for the SU3) theory in

d =4, obtained in [11]. Lattice results are shown as blue ddte. [ilhes show the one-loop results obtained
from the action (3.4), without (red) and with (black dashe=)ormalization group improvement in the
UV. The employed renormalization conditions @e*(0) = n?, G™1(u) = m? + 2, D~(u) = y? and a
standard Taylor scheme for the coupling. The parametemmar®.54 GeV andy = 4.9 atu = 1 GeV.

Another interesting observation is that the theory (3.4hitsl infrared safe renormalization
schemes, with no Landau pole, as discussed in [1%, Defining the renormalized fields and
constantsA = /ZaAr, € = /ZeCr, €= /ZGr, Qo = Zgg andnfBy = Z,n?, the following renormal-
ization conditions

Gl =mf+p?, DN =p?  ZaZZp=1 (4.1)

together with the Taylor condition for the couplinggZc\/Za = 1, lead to the renormalization
group (RG) flow depicted in Fig. 2. There is an ultraviolet (LAttractive fixed point am= 0
andg = 0: both the bare couplingy and the bare masg3y vanish in the process of removing
the UV regulator. We note that this is compatible with takihg limit n — O at fixed gauge-fixing
parametef3y. Most remarkably, RG trajectories fall in two distinct das, depending on the initial
conditions in the UV: those with or without a Landau pole ia tR. It is worth mentioning that the
best values ofmandg for describing lattice data in the scheme (4.1) belong tedw®nd class [11].

2The IR flow of this theory has also been studied in [16].
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Figure 2: One-loop RG flow in the planer(= m/u,g). The arrows indicate the flow towards the infrared.

5. I'ssues and per spectives

The gauge-fixing proposed in [1] provides what appears tolesaential feature of the gluon
propagator, an effective mass term, already at tree lev@k raises the following issues. In prin-
ciple, different values of the gauge-fixing paramgigrcorresponding to different RG trajectories
in Fig. 2, could give (vastly) different results for the YMreelators. Instead, lattice results in the
minimal Landau gauge show at best a mild sensitivity withsitlected Gribov copy [17]. However,
itis conceivable, as mentioned previously, that the miniing [A"] be nearly degenerate and well
separated from the first saddles. This is supported by naalérivestigations on small lattices,
where all copies can actually be found [18]. If so, theretexd®me range of values Bf which
corresponds to giving essentially an equal weight to cojpig¢ke first Gribov region —probed by
lattice simulations— and to suppressing those outsiderstadigion. It is presently not known how
lattice results are affected if one selects a copy outsidéittst Gribov region. This issue requires
detailed studies of Gribov copies, including sadles, insihieit of [18].

Another important question concerns the limit> O versus renormalization which, as already
mentioned, do not commute. A similar issue arises in therthebdisordered systems, where
one is concerned with the thermodynamic limit instead obreralization. In this context, it is
understood that the limit — 0 should always be taken last [15]. In fact, replicas can be/ed as
non-trivial external fields which allow one to probe the cdicgied landscape of the potential and
which should be removed only at the end of the calculatior@der to probe non trivial physics,
such as spontaneous symmetry breaking. We believe thig@ican be fruitful in the YM context
too. Sendingy — 0 naively leads to the standard FP Landau gauge with nilp&8RST symmetry.
Taking, instead, the limih — O after having properly removed the UV regulator, one cagstumon-
trivial IR physics where, however, the nilpotent BRST synmynés broken. This is very transparent
after the superfields have been integrated out in (3.4). TdssitermnS3y can be seen as an external
source which explicitly breaks the BRST symmetry. The faat the symmetry is not recovered
after this source is eventually removed signals that it @smeously broken by IR fluctuatiods.

To conclude, we believe the proposal of [1] opens a possiltdiaccess non-trivial IR physics
by perturbative methods. Ongoing research in this contektides the calculation of higher-order
corrections and higher-order vertices in the theory (3m) the inclusion of quarks [19], or the
calculation of YM correlators and thermodynamics at fingi@perature [20]. It may be of interest

3We mention that a similar construction can be made for QEDhikmcase, however, the mass term does receive
nontrivial renormalization and thus vanishes in the limit> 0.
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to investigate the non-perturbative aspects of the thead2] either with continuum methods or

with lattice simulations, in the spirit of [21], see also.[®)ther interesting questions concern the
the generalization of the approach of [1] to other gauge§ [#2he relation with other proposals

such as, e.g., [23]. Finally, a major open question is thandhrity [24].
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