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QCD with 3 light flavours (u, d, s)

» Theory enjoys an (almost) Uy (3) x Ua(3) symmetry.

» DxSB for the chiral (axial) U(3) (+» dynamical quark mass
generation)

» Expected nonet of (almost) massless Goldstone modes (=
3 pions, 4 kaons, 7, 1)




Problem: the ' mass

» The 7’ particle is way too massive to be called the ninth
“almost Goldstone” boson as m,/7 ~ 958 MeV
» Underlying reason: the corresponding U(1) chiral anomaly

ayJ‘S Sg NfGW"‘ﬂFvaaﬁ = —1g 2NfFI’WFVV = —NfQ
S0 no a priori reason to talk about a Goldstone boson. Nonethe-
less, as

2
g 9 cabc pb
Q = KN K" = 2 el AL (apAg + 5 CApAg>
is a total derivative, still possible to define a conserved (al-
beit gauge variant) current and associated chiral Ward iden-
tities. = still leading to (almost) Goldstonic poles etc. (see
Coleman, “Uses of Instantons” )

» More is needed!



Instanton solution ('t Hooft)

» Instantons give zero modes for the Dirac operator.
(Ward identities, nontrivial windings, index theorema, etc.)

» One gets DxSB, but the Goldstone poles can only appear
in gauge variant correlation functions, not in gauge invariant
ones (“strengthening/cancelling Kogut-Susskind dipoles”).
Based on semiclassical tools, inherent problem of (diver-
gent) instanton sampling in the /R.

» Where does m,, comes from?

Can be connected to U(1) violating higher-quark operators
('t Hooft determinant). 1’ should become massless (in the
chiral limit) when “instantons are turned off” (whatever that
means).



Topological susceptibility

» Consider the topological charge density

P L oz
© = o2 b
(topological because [ d*xQ # 0 with Q@ = dK necessi-
tates nontrivial boundary conditions at infinity ~ topological
content)

Topological susceptibility x* = lim (QQ)
p2—0

Highly nontrivial to get x* # 0. Can be (approximately)
computed in lattice gauge theory at small/large N (e.g. Del
Debbio, Giusti, Pica, PRL94 (2005); Ce, Garcia Vera, Giusti, Schaefer,
PLB762 (2016)). Characterizes the topological nature of the
QCD (YM) vacuum.



The QCD vacuum
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Topological susceptibility via 8-vacuum

v

@ can be coupled to action via

SQCD — SOCD + / d4Xi9Q
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If there are massless fermions, # — 0 by an anomalous
chiral U(1) rotation
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Thus also x* = 0 in presence of massless flavour(s)



Large N solution

» Veneziano and Witten, using large N formulation, provided

4N, 1
M =g o YN
» Very intricate formula, since |hs refers to QCD (with flavours),
rhs to pure gauge theory.

x* # 0 can explain size of m, and thus explain there is no
U(1) problem.

Unfortunately, no recipe to compute x*. But relationship
can be tested, with satisfactory comparison, via lattice, see
€.g. Del Debbio, Giusti, Pica, PRL94 (2005). It can also be in-
corporated in DSE meson studies, e.g. Bhagwat, Chang, Liu,
Roberts, Tandy, PRC76 (2007) 045203.



Instantons vs. large N resolution

» No instantons in Veneziano-Witten picture. In 't Hooft pic-
ture, most important ingredient?

» Naive instanton extrapolation (at large N)
5 1

VS. mn/ ~ N

mgl ~ eiN
So sometimes stated that instantons are irrelevant for large
N dynamics.

Though, instanton calculus plagued by /R problems, so ex-
trapolation not reliable. In cases where it is (finite volume),
large N and instanton result do agree. Marino, “Instantons and
Large N : An Introduction to Non-Perturbative Methods in Quantum Field
Theory”.



A subtlety

>

x* = Im (0Q), = [ d*x (2(x)Q(0))

makes no sense as it stands, as (QQ) needs additive sub-
tractions (Q itself is RG invariant in pure gauge theory)

t)dt
(QQ), =ap+ a1 p° + ap* +p /W

» Freedom of subtraction constants in absence of low energy
theorems = freedom of x*? (see later).

» Seiler, PLB525 (2002) questions the derivation of Witten-Veneziano
(not the result). Rather, subtraction constant g is linked to
(assumed) dominance of) 7/, then x* = ay.

Subtraction constants correspond to contact terms in x-space,
so accessible via continuum extrapolation of lattice data?
(see Horvath et al, PLBB617 (2005) for some evidence.)



The Veneziano ghost

» By definition x* > 0
» Since Q is t-odd (thanks to Levi-Civita), reflection positivity
implies Vicari, Panagopoulos, Phys. Rept. 470 (2009)

F(x)=(Q(x)Q(0)) <0, for |x| > 0,

(this corresponds to negative spectral function)
(Strong) positive contact term is indispensable to get x* > 0

(Q(x)Q(0)) = F(x)+ Cé(x), for |x| > 0,

» How to control C (to some extent at least)?



The Veneziano ghost

We also have
|2im PPy (KulCy) = —x*<o0
p>—0

= The (gauge variant!) correlator (CXC) must have a zero mass
pole with wrong sign (= Veneziano ghost).

Veneziano ghost — topological susceptibility

If we can describe the Veneziano ghost, we can describe the
topological susceptibility.

The ghost is not direcly accessible to a “standard” lattice gauge
theorist (gauge fixing).



The Veneziano ghost: pro

Adopting now as definition

x* = — lim p? (KK)

p2—0

» This x* is the quantity appearing in anomalous chiral Ward
identities (Crewther, Riv. Nuovo Cim. 2N8 (1979))

» It coincides with the precise 0-definition of Witten (Meggiolaro,
PRD58 (1998) 085002)

» (KK) also requires a (double) subtraction, but p> — 0 in
front will wipe out that freedom.



The Veneziano ghost

Research plans

» Emerging project with Oliveira, Silva (UCoimbra) and new
PhD student to probe the Veneziano ghost using lattice Lan-
dau gauge configurations. (Costly) fermions are not needed
to access the relevant x*.

A little more general, we also develop tools to probe the
spectral representation of such “unphysical” correlation func-
tion.

» Using non-perturbative gluon propagators, see if we can
set up a kind of moment extrapolation to get from (non-
perturbative) UV approximation to (KX) — “IR extrapola-
tion” with limz_,o (KKC) # 0? (~ OPE + spectral sum rules
inspiration)
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The (perturbative) linear covariant gauge
The (Faddeev-Popov) gauge fixed action reads
S = Sw+s [ d*x (c%,A1 - i5e%b?)
= Syt [ ax (6%, A7+ Jb%7 + c%,Dc)
it implements the linear covariant gauge
0A = —jab

with nilpotent BRST symmetry s

SAZ = —D3cP | sc? = gfabccbcC , 86?8 =ib?, sb?=0,s°=0



The (perturbative) linear covariant gauge

The gluon propagator reads

PuPv PupPv o
(A2 AD)p = K‘Sw— ;2> D(p?) + ;2 2 6%

» It holds to all orders that the longitudinal piece remains %.

Consequence of the Slavnov-Taylor identity (BRST) com-
bined with another Ward identity.
Intuitive understanding: gluon self energy (1P/ sector) is
transverse due to BRST, so no coupling possible to longi-
tudinal (connected) sector of the propagator. (see also talk of
Papavassiliou)

» Feynman gauge « = 1 gives simple propagator ~ ¢,,, at
least at tree level (x = 1 is no RG fixed point).



The (non-perturbative) linear covariant gauge

» Faddeev-Popov procedure actually fails, since it tacitly as-
sumed there is a single solution to the gauge condition (to
implement the 6(gauge condition) in the path integral).

But A — A+ Dw (infinitesimal gauge transform) gives gauge
(Gribov) copies iff
—dDw =0

i.e. if the FP operator has zero modes.

One must deal with these copies, just as in the Landau or
Coulomb gauge, in particular on lattice. In continuum: see
later.

» Dyson-Schwinger approach, see Aguilar, Papavassiliou, PRD77
(2008); Aguilar, Binosi, Papavassiliou, PRD91 (2015); Huber, PRD91
(2015).

» Lattice implementation, see Cucchieri, Mendes, Santos, PRL103
(2009); Bicudo, Binosi, Cardoso, Oliveira, Silva, PRD92 (2015).



The (non-perturbative) linear covariant gauge

Why conceptually interesting?

Most studies so far are in Landau gauge. Interesting to search
for “common features” independent of « (or features specific to
the Landau gauge « = 0).

Studies of gauge invariant physical quantities as QCD phase
diagram (Polyakov loop), the spectrum, DxSB, etc always
necessitate at some point simplifying assumptions and/or
modelling.

Not so easy to fully appreciate gauge invariance if only one
gauge is used. Interesting opportunity to explicitly verify
(almost) a-independence of QCD observables.



The (non-perturbative) linear covariant gauge

One thing everybody agrees upon

The longitudinal gluon propagator receives no quantum
corrections.
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Veneziano ghost from modified perturbation theory

Setup of Kharzeev, Levin, PRL114 (2015): Feynman gauge with tree

level gluon propagator D, (p?) = ‘Z—‘;
» Assume a new non-perturbative coupling I', between Veneziano

ghost and gluons, such that
» For

I'u(q.p)Tv(q, p)g<p %5?“’

one gets

4
<KP‘KV>an - /(27:;41"V(q, p)'(;lz(c,j[))zrv(qv p) = T



Veneziano ghost from modified perturbation theory

» Resumming the corresponding self-energy corrections at
q

= nooscaogg%mmw@g@mmmm
u(@p) v(a,p)

small momenta leads to

2

p
Dy (P?) = W(SHV

Conclusion of Kharzeev-Levin

This is the Gribov propagator that cures the Gribov problem.
So, taking into account the QCD vacuum topology (x*)
automatically also solves the Gribov gauge fixing ambiguity,
linking topology to confinement (violation of positivity by
complex conjugate (cc) poles of Gribov propagator). Interesting
idea, but. . .



Intermezzo: positivity violation

» A physical (observable) particle’s propagator ought to obey
Kallén-Lehmann (KL) spectral representation

+00
2\ p(x) >
D) = [ aliG. e 20
» Violation can be detected from (Schwinger) function

+ood ) —+o0 B
ct) = [ g2e"D(p?) = [ ayplyR)e

o 27

C(t) > 0 (reflection positivity) < p(x) > 0
(or from inflection point in D(p?))
» In presence of cc poles (see e.g. Rodriguez-Quintero’s talk)

C(1)0

S0 no physical particle interpretation.
» Of course, KL itself is not possible for cc poles.




Intermezzo: positivity violation

» cc poles are sufficient (but not necessary) for positivity vio-
lation.

» Lattice confirmation of positivity violation (independent of
favourite model)
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Silva, QOliveira, Dudal, Bicudo, Cardoso, PoS QCD-TNT-Il (2013).



Intermezzo: positivity violation

» Ongoing challenge: probe the gluon (and ghost, quark) in
the complex momentum plane.

See also Frederico’s and Rodriguiz-Quintero’s talk.

» Even the “father” of massive gluons (Cornwall, PRD26(1982))
has a complicated complex structure.




Veneziano ghost from modified perturbation theory
but. ..

» Wrong behaviour of Kharzeev-Levin longitudinal propagator

Jo

Feyman gauge: D, (p?) = méw

— violation of (perturbative) BRST!
Perhaps longitudinal behaviour no more valid beyond per-
turbation theory? — lattice data immediately rules this out!
See also DSE work.

» It looks like the Gribov propagator, but in Landau gauge (Gri-
bov, NPB139 (1978); Zwanziger, NPB323 (1989). Not so clear why
this would be correct for general linear covariant gauge?

We shall soon see this is indeed not correct.



Veneziano ghost from modified perturbation theory
But first, a counterexample to “vacuum topology <+ Gribov copies/con-
finement” in Landau gauge (Dudal, Guimaraes, PRD93 (2016)).

» Assuming another effective vertex

(2:-[)4 /d4prﬁﬁr§apap(p) P,Ba(p_ Q) o ﬁquV

with

P2 (pP-q? @ ¢

r'%(q,p) « Xqu(p— q)*q*; q<p
X2 _ _XZ 1
P?q% (P — q)u(P — 9)pqsq-P* (q) PP (p — q)

gives
_ x* ey
qg—0 — _? G2

also sufficient to get the appropriate i“.

(KuKy)




Veneziano ghost from modified perturbation theory

» The effective IR gluon self-energy then becomes

eler
v»rTTJT“ 00! OGC'(”
3 Oy

P >
0ok ®

VO I VA (X')

Yy (p) o PupPv

and this vanishes when contracted with the transverse Lan-
dau gauge gluon propagator, which would thus be not af-
fected by the QCD vacuum topology. Nonetheless, the Gri-
bov problem is very much there in Landau gauge.

Future strategy: (partial) lattice study of possible (ICAA)
vertex in Landau gauge. Would allow to translate non-trivial
vacuum topology to non-trivial interaction in a more control-
lable setup.



Veneziano ghost from modified perturbation theory

» Interesting constraint on gauge variant correlator (/C,KC,)

Pupy PuPv
<ICVIC,,>p = <5yv_ y2) ’CL(pz) + Hg K (pz)
p p
from connection with gauge invariant correlator (Q = dK)
(QuQv), = P°K(P?)
So the longitudinal projection ought to be gauge invariant,

thus powerful internal check when working with general «
(also for future lattice analysis).
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Treating the copy problem in Landau gauge: a short
survey

From Faddeev-Popov (FP) to Gribov-Zwanziger (GZ)

» A class of copies was related to zero modes of Faddeev-
Popov operator M = —dD

» Let us restrict path integral to region () where dA = 0 and
M > 0.

» () corresponds to local minima of the functional [ d*xAZ!

» = This is already an improvement of Faddeev-Popov!

» Compare with lattice where one seeks for (in theory) global
minima of [ d*xAg

» How to implement restriction to Q) in continuum??? Work of
Gribov (leading order) and Zwanziger (all orders).



The Gribov-Zwanziger action

» The Gribov-Zwanziger action is given by
Shn = Syw+ ng—i—’)’4/d4X h(x)
with the (non-local) horizon function
ad
h(X) — QZfabCAg <M71) fdecAﬁ
with horizon condition (= gap equation to obtain 2 « AZ_,)
(h(x)) = d(N?—1)

» For v = 0, everything reduces to Faddeev-Popov.



The Gribov-Zwanziger action

» We replace the action with a local (equivalent) action

Sez = Symsicr+ Sh
with
/d4 4,;:‘158L aL q,ic +gfabmAl?¢an) 7550% (va;‘: + gfabmAgwlr‘nc) g (B. wac) fabm (D, c)b (PTC

— g(fabcAa(PchrfabcAa g (N2 _ 1) 72))
» horizon condition (= gap equation)

ol

gz = 0% (grAL(@+ 7)) = 2d(N2 — 1)92

d=2 condensate!!



The Gribov-Zwanziger action

Gribov-Zwanziger quantization

» The GZ formalism is a geometrically inspired path-integral
construction with good quantum properties (renormalizable
etc) that improves upon the standard FP quantization.

» Nice property: closely related to lattice formulation, as in
both cases minimization of [ A? along the gauge orbit is
used to define the (a) non-perturbative Landau gauge.




The Refined Gribov-Zwanziger action

» We included extra dynamical effects due to non-perturbative
d = 2 condensates (Dudal, Gracey, Sorella, Vandersickel, Ver-
schelde, PRD78 (2008)).

» Ghost propagator G(p?) ~ é for p? ~ 0.

» Gluon propagator

p2 + M2

D(p?) =
(p) p* 1 (M2 + m2)p2 + A4
m? and M? are mass scales corresponding to condensates
mf o~ (A%) . MP ~ (9g —Tw)
» Works pretty well to describe lattice data, with indeed 2 cc

poles. Corresponds to a massive gluon propagator, with
running mass (Dudal, Oliveira, Rodriguez-Quintero, PRD86 (2012))

_ 1 2(p2) _ /\4—|—m2M2+ m2p2

D(p?)




RGZ fits to gluon lattice data

A e A Dudal, Oliveira,
Cucchieri, Dudal, Mendes, Rodriguez-Quintero, PRD86
Vandersickel, PRD85 (2012) (2012) (SU(3))
(SU(2))



BRST symmetry in Gribov-Zwanziger formalism

» The standard BRST symmetry s is clearly broken when us-
ing (R)GZ:

sSaz = 972 [ d*x (1ALt — (DIme™) (75 + ¢1F)

» Without BRST, it is hard to “connect” different gauges (also
with Gribov problem) while maintaining gauge invariance (or
better said: gauge parameter independence).

» based on Dudal, Guimaraes, Sorella et al, PRD92 (2015); PRD93
(2016); PRD94 (2016) and work in progress.



Preliminaries

» Consider A2-functional
Tr/d“xA,‘jA“ Tr/d4 < AU+ u*a u> (U+AMU+ Lu*ayu)
g

and set v = he'9.
» Variation to identify minima:

oTr / d'x (wd,AD) —Tr / d*x wd, D, (AM)w + O(w?)
= 9,A =0 & —9,0,[A" >0

We recognize the Landau gauge and defining condition of
the Gribov region (positive FP operator).



Preliminaries

» The “minimum configuration” can be solved for

1 9 AL 1 . 1 .
A A S a0A-ig [Av,av j|7lgl {aA,—aA] +ig [A,A,a—zaA} +/€[

1o, O 3
S % Bl -8 fon 9|5 —aA} +O(A%)

927" 92

A" is transverse and gauge invariant order by order.
» Observation: if 9A = 0, A = A". More precisely

A = A" 4 non-local power series in (A, 0A)




Rewriting GZ action

A = A" 4 non-local power series in (A, 0A)

» Consider GZ action with non-local horizon action H(A) =
@2 [ d*xd%y fabcAﬁ(X) M (X,y)]ad fdeCAﬁ(y)

Sez = Swu+ [ dx (buA+03,D,0) + 7 H(A)
— Syy+ / d*x (b, Ay + €0, Dyic) + 1 H(A") — 14 R(A) (9A)
= Syt [ d'x (01,4 +23,D,0) + v H(AY)
with a new field b"

b"=b—*R(A)



|Identification of new BRST

» Introduce auxiliary fields to obtain
Sez = Swi+ [ d*x (b"9,A, +29,D,0)
+ [ dx (§MANg — @MANw + 124G+ 9))

» This new (equivalent) GZ action in the Landau gauge enjoys
a nilpotent (unbroken) BRST symmetry

S,2 =S+ (572 , S,yzSGZ =0
with
sA? — _Dabch, sca:gfabC cPcC, 5@ = b3, b7 =0,
Scp;’j’b = w,"j’b Sw =0, Sw = ¢;’j’b Scﬁﬁb =0
8,208 = —74Ra(A) . 6,2b% = 1*sRA(A)
8,.@3° = PgfkeAnk [/\/1*1(A”)}bél , 6,2(rest) =0



|Identification of new BRST

» Operator algebra
{S, 572} = 32 = (552 = 332 =0

and clearly, for v — 0 (GZ—FP) we have S, — S.

» 12 is a physical parameter, as it does not couple to S,2-exact
piece.

» Pretty non-local formulation. How to work with this?



Generalization to linear covariant gauge (LCG)
We propose for the LCG the (by construction BRST invariant)
action
Sep = Sym+sy / dtx (0%, A% — 1567

[t (—pEeMB(AN b + @i M (AN + gy AL (9 + )

Sym + / o x (ib%0,, A8 + 5 b7 + 0%, D)
+ /d4X (*(P;athab(Ah)(P erac./\/lab(Ah)wﬁC + g'yzfabcAﬁ'a((P + (P)ﬁc)
which corresponds to a restriction to

Q" = { A,]9,A2 = ab?, 3,A) =0, M*(A") >0}



Comments about Q)"
The (non-Hermitian) FP operator for general « reads

M3 (A) = ~9,D% = —9,,(6%°9,, — gf¥*AS)
— _5aba2 + (ngabcbc + gfabcAgaH

Infinitesimal Gribov copies will appear whenever
M3B(AP =0
with {# a normalizable zero mode.
Mab(AhY = _ay((sabay _ gfabCAZ,C)

is Hermitian, it thus makes sense to define the region Oh ltis
convex and bounded in all directions.



Restriction to Q)" = elimination of copies?
Why does imposing M2 (A™) > 0 removes zero modes of M3 (A)?

» Assume (2 is a zero mode of M2 (A) with a Taylor expan-

sion in a,
(7= ) 2"
n=0
» Decompose the gauge field A7 via

Av=Al+7, 9T =ab

with 7, = Z zx”“r” =at, since A=A"fora —0
ad
AcQh=z = —g [M(Ahﬁ] fabey, (T,fgC)

E——— [M(Ah)—1]ad ey, (f;%c>



Restriction to Q)" = elimination of copies?

» Expand in powers of «
Y a"gd = — Y gan* [./\/l (Ah)_q ad fbcy, (Zﬁ”ﬁf)
n n
» Matching orders of «
(3 .. . [8=0=(=0
All zero modes that possess a Taylor expansion around &« = 0

are automatically vanishing if A" € Q. The restriction to Q"
thus at least excludes these from the game.



Localization of the action

» Reconsider the action (with non-local A")

apa

Se° = S+ / d'x (“bzb + 0%, Al + éaaﬂDﬁb(A)cb)

+/ d*x (7¢ZcMab(Ah)q)ﬁc +@;z;tc/\/lala(Ah)wﬁc + 9'72 fabC(Ah)g((Pﬁc + (pﬁr:))

» Introduce an auxiliary Stueckelberg field h via
i inFata
Al = (AMaTa = h' A2T?h + g h'o,h, h=e%™"
A" is indeed gauge invariant as

A= VIAV+V, V. h=Vih, Kt hty
9



Localization of the action

> AZ is now a local field and can be expanded in &2
(Ah)i _ Ai - Dﬁbgb - gfabcé—bDﬁdé-d O
» Two Lagrange multipliers b? and 72 enforcing two constraints.

» b? — 9, A% = ia b? (linear covariant gauge)

» 1@ — 9,(AM2 = 0 which is a (crucial) constraint on the
Stueckelberg field h (or ¢).
If & is eliminated through the transversality constraint 0A" =
0, we go back to the non-local expression for the field A"
and by further integrating over the auxiliary fields (, ¢) and
(@, w), one goes back to the original non-local GZ action.



Localization of the BRST

» Albeit the action is local, the BRST transformation itself still
contains non-localities

» In PRD94 (2016), we showed that a fully local formulation can
be obtained, so all tools of local QFT become available.
» At the end, one arrives at

SLCG SYM+s,OC/d4x (—i%abamaa,m - 7ca;’jcjvt(A”)"*b bC) /d4x w9, (AN,
+/ d4x )\a",/\/l Ah abAbc+§acM(Ah)ab§bc+g,y fabC(Ah) (Abc+/\b0))
— Sy +/ ax (a Ay ?:a(a,,D,,)abcb> + / d*x 130, (A")3.

+/ d4x 7-acM Ah abxchrwacM(Ah)ab bc)

Jr/014 AaCM Ah abAbCJr(,fcM(Ah)abgchrg'y fabC(Ah) (Abc ;\50))

» The fields (k, &, w, @) do not only constitute a BRST quartet,
but even a trivial unity (so they can be integrated out).



Localization of the BRST

» Local BRST variations

a
S/OCAy

~a
SiocC

p
Spch’ =

ab  _
Slocky~ =

—ab _
SlocWy~ =

SiocT? =

ab
SiocAp~ =

b
Siocl, ;3

in addition to
g

sloc(:a =—-c?+ >

— Dﬁb Cb, SipcC? = g fabc ~b c®,
ib?,  Spcb?=0.
—igc?(TAKH | s100(AM2 =0
\/Ea;ﬁ s/ocwﬁb =0

V2R, sk =0

0,

0 SpcA? =0

0 Slocg;b =0

2
fabccbgc - 5772famrfmpqcp(;xq(:rJr O(gs) = slocA;’Z'a =0



Localization of the action

» The action is now local, albeit non-polynomial. This is not
unknown in literature (A = 1 SUSY YM, chiral Wess-Zumino
models, etc).

» The theory (in particular its renormalizability) can still be
controlled by the Quantum Action Principle (algebraic for-
malism). Dragon, Hirth, Van Nieuwenhuizen, Nucl. Phys. Proc.
Suppl.56B (1997).

» Renormalizability for 2 = 0 was proven in Sorella et al, PRD94
(2016). As expected, non-linear renormalization of ¢.

» For 42 # 0 work in progress, but no problems expected,
given that 7 is a “soft” change. From

BELSE I A
k4—|—')/4 T k2 kz(k"'—l—’)/"')
and more general identities, a decent UV behaviour of GZ
propagators can be appreciated (Sorella et al, EPJC76 (2016)).




Localization of the action

» Thanks to crucial constraint 90A" = 0, (&&) ~ # consistent
with power counting renormalizability, despite Stueckelberg
formalism.

. . 1 .
If [ d*xTdA™ in the action, we would get (&) ~ YYhICh
would destroy renormalizability (cf. non-renormalizability of
the standard Stueckelberg action.)

Similar to renormalizability of
m2
Sy + / d*x (C‘aDc 4 bIA+ 2A2>

vs. non-renormalizability of

SYM+/d4 ( A2>
-



Applications of the local BRST invariant formulation

» Exact proof that gluon propagator still looks like
2\ PupPv 2 & PuPy
D(p®) = <5yv—pg) D(p )+I? 2

Only (non-)perturbative corrections to the transverse form
factor.

» Renormalizability and gauge invariance Sorella et al, PRD94
(2016) of (A"A") | propagator and associated d = 2 con-

2 _ /phah

densate (A) i, = (A"A")
(important phenomenological applications, see e.g. Chetyrkin,
Narison, Zakharov, NPB550 (1999); Gubarev, Zakharov, PLB501 (2001);

Megias, Ruiz Arriola, Salcedo, JHEP 0601 (2006)).
» Nielsen identities.



Nielsen identities

» We extend the BRST transformation with (Piguet, Sibold, NPB253
(1985))

Sjock = X » SiocX =0
» The full action (including sources) becomes

s = SYM+/d4x(

Jr/014 acM Ah abq)chrwacM(Ah)ab bc+g7 fabC(Ah) (tp + @b ))

Aa—l 6% + 679, DFP (A cb) +/d4x 39, (AM)2

+ / d*x gEAn + / 0*x (05 (510A%) + L (51066%) + K (510637 )
» Extended Slavnov-Taylor identity for 1P/ generator T

ST 6T 6T oI 6T of or or
_ 4 e e Y Yt a
ST _/d X (mﬁ 542 " 5lasca " sKasga TP 503) T =0



Nielsen identities

on STI

. . 2
> Acting with test operators s T
sources=lelas=x=

x)®(y)

3 (®(x)®(y))'" = certain 1PI diagrams

» ... (nice technical analysis, to appear)
>
d.(pole masses) = 0
despite that propagators itself are a-dependent.

Thus, the cc pole masses of the gluon propagator attain a
“gauge invariant” meaning (also: RG invariant).

» Moreover

poles of (AA) = poles of (A"A")



Overview

Topological susceptibility and the Veneziano ghost
The linear covariant gauge: some preliminaries
Veneziano ghost and Gribov copies?

Dealing with Gribov copies in linear covariant gauges

Outlook



Things to do

» Study a-independence for explicitly gauge invariant quanti-
ties? (e.g. Polyakov loop to probe the phase transition).

» Variational probing of self-consistent values for the dynam-
ical mass scales? Nielsen identities important to ensure
gauge parameter independence.

» Gauge invariant signal of confinement in (positivity violation
of) (A"A") propagator? What happens when Higgs fields
are added? Positivity violation averted?

» What happens with (A"A") at finite temperature?

» “Inverse logic” of Kharzeev-Levin: we now have a GZ for
LCG — some way to access topological susceptibility, “sourced”
by gluon mass scales?

» Test the non-perturbative LCG in a lattice formulation?
» What happens with the ghost?

> ..



Lattice formulation of LCG
» We proposed (inspired by Cucchieri, Mendes, PRL103 (2009))
RABUY) = T [a' <AUAU+ Re(iUA) ) +r [ a*x (8YBY)
T [ dx (BY - PuAl)
With Pyv = (5],“/ - 854.
» Gauging — minima of R(A, B, U, V), for a fixed function
A(x) = Aq(x)t?in function of variable U, V.
» (Local) minimization leads to

B = transverse part of A
oB = 0, 0A = A (LCG)
M(B) >0

Non-perturbative B corresponds to A



The ghost propagator in LCG

» For a # 0, quite different behaviour for ghost expected (/1R
suppression), predicted by DSE work Aguilar, Papavassiliou,
PRD77 (2008); Aguilar, Binosi, Papavassiliou, PRD91 (2015); Huber,

PRD91 (2015).
» At one-loop, we get
1 1
2 [ —
G(K") = k> 1 — w(k?)
where

w(k?) = w'(K?) + wh(K?)
wTL(k?) corresponding to transverse/longitudinal gluon prop-
agator. In particular
Ng? k?
642 %9 72

which suggests /R suppression because of In(k?) (w'(0) = num-

wh(k?) = a




The ghost propagator in LCG

» No ghost propagator data yet for a« # 0.

» As M3 (A)is not Hermitian for « # 0, neither will its inverse
be (= the ghost propagator).
To have Hermitian action for « # 0, the FP ghost ¢ and
anti-ghost ¢ are to be chosen to be independent and real,
resp. purely imaginary (see f.i. Alkofer, Von Smekal, Phys. Rept.
353 (2001)). The relevant (Hermitian) operator becomes ma-

trix valued
0 oD
—-oD 0

» Lattice ghost propagator usually computed via (real) eigen-
values of (supposedly Hermitian) FP matrix = the matrix
propagator is what need to be studied.



The End.




